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AN INVESTIGATION OF THE MEGHANISM CF THE DEGOMPOSTEICN OF
1.2
ACETYL PERCXIDE IN AGETIC ACID-2-Gi% 7
by

Arthur Fry’, D. M. Tolbert, and Melvin Calvin

Radiation Iaboratory,
University of California, Berkeley

ABSTRACT

1. The decompoéition of diacetyl peroxide in acetic acid»-2=-C14 has been studied.
The activity of the products in general confirmed the mechanism of the reaction as
propoéed by Kharasch and Gladstbneo /

2. The presence arnd distribution of activity in the methyl acetate produced in this
reaction is not explained by the previously propcsed mechaniéme

3. There was no appreciable exchange of acetic acid and diacetyl peroxide under the

conditions of the reaction.

4o Essentlally no exchange of methyl acetate and acetic acid was observed when these

reagents were heated at 100° for 5 hours.

(1) The work described in this paper was sponsored by the Atomic Energy Commissions
(2) This paper was abstracted from the thesis submitted by Arthur Fry to The Graduate
School of the University of California in partial fulfiliment of the requirements for
the Ph.D. degree, June, 1951,

(3) Present address: Department of Chemistry, University of Arkansas, Fayetteville,
Arkensas. : '
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AN INVESTIGATION OF THE MECHANISM OF THE DEGOM?OSITION-OF

1,2
ACETYL PEROXIDE IN ACETIC ACID-2-¢%4 %

by

Avthur Fry 'y Bo M. Tolbert, and Melvin Calvin

Radiation Ilaboratory,
University of California, Berksley

The decomposition of acetyl peroxide in acetic acid solutions was first studied

4
y Welksr and Wild” who determined that the ratic of methane to ethane in the gas

o

evolved incressed with increasing concentration of acetic acid. The reaction was not
carcied out in glacial é@ati@ acid, and no study was made of the non-gaseous products
of the reaction. They suggested that the primary process was a dissociation of the
peroxide into free acetate radicals which decomposed further to give carbon dioxide
and free methyl radicals. which dimerized to give ethane or reacted with some hydrogen
donery HDy to give methane,

CH,. GO0
3 :

| —> 2 GHBGODo —3$2 0. + 2 CH3° ——> CH,CH,

CH,G00 . 2 |
“ HD CH 4 + Do

(1) The work described in this paper was sponsored by the Atomic Energy Commission.

(2) This psper wes sbetracted from the thesis submitted by Arthur Fry to The Graduate
Schoel of the University of California in partial fulfillment of the requirements for
the PH.D. degree, June, 1951,

(3} Present address: Dspartment of Chemistry? University of Arkansas, Fayetteville,
Arlesnsas

(a‘fg) O, Jo Walker and GovLoEo Wj:lds Jo Chemo SOéagv 207 (1935)5 1132 (1937)0
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Kharasch and,Gladstone5 studied the decomposition of zcetyl peroxide in glacial
acetic acid and in some of its derivatives, and found that succinic aeid or its
substitution derivatives were formed, along with carbon dioxide, methane, and some

methyl acetate.

G000 CH,COOH
+ CHyC00H——3 GO, + CH, + CH,COOCH, + l
Ci, 000 3 2 Oy Cii30000, GH, COOH

No hydrogen or unsaturated gases were found although a careful search for these
substances was made. No specific mention of ethane was made, although the hydrocarbon
gas was stated to be 97-98% pure as shown by vapor pressure measurements at liquid

nitrogen temperature and by molecular weight determinations. T¢ explain the observed

results, Kharasch and Gladstone proposed the following m.echanismz6

CH4C00 ) |
CH,» + CO, + CH;000e (1)
CH,C00 3 11)
CH,CO0H + GHy® —> Complex ——> CH, + <GH,COOH (2)
4 (11)
2 °CH,COOH em——y  HOOGCH,CH,COOH (3)
CH,G00e ——)  GHy* + CO, (4)
CHyCO0: + HD—p CH,C00H + <D ‘ (5)
RCH;C00+ —_ CH,COOCH, + co, (6)
- CH,C00 |
CH3000¢ + | = cH,C00CH; + €O, + CH,C00 (7)
CH,C00 .
| (or CHye + CO,) (")
CH,600
CH, o + | — CH,COOCH, + CH,CO0¢ (@
3 cH.c00 373 3
3 ' !
(or CHy® + CO,) (")
CH,C00
| ——— co, + CH,COOCH 9)
CH,,C00 2 3
3

(5) M, S. Kharasch and M.T. Gladstone, J., Am, Chem. Soc., £5, 15 (1943)
(6) Some of these equations are written explicitly only in later papers by Kharasch
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and co=Workers, €.ge; M. Se Kharasch, H. N, Friedlander and Wo He Urrys Jo Or§° Chemoy -
16, 533 (1951); M. S. Kharasch and Go Buchiy Jo Am. Chem. Soc., 73, 632 (1951).

They wers not able to aécaunt quantitatively for all the acetate radicals (I) formed
in equation (1) The initial decomposition was considered to be by equation (1) rather
than by direct decomposition to two methyl radicals and two molecules of carbon dioxide.,
CH,C00
| —>  2CH;> + 200,
CHBCOO ' ’
They 5ﬁatsg "Tha experimence gained in this Iaborateory by decomposing acetyl peroxide
in many different solvents justifies the assumption that the peroxide when heated
decomposes as followss® (equation(l))

Most of the “experieﬁ@e" referred to unpublished work. In gupport of this assump-
tion they point out that the yield of succinic acid is practically quantitative calcu~-
lated on the basis of equaticnz (1), (2), and (3). They apparently neglect the Gy
formed by equatiocns (4), (7‘} ond (81), although the methaps sbtained (preswmably only
feom CH_») emounts to 1.47 moles ?ar mole of acetyl peroxids, and equations (1) and
(2) would give only one ncle.

They suggest thet the free radical (II) woudd be stabilized by resonance,

Ny &) g

0 0.
beuH ——>  CiFG-0H

and thus weuld vequire a high energy of astivation to react with thes sclvent, so its
A& zheck on the abovs machanism has been carried out by decomposing zcetyl percxide

. . e q n pdde . . . et s .
in acebic azid-2-0""%, According to the above equations the distribution of radic-

200ivity in the products would be as follouss
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CH,G00 . G H,COCH
| + C‘HBCOOH —> G0, + CH, + CHC00CH; + [,
CH4G00 ~ “  CHoCOOK

The methylene groups of the succinic acid would be labeled with the same specific
activity as the methyl group of the acetic acid, while the other three products,

carbon dioxide, methane, and methyl acetate would be completely inactive.

PROCEDURE AND RESULTS

Preliminary Study of the Bxchange between fctyl Peroxide and Acetic Acid. - The

. possibility of exchange between acetyl peroxide and acetic acid had to be examined as
as preliminary to the decdﬁposition experiments. Solid, unlabeled acetyl peroxide
was dissolved in acetic acid-2-Cl4 and the solution allowed to stand, first for one
hour at room temperature, and later for one week at room temperature followed by six
hours at 53°C. The percxide concentration of the solution remained constant throughout
this experiment. |
After standing, the solution was dissolved in water and extracted four times éith
equal volumes of carbon tetrachloride. The first carbon tetrachloride extract was
back=extracted +two additional times with equal volumes of water. Distribution ratio
studies had shown that this extraction procedure was adequate for the quantitative
separation of acetyl peraxide and acetic acid. The final aqueous and carbon tetra-
chloride solutions contained the purified acetic acid and acetyl peroxide, respectively.
The acetyl peroxide was reduced to ecetic acid with iodide ion in sulfuric acid
solutiona This acetic acid was purified Ey steam distillation and the two samples of

acetic acid were counted as sodium acetate.

The results of the exchange studies are given in Table I:
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TABLE I

Acetyl Peroxide~Acetic Acid Exchange Studies
L2 L=

s o /min/me s CHACOONs
Recove?ed

xchangs

Cond:

Acetyl Pevoxide }] Acetie Acid | Acetyl Peroxide

~ 2370, omat g 0 258 g =17 2

1 week at
Ar 23°C,
- followsd by
6 hrz, at
530G, . osgto | 0. 239t 7 0.85 &

N

CTE e mmee ot uithin the exmeriernate] combine error. none of the aectivity in

the acetin acid was found in the acetyl peroxide. The faet that the resovered acetic

Pl
)

azid had a lower spesific activity than the original acetic acid used is probably

dus to zoms non-reversible hydrolysis. of the acetyl psrorxide during. the separation

Prosedurs .

It is ras thet thess exchange studies were not carried out under the con-

ne and that under these conditions emchange might gtill ececuwr,
Howerere the epecific astivity of the methane obtained from the decsomposition
sarveg . a8 a very gensitivs mesasure of the exchange under the actual reaction cone

ditions. Thie will be considsred in detseil later.

Decomposition of Acetyl Peroxids in Acetic Acid

Az=tyl psroaxids dissolved in acetic acid-2-C% yag decomposed by adding it

drapiiss o gesbis Yo T Py L maintained at 85-95°C, according to the prosedure

m

. ment amd (0 A 5 : e 3 o Tag .
of Kharasch and Gladstone”. The apparatus is showm in Figurs 1, The reaction
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vegsal was sweph with a slow strean of nitrogen wh hich passed, in turn, through a

°

spiral trap cooled by a dry ice-isoprophyl alcchol bath, a

with 2 § carbonate~free sodium hydroxide, a Drierite tube,

3

a copper oxide packed furnace maintained at about 700°C, and a second scdnum
hydrawide f1ller bubblsr. The water condenser returned nmost of the zestic acid

"

to the rescllon £flask. The cold trap condensed out the methyl acetate and the

iz asid. The carbon dioxide was collected in the first
sodium hydeoatide hubbler and the methane was burned in the furnace and the result~
ing zarben dioxide collected in the second sodium hydroxide bubbler.

Tn ovdsr o tusure complete removel of the volatile reaction products,

the gas sweep was continued for about one hour after bubbles were no longer

n flaske At the end of this time, a sample of the solution

showed a negative test for oxidizing power when

solution.

0

» reaction flask was then steam distilled away from

anovered as sodium acetate. The succinic acid was obtained
by o sizxhesvu-bovr eontinuous ether extrasction, evaporation of the ether and re-
Crpywhallizetion of the residue from water

Th= agusous phsse from the ether extraction always contained a small amount

s kut which vas presumably a
highsr molscoular velght polybasic acid, perhaps formed by dimerization of free
. attack of methyl radicals on succinic acid or by their

rad cal (II) Sunh an attack is indicated by the fact

. higher yields of succinic acid were obtained by increasing
the watio of azetyl peraxide to acetic acid during the decomposition ag in runs

3¢ 4o snd 7o, Tblg would be predicted from the work of Kharasch and co-workers

wha have sheown that a tertiary hydrogen atom is more readily removed from a
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molecule by a free radical than a secondary hydrogen, which, in turn, is more
readily removed than a primary hydrogen.

Representative molar ratios of products cbtained are shown ir Table II
where they are compared with the corresponding values obtained.by Kharagch and
Gladstone?

TABIE II
Molar Ratios of Products Cbtained in the Decomposition

of Acetyl Peroxide in Acetic Acid

Moles X/Moles Acetyl Peraxide

Beginning | Carbon Methane Succinic
Experiment Acetic Acid - Dioxide Acid
Rharasch_and
Gladstone” 34e7 1.53 1.43 0,50
This work® 37 1054 1,13 0440
(*) Data averazed from & runs

The relative specific activities of the various reaction products are
shown in Table III expressed as percentages of ﬁhe specific activity of the
methyl group of the acetic acid-2-C% used, A1l of the products were burned to
carbon dioxide and counted as barium carbonate. The treatment of the methyl

acetate fractions will be treated in detail below.

The methyl acetate obtained from the reaction, in agreement with the observation
of Kharasch and Gladstone59 was found as a liquid in the bottom of the spiral
trap which had been cooled to V=80°C. A small amount of acetic acid was also found

in this trap, usually condensed as a solid film near the inlet end of the spiral,
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-TABLE I1X

RelatiVe Specific Activity{####) of Reactants and Products Expressed as Per@entage
. of Spe@ifie Aetivity of ‘lﬂethyl Group of A@e‘bﬁ.@ Acid

Methyl or métkgl-ene group only.

The errors expressed in this table are probable @ounting eXTors.

larger,

~ Batio of acetic acid 'Eo acetyl péroxid@ used = 8 Anstead of 37.

Actual spe@ifi@ activity = 5.20 ¢ 0011 x 104'9 or 996 0,20 x 10° -.dis;/minolmgo CHy=carbon,

» Rtm -Noo Acetic Acid dcetyl Pere| wz CH, Suceiniec Aeid | A@e‘ﬁi@ Acid | Methyl Acetate |
| Used (%) oxide Used Produced Pmd‘é@e@ 1  Produced Recoversd (#) Produeced
1 100(#) o 0,00 & 0.1 [0.07 8.0:3 | 97.8 220 | 101.5 2.0 } <28
2 100 ) 0,01 & 0,1 9,16-'5- 0.1 93.7 22,0 | 103.0 2 2.0
() 100 0 0,06 &.0a1 |0060 &-0o1 s 100-0 £ 20 (28
4{==) | 100 |o 0,00 £ .0,1 |0.34 £ 0,1 - 9946 + 2.0 £ 945
215 100 o 0,00 £ 001 |1.64 3 0.1 9742 £2.0 99.8 & 240 A <123
jAcetats Aleoh@l
Frag- Fragment
- | lment ()
6 ——] 100 1o 0400 £ 0ol {2.50 =002 - 98,0 42.0{32,580.6 3,19:0.1
7(sss) 00 0 0,07 ¢ 0.1 0,36 ¢ 0.1 10304 +2,0]13.5:003 271501

The actual errors may be somewhat
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On a preliminary run the liquid in the bottom of the spiral trap was poured out
and a micro boiling point determination was made. BeP. = 5755900; reported for
methyl acetate, 59-60°C.

The activity values for methyl acetate for runs 1-4 given in Table III
are upper limits., In these runs the entire contents of the cold itrap were
bswept through the furnace by an oxygen stream, and the resulting carbon dioxide
collected as barium carbonate. Since the trap was known to contain acetic
acid—2=014, the activity might all have come from this. At any rate, these
experiments showed that the methyl acetate at least had a considerably lower
specific activity than the acetic acid. |

| In run 5 in order to remove the acetic acid from the methyl acetate,
the contents of the cold trap were vaporized into a stream of nitrogen, which
was then paséed in turn through a spiral bubbler filled with ethanolamine main-
tained at 90-95%., a drying tube tightly tube tightly packed with glass wool
to remove any entrained ethanolamine, the‘copper oxide packed furnace and a
spiral bubbler filled with 2 Y sodium hydroxide. The sodium hydroxide bubbler
was changed periodically and the carbon dioxide precipitated as barium carbonate.
The specific activity was 564/dis./min./mg.Ce, while the specific activity of
the barium carbonate from the acetic acid used was 4.56 x 10° dise/min./mg.Ce
1'he reaction was continued until no more barium carbonate was obtaineds The
£otal barium carbonate cbtained weighed 0,329 g. The ethanolamine had pre-~
viously been distilled and 21l low boiling material removed. A~blank7:un
was confucted under the same conditions as above bub with no methyl acetate
pregent, and only 0,003 g. of barium carbonate was obtained. These results
show that there is activity in that part of the methyl acetate fraction which

comes through an ethanolamine bubbler at 90° - 95°C,, but does not prove that
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the volatile material is methyl acetete, nor Goes it eliminate entirely
the possibility that the activity is due to acetic acid not bound by the
amine. |

In order to see if methyl écetate would come through the above ethanol-
amine procedure unchanged, a sample of lknown methyl acetate, B.P. 57-60°C.,
wag subjected to the above procedure, except that the volatile material coming
through the amine bubbler was collected in a spiral trap cooled tons -80° C,
Approximately three cce. of matérial was collected, and on distillation had
a distilling range of 53-60°C. In runs 6 and 7 a positive identification of
the volatile material was made by hydrolysis to methyl aleochol and acetic
acid, as described later. |

To check the possibility that the activity in the volatile fraction
from the ethanolamine procedure might be due to acetic acid not bound by
the anine, a synthetic mixture approximating the contents of the cold trap

was prepared from two drops of inactive methyl acetate and two drops of

" acetic acid-2-Cl4, The mixture was allowed to stand overnight at room

‘temperature and was then carried through the ethanolamine procedure as

described above. The activity of the bariun carbonate'obtained was

8 dis./mine./ng.Co. whilé the activity of the starting acetic acid was
2,60 x 10% dis./mine/mg.Cs This quite conclusively indicates that little,
if any, acetic acid comes through the etthanolamine and, therefore, from
the results of run 5, thatvthere definitely is activity in the methyl
acetate produced in the reaction. Incidentally, the above experiment also
sets an upper limit on the amount of%exchange between acetic acid and

methyl acetate under these conditions.
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In order to test the possibility bthet the astivity in the methyl
acetate might be due to exchange between acetic acidw2u014 and methyl
acetate during the resction, the above experiment was repeated under
nm ore drastic and more closely controlled conditionss :Weighgd‘quantities
of methyl acetate and acetic acid-2-C% vere mixed and heated on a steam
bath for five hours in a closed vessel. At thevend'of this tinme, the
mixture was vaporized into a nitrogen stream and carried through the
ethanolamine procedure as before. The activity of the barium carbcnate
obtained was 19.7 dis./min./mg.Ce, vhile the activity of the acetic
acid-2-C14 used was 2,60 x 104 d4s./min./mg.Co Assuming’that the material
which came through the ethanolamine was pure methyl acetate, the activity
value of 19.7 dis./mine/mg.C. is 0.33% of the value calculated for com-
plete exchange. Thé barium carbonate obtained only amounted to 56.3%
of the theoretical amount for complete.combusion of the methyl acetate, and
we might assume that pért of the methyl acetate was hydrolyzed by the
ethanolamine, Making this assumption and assuming that all the methyl
alcohol from tha hydrolysis came through while only encugh methyl acetate
came through to account for the amount of barium carbonate cbtained, we
can calculate that the value of 19.7 dis./min./ug.C. is 0.45% of the‘value
calculated for complzte exchange. This velue is then an upper linit for
the amount of exchanges-and the actual @alue is somewhere between this value
and the 0.33% figure. We can therefore conclude that very iittle9 if
any, of the activity in the methyl acetate is dué to exchange with acetic
acid-2-cl4 during the decompositiocii.

Having thus established the presence of activity in the methyl

acetate, it was still necessary to study its distribution between the
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two methyl groups of the molecule. The methyl écetate from runs 6 and 7 was
degraded as described below,

In run 6, the methyl acetate was carried through the ethanolamine
proceéure and collected in a trap cooled to ~80°C. The trap contents
were then distilled on a vacuun line into a vessel containing excess
sodium hydroxide solution, which was then closed off and heated on the
gteam bath for two hours. TPrevious work on inactivé methyl acetate
samples had shown that this procedure résulted in quantitative hydrclysis
of the ester. The vessel was again connected to the vacuum line, and the
methyl alqohol and water were digtilled back into a_spiral trap, leaving
a residue of dry sodium acetate and exéess sodium hydroxide. The methyl
alcohol-water mixture was vaporized into a nitrogen stream and passed
through the furnace., The resulting carbon dioxide was collected as barium
carbonate. Its activity is given in Table III. The sodium acetate-sodium
hydroxide mixture was acidified and steam distilled. The activity of
the resullting acetic acid is given in Table III, The yield of barium
carbonate from the methyl alcchol was 0,912 millimoless while the yield
of acetic acid was 0.443 millimoles, thus indicating that a fairly largs
fraction of the material coming through the ethanolamine was not methyl
acetate, but probably methyl alechols

In an effort to improve the separation of methyl acetate and acetic
acid so as to avoid the hydrolysié obtained with the ethanolamine procedure,
attempts were made to wash fhe nixture with sodium hydroxide, sodium car-
bonatey and sodium bicarbonate solutions. Since the methyl acetate avail-
able from one run amounted to onlf one or two droms, all the separation

and hydrolysis procedures were carried out on a vacuum line. The hydrolysis
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of the ester during washing with sodiwm hydroxide and sodium carbonate
solutions was found to be too rapid for practical separation, but with a
sodium bicarbonate solution little hydrolysis was noted, and the separation
was found to be satisfactory.

Accordingly, the methyl acetate from run 7 was washed with sodium
bicarbonate solution and then hydrolyzed as described above for the ester
from run*6. The yield of barium carbonate from the methyl alcohol was
3¢50 millimoles and the yield of acetic acid was 3,60 millimoles, indicating
that the separation procedure was satisfactorye. The activities of the

alcohol and acid are given in Table III.

DISCUSSION

From the data in Table III it ean be concluded that within our
experimental error the methylene groups'of the succinic acid are labeled
with the same specific activity as the methyl groups of the acetic acid.
used, and that the carbon dioxide is completely inactive. These results
are in complete agreement with the mechanism proposgd by Kharasch and
Gladstone®. Tt should be pointed out that Kharasch and Gladstone's work
" on substituted acetic acids leads to the same conclusion in respect to
the succinic acids For instance, tetramethylsuccinic acid was obtained
when acetyl percxide was decomposed in isobutyric acid:

CH4C00 (CH3),GCOCH

| + (CH, ) ,CECOCH 5

CH,C00 (cH3 )2ccoor~1
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Hovever, the presence of appreciable amounte of activity in the
methane and methyl acetate is not predicted by the mechanism of Kharasc

and Gladstone without modification, The considerable variability in the
specific activily of the methane would gseem Ho indicate that some experi-
mental condition, perhaps temperature or rate of peraxide addition, is
not being adequately repradubed in the various ruas. The difference in
the activity valuss between the various runs ig at 1eést partially exe

plained in gome cases by the different ratios of acetic acid to asetyl

peroxide used as indicated in Table III.

The Brxchancge beitveen Acetyl Peroxide and Acstic Acid

As ghown in Table I, there is no appreciable exchange between acetyl peroxide
and acetic acid at femperatures up to Av 5096, This does not necessarily
mean that exchange caﬁnot oceur at 85-950C,, the conditions under which the

»

decomposition is carried oubt. However, an upper limit for the amount of

- exchange under these conditions can very essily be established, The methane

evolved must certainly come from the methyl group of either the asztyl peroxide

or the acetic acid., Therefore, if we compare the specific activity of the
methane with the specific activity of all the mesthyl groups in the solution,
assuning coaplete exchange between the acetyl peroxide and acetic acid, we

have an upper limiit for the amount of exchange. These calculated upper

1imits are shown in Table V.
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TABLE 'V

Upperwlimiﬁs.for the Exchange between
Acetyl Peroxide and Acetic Acid at 85-95° G,

Run 1 2 3 L 5 6 7
tchange 0.07 | 0.17 | 0,75 0442 174§ 264 | 045
upper limit
(%)

It is seen that even in the highest case the upper limit for the exchange
is 2.64%, and in most runs is considerably lower.,'It will be seen below
that there is an alternate and probably much more likely path for activity
to get into the methane, so the actual amount of exchange betwreen acetic

acid and acetyl peroxide as such is probably very close to zeroc.

The Source of the Activity in the Methyl Acetate

Accérding to the mechanism proposed by Kharasch and co-workers, equaiions
(1) - (9); none of the activity originally present in the acetic acid
would be found in the methane orvmethyl acetate. vAn obvious extension
of the sbove mechanism is the exchange between the acetate radicals and
acetic acid,

¥* &— 3t i
Cl5C00- + CHBCOOH  — 4 CHBCOOH + CHBCOO° (10)

Such an exchange seems very likely and isconsidered by Waters’ to be

(7) W. A, Waters, "The Chemistry of Free Radicals," Second Edition,

Oxford University Press, London, England (1948), p. 139,

an explanation of the relatively long 1life of the acetate radical. Such

an exchange is also indicated by the fact that Kharasch and Gladstoned
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obtained methyl chlorcacetate from the decomposition of acetyl percxide in
chlorcacetic acid, This fact would also tend to support equation (7) as
the most likely source of the methyl acetate.

W’aters8 also proposes another mode of formation of methyl acetate,

(8) Reference (7), pages 133-140. ' ' :

equation (11). , _
cHBcoo~_ + CHge 3 - CH4COOCH, - (11)

This coupled with equation (10) above could also explain the cbserved facts
in the chloroacetic acid case. .Kharasgh and co-workers, however, do not
consider this to be a very likely reacfion path since both the methyl
and acetate radicals must be present in‘small concentration.

If we consider again the equations for the formation of methyl
acetate, (4)y (6)y (7), (8) (9),and'(ll), we see that all except (9)
would give activity in fhe methyl aéetate.if the acetate radical were
actives The exchange shown in eguation (10) would accomplish this in a
very reasonable.manner. Equation (9) Qould still result in inactive
methyl acetate, and hence cannot be the exclusive path of its formation.
" Also, the methyl chloroacetate could not have been formed by this path
in the chleroacetic acid case.

If we consider equatioﬁ (6) és the source of the methyl acetate,
we see that the same specific activity would be found in both methyl
groups since both come from the same source. Froﬁ Tahle II1 we see
that the two methyl groups are pot equally labeled, and therefcre
eguation (6} cannct be the exclusive pathlof formation.of methyl acetate.

Here again, the formation of methyl chloroacetate in the chlorcacetic °
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acid case leads to the same conclusions

If we consider equation (;1), ve see that the alcohol methyl group
is formed from the methyl radical, and sa'is the méthaneg so both should
have the sane specific activiﬁy,' Again from Table IiI‘ﬁé sée that fhis
is not true,.and therefore'equation (11) cannot be the exclusive_path of
formation of methyl acetate.

If we consider equations (7) and (8), we see that if either of
these is the path of formation of methyl acetate, the three methyl
groups necessarily must not become equivalent in the transition state,
since this would again require equal specific activities in the two
methyl groups of the methyl aéétaté. Fﬁrther, since the aicohol methyl
group has the lower specifig activity9 it mus@_come chiefly from the
acetyl peroxide, while the acid methyl group must come chiefly from the
acetate radical and the methyi radical in equations (7) and (8), respec-
tively. In Qrdér to accomplish this, a very decided scrambling oflatoms
would be necessary in equation (8), and as a result this path of formation
seems very unlikely. Also, here the specific activity of the acid methyl
group and of the methane should be the same since they both come from
the methyl radical, but it is readily seén from Table IIT that this is
not true. The chloroacetic acid case is also inconsistent with equation
(CIR

The presence of acfivity in the methane is readily explained by
equation (4) assuming the acetate radical to be active (as Ly equation
(10) ). However, the amount of activity found in the methane also places
an upper limit on the amount of acetate radical which can decompose by
equation (4). Assuming that the specific activity of the acid methyl

group of the methyl acetate 1s & reasonable lower limit9 for the specific
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(9) This is a very reascnable assumption since the acid methyl group

in the methyl acetate must arise directly from the acetate radical in
equations (6), (7), and (11), and any methyl acetate produced by equations
(8) or (9) would be inactive or nearly so, thus requiring a higher specific
activity in that methyl acetate produced from the acetvate radical directly.

activity of the acetate radical, we can see that that portion of the
methane which arises from the methyl radical produced by equation (4)
will have the same specific activity as the methyl group of the acetate
radical. If we consider the case where the methane has the highest

specific activity, run 65 and set up an activity balancelo for the m.é’c.hane9

(10) Activity in methane = total millimoles methane X specific activity
of methane = millimoles methane from equation (D) X specific activity of
methane from equation (D). Therefore:

lillimoles methane from eq, (D) 29050 _ 7 7%

Total millimoles methane = 32,5

we see that at most 7,7% of the total methane could have come from the
acetate radical by equation (4)s The corresponding figure for run 7 is
2475

Having eliminated all the other paths of formation of methyl acetate
above, it would seem that equation (7) or (7') must be the majer source
of the methyl acetate. If we assume. that thé primary decomposition of
the acetyl peroxide goes by equation (1), we can conclude from the above
paragraph and Table II that equation (7) cannot account for the experimental
results. If equation (7) were the path of formation of methyl acetate, the
only sources of methyl radical would be equations (1) and (4). In the
paragraph above we have shown that no more than 7.7% of the methane could
have arisen by equation (4). Bquation (1) gives at most one mole of methane

even if the methyl radicals are removed by no other path, This makes



=R : UCRL~1570

the total possible number of moles of methane per mole of acetyl peroxide
equal to 1.083. But as seen from Table II, more methane that this is always
mroduced; so we are left only with equation (7‘) as the major source of the
methyl acetate.

Now, if we examine eqﬁations (7'), (1), and (4)y we can see that here
again we are limited to only one mole of methane per mole of acetyl
peroxide except for that formed by equation (4), since a given mole of
acetyl peroxide can decompose by equation (1) or (72)9 but not by both,

By examination of all the equationsg(1)=-(11), it is seen that there is no

other case or combination of cases more favorable for the production of

methane, ITherefore, if the calculation for the limitation of the amount
of acetate radical which can decompose by equation (4) is valid (and
ue believe that it is). none of the above equations (and no combination
of them) will account for the experimentally observed results. |

It might be observed that the ratio of methane to acetyl peraxide
obtained in this work is somewhat lower than that obtained by Kiarasch
and Gladstone (Table II). No adequate explanation of this discrepancy
ig known,' It is possible thalt equation (4) has a large temperature
dependence, and that Kharasch and Gladstone's experiments were carried
out at a somewhat higher temperature than those in this work. Another
possible explanation is that our combusion procedure was not adequate
to burn the methane to carbon dioxide completely. Regardless of this
discrepancy, the above arguments still‘hold. If the second explanation
is correct, the sctual values of the methane to acetyl peroxide ratio
in our work would be larger than those recorded in Tabie II, and the
above equaticns would then be even less adequate to explain the observed

results.
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- In order to explain the observed results, as shown above, it is
necessary to find a source of methane instead of, or in'addition togthe
above equations. If_we make the reasonable aséumption that methane
arises only from the methyl radical, it would seem that the original
acetyl peraxide is the only likely source of free nethyl radicals, ana
that the initial decomposition of acetyl peroxide is therefore not accord=-
ing to equation (1), but rather according to equation (12), where n is
some fraction less than one.

‘The initial decomposition is actually probably a rupture into
two acetate radicals sgince it is‘considered highly unlikely that two
or more bonds in a molecule would be broken simultaneously. Howevers
if this is the course of the reaction (or if the initial decomposition
is by equation (1)), it must alsc be assumed that a fraction of the
acetate radicals formed decompose very rapidly to carbon dioxide and -
methyl radicals before léaving the immediate area or decdmposition9 since
after leaving this area these acetate radicals become indistinguishable

from those which are undergoing equilibration by equation (10) .

(11) This assumes that we are dealing with an essentially steady state

This requires that the acetate radicals which undergo further rapid éecompo-
sition be different from those which are equilibrated by equation (10) '
since it has already been shown that the decomposition of acetate radicals
by equation (4) is relatively slow after the exchange reaction (10). This
is not unreasonable since part of the acetate radicals initially formed may
well be in an ungtable activated state which leads to further immediate

decomposition, while the rest may be in a more stable state, perhaps with
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the other fragments, carbon dioxide and methyl radicals, carrying off
the extra energy.

Regardless of the exact mechanics of this initial decomposition, a
short time after the initial break eguation (12) édéduatei&trepresents
the overall picture. |

As previously mentioned the pw lished justification for assuming
the initial decomposition to be by equation (1) does not seem too goods
However, these experiments also quite conclusively demonstrate that
acetate radicals are produced and thet the initial decomposition is not
into two methyl radicals and two molecules of carbon dioxide,.sinée in
this case no activity should be found in the methyl-acetate.

By modifying the mechanism as proposed by Kharasch and c0dﬁorkers :
to assume that the initial decemposition is by equétion (12), we see that
we can easily explain the experimentallj observed factse The same objec~
tions as before apply to equations (6), (8), (9), and (11), but it is
‘possible that the methyl acetate could be formed by the proper combina-
tion of equations (6), (9), and (11).

The preférred mechanism for the formétion of the methyl acetate is
by equation (7) or (7'), with perhaps smaller amounts being formed in
the other possible ways. The proposed overall mechanism is shown diagrame-
tically in Chart I, |

In view of the irreproducibility of the experimental values, some
question might be raised as to the validity"of the conclusions drawme How-
ever, limiting conditiqns have been used thrbughouﬁ the discussion, and
it is believed that ho unjustifiéd conglusions have'been drawn; :

The only real point of diségreement betﬁeen this work and that of

Kharasch and Gladstone is in the formulation of the initial decomposition,
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CHART I

The Mechanism of the Decomposition of Acetyl Peroxide in
Acetic Aetd

CH,C00 : ¢c a a 8
83 I—K——r(l + n)GH * CH3GOOH -—FGHA + oCHpCOOH ——m Hooccngcﬂgoooxi
033000 | ,
. + »
b ] o
CH,C00° ' (1:*~n90627’
Vo .«
CO2 _ a , a -
(1- :a)tm3 * + CH3COOH —_— CH3CO0H  + CH3C00°
L2 b ) . .
CH3CO0CH; b : . . '
CHye + €O, < * b — — — (%)
& . . . . ”’:
CH3C00CH; (+* ) {some)
.
-0?13000° '
(%) The solid lines connect various sources of the same species.
(n=) The activity in the alcohol methyl group of the methyl acetate may come
from part of the methyl acetate being formed according to the equation
2833000 —_ 8H3GOOEH3 + 002
a,b,ec The superscripts denote specific activities. The small letters on the

solid lines show the steady state specific activities of the methyl group
in the species, averaged over all sources.
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and as pointed out above the exact mechanics of this decomposition cannot
be regarded as settled. This work also serves to point out the improba-
bility of several of the possible paths for the formation of the methyl

acetate,
EXPERIMENTAL
Preparation of Acetic Acid-2-Gl4

A one liter sample of glacial acetic acid was allowed to stand with
=3
Prequent shaking in a refrigerator for several hours. At the end of

1 3 o4

this time sbout two-thirds of the ccid had solidified. The liquid acid
was decanted énd the residue allowed to stand at room temperature for a
few minutes with occasional shaking. The liquid acid was again decanted,
and the solid residue was melted and distilled at atmospheric pressure.

The first and last quarters of the distillate were discarded and th

middle half, B.P. = 1189C,, vas saved, Fifty grams of this acid were
allowed to stand for 72 hours at room temperature with 0.038 g. (R0 Kc)

of sodium acetate~2~C4 to effect complete exchange. The acetic acid-2-Clé
was then distilled away from the sodium acetate. The sodium acetate-=-2—Cl4

was prepared by carbonation of the Grignard reagent prepared from methyl

o]
iodide-glé 12

(12) B. M. Tolbert; J. Biole. Chemoy 173, 205 (1948).
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Acetyl peroxide was prepared according to toe mathod of GambprianlB as

modified by Khars che MoBays gnd Urrygié' Twent* grams of acetic anhydride9

(13) S. Gamborjan, Ber.. 42, 4010 (1909),

{14) M. S. Kharasch, H, McBay, and W, Ho Wkxy, Jo Orge Chemegs 10,
394 (1945)

10.0 go of sadium.péraxid& and 100 sne of disthyl ether were mixed to-
gather in an Erlenmeyer flask and cooled to ~159C. Thirtyhfive'grams
of crushed ice were graduslly added ovsr a 10-niinubte pericd with vigeorous
shaking. The ether solution was separated, dried with calcium chloride,
and allowed to stand several hours in a dry ice~isopropyl alechol bath,
The acetyl p a.xidg uﬂyctalllzed out in beautifwl long white needles,
and the ether supernastant was drawn off with & filter stick. More dry ether
‘was added, and the crystallization was repeated to insure removal of all
the acetiz anbydride snd acetic acides The last traces of ether were re-
moved by'éva@uating %o one mme. pressurs for two hours.

All operstions on the dry acetyl peroxide were carried out with tongs
behind a safely shield, and theviﬁy peroxide was diceolved in the solvent
in whlch it was to be usged as goon as possible to minimize the explesive

15

possibilities, Threughout the preparation. yield was sacrificed to
PEEL 9

15) L. P, Kuln, Chem, Bngo News, 26, 3197 (1948); B. S. Shanley, ibid..
27, 175 (1949).

safety, converdense, and purity. Ths weight of dry acetyl psroxide

obtained in a representative run was 6,660 go (4401% based on sodium

peraxide). The peroxide seolutions were analyzed by the method of
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Kokatnur and Jélling.16 The peroxide semple was dissolved in 99% isopropyl};'

alcohol, and one cce. each of glacial acetic acid and saturated potassium

. (16) Ve Rd Kokatnur and M. Jelliﬂg, Je Aule Chem. SOC', éz, 1432 (1941)O

jodide solution was added. The solution was heated almost %o boiling and
maintained at that temperature for about five minutes. The solution was
then titrated without cooling with standard sodium thiosulfate. The oxygen
blank is negligible with this procedure. As a check Sgﬁfhe purity of the
dry acetyl peroxide prepared as above, 0.2108 g« of solid acetyl peroxide
required 35.18 ccs of 041000 ¥ sodium thiosulfate, corresponding to a weight
of 0.2095 g. Calc. purity = 99.4%.

Exchanze .of Acetic Acid-2-Cl4 with Acetyl Percxide

The distribution ratios between CCl, and water were determined for acetyl

4
peroxide and acetic acid. Approximately 0.2 ge of solid acetyl peroxide

was dissolved in 10 cce of carBonltétfachloride and extracted with 10 cc.

- of water. The two phases were analyzed for perozide as above. The carbon

tetrachloride phase required 2.40 cc. and the water pﬁase requirede.68 CCe
of 0.1000 § sodium thiosulfate, giving & distribution ratio, CCIA/HZO = 345
The experiment was repeated using 1 cc. acetic acid; The carbon tetfa—
chloride phase required 0.42'and the water phasé required 15.75’cc, of 1.000
I sodiun hydroxide, giving a distribution ratio, Gl 4/néo = 2.7 % 10 =2,

To ctudy the exchange reaction a solution of 2.428 o of_solid‘acetyl
peroxide in 3.035 ge of acetic acid—2-014 was mrevared. The solution was
‘allowed to stand, first for one hour at room temperaiure aﬁd later for one

week at room %emperaturé followed by 6 hours at 53°C. After standing, two cco.
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portions of the solution were dissolved in water snd extracted four times
with equal-volumes of carbon tetracﬁloride. The first carbon teﬁrachloride
éxtract was hack-extracted two’additional times with equal volumes of.
water. Using the above determined distribution ratios the final carbon
tetrachloride extract was caleulated to contain 48% of the original acetyl
peraxide while the acetic acid-2-C14 should be reduced to 2.0 -x 10;3 %

of its original value. The final aqueous rhase was calculated to con-
tain 92% of the original acetic ac:J".du-'ZmG:uP ond 0.2% of the original
acetyl peraxide. IThe 0014 solution of acetyl peroxidé wag heated with

a dilute acidified solution of potassium iodide to reduce the peroxide to
acetic acid. The iodine formed was reduced to iodide ion with maghesiﬁm
metal, and the iodide ion was precipitated by adding silver sulfate., The
acetic acid was then steam distilled, titrated with sodium hydroxide, and
evaporated to dryness. The acetate samples were counted as sodium_acetate

with the results given in Table I.

~ Acetyl peroxide dissoived in acetic acidmzmcl4 wés decomposed by adding
it dropwise to acetic acid-2-C4 maintained at 85-95° C, according %o
the proceduré of Kharasch and GladstoneSL The apparatus wos thoroughly
flushed out with pmrified'water pumped nitrogen which had beén pagsed
successively through'tubes £illed with drierite and ascarite and theﬁ
through a sulfuric acid bubbler. Eight cc. 6f acetic acid-=2-=c14 was
placed in the decomposition flask (B) and 2 cco, of a solution containing
approximately 0.5 geo of acetyl peroxide was placedAin thérside tube (a4).
Anvaliquét of the acetyl peroxide séluﬁion ﬁas anélyzed for peroxide

content immediately before use. The decomposition flask was placed in -
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an oil bath maintained at 85-95° C. and when_temperatufé eéﬁilibrium héd
been attained, the solution in tube (4) was slowly drépped into £lask (B)
while constanfly maintaining a slow streaﬁ of nitrogen, thus stirring the
solution in (B)e Small gas bubbles'immediately formed throughout the solu-
tion and the rate of gas evolution remained approximately constant until
all the solution in (A) had been added (3~5 hr). After the gas evolution
had céasede the nitrogen sweep was continued for 2 hr, to insure complete
.removal of gaseous reaction products. At thé end of this £imé an aliquot
of the solution.in (B) was analyzed for peroxide content, which was invari-
ably found to be Zero. The ﬁater condenser (C) returned ﬁosﬁ of the acetic
acidw2~614 vapors to the flask (B). Any acetic acid not condensed by the
water condenser was collected in the dryvicé-isoprophyl alcohol cooled

trap (D), along with the methyl écetate. Thevacetic acid collected as é
solid film near the inlet tube while the methyl acetate coilectgd as a
liguid in the bottom of the trap. The 062 was>collectéd in the‘carbonate
free 2N NaOH in spiral bubbler (E) while the cH, (and aﬁy ethane;'Co and
ethylene) was burned to Cbz in-the Cu0 packed furnace (G) which was main-
tained at  700%. ‘This CO, was collected in the 2l NaCH in spiral
bubbler.(H). ‘The polutions in the two NaCH Bubbiefs;were foured‘into an
equal volume of 2N NH4N03 and excess Baclz was added. The resﬁlting

BaC04 was filtered, washed, and dried. The acetic acid~2-Cl4 in flask

(B) was steam distilled way from the succinic aci& and was recovered as
sodiun écetate; The residue in flask (B) Waé continuouslj ether extracted
for 16 hr,., the ether evaporated, and the resulting crﬁde succinic acid re~
crystallized from water, giving a final produce of M@Po 186-7°C. In a

representative run (run 2, Table III), 0.454 g of acetyl peroxide gave
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1.246 g. BaCO, from the 002, 0.963 g. BaCO3 from the CH,, and 0,2291 g .

3

suceinic acid. In a blank run, omitting only the acetyl peroxides less

than 1 mg. BaCO3 was obtained from each of the NaOH bubblers. The above

figures give the following molar ratioss CO0,/acetyl perax1de = 1 o6/,
' CH4/ acetyl peroxide = 1,27
succinic acid/acetyl per0Y1de = 0,50

- Combustion and Counting of Samples

The reaction mroducts and samples of the acetic ac:‘id_--zw-()l/+ used were

axidized to GOy by a modified Van Slyke~Folch wet combusion methedl? in the

(27) R. M. MeCready and W. Z. Hessid, Ind. Enge. Chem. Analy'Ede, Lk, 525 (1942).

apperatus shown in Figure 2. The saméle and V¥ 0.3 g, KIO3 wére’placed in
"the combusion Flask (B) and the vacuwum was turned on, thus flushing the
SJstem with air from which the CO had been removed by the soda=lime.
packed inlet tube (A)e The bubblerwas then £illed with 2J carbonate free
NaOH (prepared from "Acculute standard NaOH) with a syringe. Combustion

£1uid18 vas then admitted through the funnel (C), and the flask was heated

(18) The comburion fluid was prepared17 by mixing 25 g Cr03 5 oo
KI0,, 167 ml. syrupy H PO and 333 ml. fuming H SO (20p free SO
hea‘glnm to 140-150°C. ffect solution, and ailow1ng the solution
to cool, mrotected from water and dust.

gently to start the reaction. The gentle heating was continued until_
the CO, evolution subsided, after vhich the flask was heated more
strongly for a few minutes, with care to avoid SO3 fgmes caused by
overheating. The heating was discontinued and the sweep maintained for

about another hour to insure complete removal of the COr. The CO» was -
2 2
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collected as BaCO, as described aboves. The BaC0, samples were plated

3 3
on thin aluminum disks and counted, using a thin window Geiger-Muller

tube according to the procedure of Dauben, Reid, and Yénkwichlgo

(39) W. G. Dauucn, Je Reid, and P, E. Yankwich, Anal. Chem., 19,
€38 (1947)

Appropriate self-absorption correcticns were made from standard curves,.

Small tared thin welled glass bulbs were f£illed with inactive methyl
acetate and acetic acid-2~Cl4,  The bulbs were sealed off and reweighed
and placed in a trap on a vacuum line along with an iron slug. After
evacuation, the'bulbs were broken by raising the slug with a magnet, and
dropping it on the bulbs. The acid and eglter were then quantitatively dis-
tilled into a coﬁtainer which was closed off by a stopcéck which was
clamped in blace. The entire vessel was put in a sieam hath and heated
for 5 hrs. The mixture was then back distilled in zgggg into a spiral
trap. The mixture in thé trap was then slowly vaporized into a C0s free
N, stream, which was led in turn through a spiral bubbler £illed with
ethanolamine maintained at 90-95°C., a drying tube tightly packed with
glass wool to remove any entrained ethanolamine, the CuC packed furnace
at 7009, and a spiral bubbler £illed with 2§ NaOH, from which the GO,
was obtained as BaCCB. From a mixture of C.1429 g. acetic acid=2-Clé
and 0,3466 g. methyl acetate, 1.561 g. BaCO3 was obtained; during the

first 15 hrse, 0,091 g BaCO3 during the next 24 hrs., and 0,016 g, BaCOB

o

during the next 26 hrs. This corresponds to 56.3% yield based on methyl
: j

( -

1
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acetate. Ths BaCO, activity was
o

~

of the CMHBCOOH used was 2.60 x 10% dte./mine/mz.Co

Hydrolysis. of Methyl hcetate

A bulb sontaining 0,1528 go CHBCOOCHB was becken in vaguo and tﬁe contents
distilled into 2 vessel containing 2 cce. 2 NaOH, The vessel was closed off,
the stopsock clampsd in place, and heated on the steam bath two hrs. The
methyl alsohol and water were then distilled back into a spiral trap,
leaving a residue of dry sodium acetate and godium hydroxide. The methyl
aleohol-water solution was vaporized Into a stream of CO, free N, and
rassed through the Cul packed furnace at 700°C, The resulting G0y was
absorbed in a bubbler filled with 2J NaOH, end collected as BaCO3, giving
06395 go (97.0%)e The sodium acetate-sodium hydroxide residue was acidified
with stOA’and gheanm digtilled. The acetic acid in the distillate required
20,00 cece 061000 N NaOl for neutralization. corresponding to a yield of
97.0% acetic anid. When this procedure was applied to the material from
run 6 which had come through the ethanolsmine procedure, 0,180 g.
(0,912 millimoles) BaCO, was obtained, while only 4«43 ceo. 0.1000 N NaCH

o
(0433 millimolas ) was required to neutralize the acetic acid. Waen the
purified methyl acetate from run 7 was hydrolyzed in this manner, 0.691 g.
5 Wes obtained, from the methyl alechol, and 36.00 cc.

0,1000 § NaCH {3.,60 millimoles) was required to neutralize the acetic acid.

(3,50 millimolss) BaCO

sepration of Acetic Acid from Mothyl
Acetate by Washing with Sodium Bicarbonate

Bulbs containing 0.3741 g. methyl acetate and 0,364l g. acetic acidmszJA

were broken in vacup end the contents distilled into a vessel containing
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10 cco of 10% NaHCOB solution. The vessel was closed off and vigorously
shaken for a few seconds. The volatile material was then back-distilled
into a spiral trap, from which it was later volatilized into a Np stream
and oxidized in the Cul packed furnace. The COp was collected as Ba0039

whbe = 2,731 goy 91.4% based on methyl acetate.

(e





