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AN INVESTIGATICH CF THE MECHANISM CF THE DECOMPCSITICN CF

ACETYL PERCXIDE IN ACETIC ACID-Q-ClA

by

Arthur Fry®, B. M, Tolbert, and Melvin Calvin

Radiztion Iaboratory,
University of California, Berkeley

ABSTRACT

1. The decomposition of diacetyl peroxide in acetic acid—~2=cl4 has been sgtudied.

The éctivity of the products in general confirmed the mechanism of the reaction as
proposed by Kharasch and Gladstone.

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

3. There was no apprsciable exchange of acetic acid and diacetyl peroxide under the
conditions of the reacticn.

4o BEssentially no exchange of methyl acetate and acetic acid was observed when thess

reagents were heated at 100° for 5 hours.

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

(3) Present address: Department of Chemistry, University of Arkansas, Fayetteville,
Arkansas.
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The decomposition of acelyl peroxide in acetic acid solutions was first studied
ty Welksr and Wild” who detsrmined that the ratic of methane to ethane in the gas

roived inoressed with increasing concentration of acetic acid. The reaction was not

Q@

wied out in glacial assbic acide. and no study was made of the non-gaseous products

"\

of the reaction. They suggested that the primary process was a dissociation of the
psroxide into free acetate radiecals which decomposed further to give carbon dioxide
and free methyl radicals. which dimerized to give ethane or reacted with some hydrogen
doper, HDe *to give mebhane,

GE_G0C
A= 2 CH,C00 —>2 CO, + 2 CHye ——> CHCH,

GH?GOG
| HD : CH4+ Da

5

- deseribed in This paper was sponsored by the Atomic Energy Commission.

(1) The work

inta

o

{2) This paper was sbstraciad from the thesis submitted by Arthur Fry to The Graduate
School of ths Thiversity of California in partial fulfillment of the requirements for
the PH.D, degrea. Juna, 1951,

wesent addrsss: Department of Chemistry, University of Arkansas, Fayetteville,

fi) 0o Jo Walksr aud GoL.E. Wild, J. Chem. Soz.. 207 (1935); 1132 (1937).
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Khnarasch and Gladstone” studied the decomposition of zzetyl peroxids in zlacial
acetic acid and in scome of its derivatives, and found that succinic acid or ite
subgtitution derivatives were formed, along with carbon dioxide, mebhane, and some

methyl acetate.

CH_COC CH,CO0H
3 l 2
+ GH COOH——)\ C0~ + CH, + CH,COOCH, +
CHBCOO 3 2 4 3 13 CH2COOH

No hydrogen or unsaturated gases were found although a careful search for thsse
subgtances 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. Ty explain the observed

results, Kharasch and Gladstone proposed the following mechanisms6

CH4000 ‘
CH,. + CO, + GH;C00e (1)
CH,000 3 1)
CH,COOH + CH,® —> Complex —> CH, + <CH,COOH (2)
2 CH,COOH =3 HOOCCH,CH,COOH (3)
CH,GO00+ —— CHye + co, (4)
CH5C00: + HD——) CH,C00H + <D ' (5)
2CH,C00» ——)  CH,COOCH, + CO (é)
3 ci,Goo > 3 2
CH300¢ + 2 [ CH4C00CH]; + CO, + CH,000+ (7)
CH,C00
3 T
(or Cge + co,) (74
CH4000
CH,* + | — CH,COOCH, + CH,CO00* (8"
3 GH,G00 373 3

3 )
(or CHB' + GOZ) (g")

GH4GO0
| CO, + CHyC00CH; (9)

CH,C00

(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, Geges Mo S Khorasch, H. N, Friedlander and W, H. Urry, J. Org. Chem.,

S v
16, 533 (1951); M. S. Kharasch and G, Buchi, J. Am. Chem. Soc., 73, 632 (1951).

ouantitatively for 2ll the acetate radicale (I) formed

deromposition was considered to be by equation (1) rather

o methyl radicals and two molezulss of sarbon diexide.

G300

| — 20H,»  + 200,

GHAGCO :
They ztatzs "The swpsrimencs gainsd in this Leboratory by desemposing acetyl peroxide

in many different solwante justifies ths assumption that the peroxide when heated

Most of the Yaxperiense" raferrsd Yo unpublished work. Tn support of this assump-

rractically quantitative calsou=

ravently neglegt the CHye

P

i B2 L] 1 2.1, N TR | . ".,
AR \7J and {g1) sltheugh the nethepe “biained {preswmably only

wly

., A

APy e W - STF ] : P ST meneyA el s st s Y o1 4 Ae 8 oam o

fooaa GH s to lei? molos per mole of acetyl percozids, and equations (1) and
N T

o’

\,{ O “ A
wlidsil  €———>  CHI"C~CH

o

2 e RO X LR T s a2
agtivation to reast with ths solvent. se it

i

[PRTIE B R o s 7 I e - I L IO . | PP 3
mavhanlism kas been csrried out by decomposing =zoetyl peraride

Azgording to ths sbove equations the distribution of radic-
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CH.CCO ¢ 5~ COCH
7 |+ GMH,C00H —¥ GO, + CH, + CH,COCC + [
CH4C00 ’ ~ ~  C'l,C0CE

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,

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

FROCEDURE AND RESULTS

Preliminary Study of the Fxchange between Actyl Peroxide and Acetic Acid. - The
possibility of exchange between acetyl peroxide and acetic acid had to be examined as
as preliminary to the decomposition experiments. Solid, unlabeled acetyl peroxide
was dissolved in acetic acid—2-C4 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 &t 53°C. The percxice conceintration of the solution remained constant throughout
this experiment.

After standing, the solution was dissolved in water and extracted four times with
equal volumes of carbon tetrachloride. The first carbon tetrachloride extract was
back-extracted *wo additional times with equal volumes of water. Distribution ratio
studies had shown that this extraction procedure was adequate for the quantitative
separation of acetyl percaxide and acetic acid. The final aqueous and carbon tetra—
chloride solutions contained the purified acetic acid and acetyl peroxide, respectively.

The acetyl percxide was reduced to ecetic acid with iodide ion in sulfuric acid
solution. This acetic acid was purified by 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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condenser returned nost of the zeatic acid

sold Trap conCensad out the methyl acetate and the

and the result-

saoond sodiun hydroxide bubbler,

Il

removael of the volatile reaction products,

shout one hour after bubbles weres no longer

At ths end of this time, a zample of the solution

negative test for oxidizing power when

conteined a amell anount
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obtained by incrsasing

o

acetic acid during the desomposition as in run:

0

sted from the work of Kharasch and eo-itorkers

hydrogen atom iz more readily remsved from a
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molecule by a free radical then a secondaxy hydrogen, tthicily In Turn,

[#)

nere

2,2 o

readily removed than o primary hydrozen.
Reprasentative molar ratios of products chbtained are showmn ir Table II

where they are compared with the corresponding values obtained.by Kharasch and

GladstoneEQ
TABIE II
Molar Retios of Products Cbtained in the Decomposition
of Acetyl Peroxide in Acetic Acid
Moles X/Moles Acetyl Peroxide
Beginning Carbon Methane Sucecinic

Experiment Acetic Acid : Dioxide Acid
Kharasch and
Gladstone” 3467 153 1.3 0.50
This work 37 1.54 1.13 040
(#) 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 acetis acid~2-C14 used, A1l of the mroducte were burned to
carbon dioxide and counted as barium carbonate. The treatment of the methyl

scetate fractisms will be treated in detail below.

Inregtisation of Distribution of Activity in Methyl Acelote Fraction

The methyl acetete chtained from the rsaction, in agreement with the observaticn

v

of Fharasch and Gladstone”, was found as a liquid in the bottom of the spiral
trap which had been cocled to VN=80°C. A small amount of acetic acid was also found

n thigs frop, nzually condensed as a solid film near the inlet end of the spiral.

Fie
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TABLE I1X

of Specific Aetivity of Methyl Group of Aostis Aecid

Relative Specific Activity({#w*) of Reactants and Products Expressed as Percentage

uMo

Run No. Acetic Acid Acetyl Per— 005 CH Suceinie Asid Aeetie Aecid Methyl Acetate
| Used (%) oxide Used Produced Prodficed Produced Recovered (*) Produced

1 100(x#) ] 0,00 £ O.1 10,07 & Osl 9.8 2 20 101.5 £ 2.0 v £28

2 100 0 0,01 & 0,1 {016 & 051 93,7 ¢ 2.0 103.0 & 2.0

3(xnn) 100 0 0,06 £ 0.1 |0.60 & 0.1 o 100,0 £ 20 '

4 {wwn) 100 0 0400 £ 0.1 |0.34 £ 0,1 = 996 + 2.0 £ 95

5 100 0 0400 £ 01 |1s64 & 0c1 | 9702 2240 9.8 2.0, ) <123
Acetate Alcohel
Frag- Fragment
ment (*)

6 100 0 000 £ 0,1 |2:50 £ 0,1 - 98,0 +2.0]32,520.6 3.19+0,1

7 {nax) 100 0 06,07 £ 0,1 §0.36 £ 0.1

(*) Methyl or methylene group onlye.

larger.

Ratio of acetic acid to acetyl peroxide used = 8 instead of 37.

10304 #2.0

Actual speeific activity = 5.20 & Q.11 x H%m or 9.96 + 0,20 x 10° dis./min./mg. CHy=carbon.

The errors expressed in this table are probable counting errors, The actual errors may be somewhat

13058003 2.7130.1
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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. B.P. = 57=-599C; 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 trap were
swept through the furnace by an oxygen stream, and the resulting carbon diexide
collected ss Larium carbonate. Since the trap was known to contain acetic
acid—Z-Glé, the activity might all have come from this. At any rate, these
experinments showed that the methyl acetate at least had a considerably lower
specific activity than the acetic acid.

In run 54 in order to remove the acelic acid from the methyl acetate,
the contents of the cold trap were vaperized into a stream of nitrogen, which
wags then passed in turn through a spiral bubbler filled with ethanolamine main-
tained at 90—9506., 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 I sodium hydroxide. The scdium hydroxide bubbler
was changed periodically and the carbon dioxide precipitated as barium carbonate.
The specific activity was 564/dis./min./mg.C., while the specific activity of
the barium carbonate from the acetic acid used was 456 x 10° dise/min./mgeCe
Ihe reaction was continued until no more barium carbonate was obtained. The
total barium carbonate cbtained weighed 0.329 g. The ethanolamine had pre~
viously been distilled and 211 low boiling material removed. A blank rum
wag conducted under the same conditions as above bubt with no methyl acetate
present, and only 0,003 z. 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



'y i

the volatile materizl is methyl acetate, nor doso 1% slininate entirely
the possibility thot the activity is dus o acetic ccid not bound by the
cnine.

Tn order to see if methrl acetate would come through tha above eilinnol-

emine procedurs unchanged, a sample of lmown methvl acetate, B.P. 57~50°C.,

(]

wag subjected to the above procedure, except that the vo atile material coming
through the amine bubbler wes collected in a sp ral trap coolsd tons =80° G,
Approximately three cc. of material was collssted. and on Gistillation had
a distilling range of 53-60°C. In runs 6 and 7 a positive identification of
the volatile matericl was made by hydrolysis to methyl alechol and asstic
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 amine, a synthetic mixture approximating the contents of the cold trap

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

acetic acid=2-Ct, The mixture was allowed to stand overnicht at room

zJ)

tempersture and vas then carried through the ethanclemine procedure a
described above., The activity of the bariun carbonate obtained was

18 dis./min./ng.C. while the activity of the starting acetic acid was
2,60 % 10% dis./umin./mg.C. This quite conclusively indicates that little,
if any, acetic acid comes through the etthanolamine and, therefore, from
the results of run 5, that there definitely is activity in the methyl

acetate produced in the reaction. Tncidentally, the above experiment also

sets an upper limit on the amount of ‘exchange between acetic asid and

methyl acetate under these conditions.



Ly UCRI~1570

. P » i LT TSN A [C75 TR S P K T b [T T, T
In order to test the possibility Shot the netivity in the methyl

5 I3 k3 1
acetate mizht be due to exchange hetieen ccetic &ald~2—c*4 and methyl

B +

acetate during the resction, the above sxperiment was repeated uncer

m ore drastic and more closely controlled conditions. Weighed quantities
of methyl acetate and acetic acid-2-0l4 vere mixed and heated on a steam
bath for five hours in a closed vessel. At the end of this time, the
mixture was vaporized into a nitrogen stream and carried through the
ethanolamine procedure as before. The activity of the barium carbenate
obtained was 19,7 dis./min./mg.Ce, while the activity of the acetic
acid-2-C14 used was 2.60 x 104 ddg ./min./mg.Ce Assuming that the material

which came through the ethanolamine was pure methyl acetate, the activity

cuCo 18 0.33% of the value calculated for com-

value of 19.7 dis./min./mg
plete exchange. The barium carbonate obtained only smounted to 56.3%

of the thecretical amount for complete combusion of the methyl acetate, and
we might assume that part of the methyl acetate was hydrolyzed by the
ethanolamine, Making this assumption and assuming that all the methyl
alechol from tha hydrolysis came through whils only encugh methyl acetate
came through to aczount for the smomnt of harium carbenate chtained, we

@ » 4 I’ -
e of 19,7 dis./mineg.Ce is 0.45% of the value

IR R T2 vim te Ehan e e Yt i
amchongs. Tuls volue is then an upper lindt for

the auount of exchongs, and the actual value is somewhere between thiz value

3. We can therefors concluds that very litile, if

oyt
Anc. Lo
2 e, S

any, of the activity in the methyl acetate 1s due to exchange with acetic

+

I

acid-2-C14 during the decompositicu.

i

laving thus esiablished the preseiace of activity in the methyl

s

acetate, it was still necessary to study its distribution between the
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e, - /. .
e from runs & and 7 was

two methyl groups of the molecule. Ths methyl aceta
degraded ag described below.

In run 6. the methyl acetote was carried through the ethanolanine
mrocedure and collected in a trap cooled to  -80°C, The trap contents
were then distilled on a vacuun line into a vessel conteining excess

Fal

sodium hydroxide solution, which was then closed off and heated on the

astean hath for two howrse. Previous work on inactive methyl acetate

sanples had chown that this procsdure resulted in quantitative hydrolysis

of the ester. The vessel was again connected to the vacuum line. and the
methyl alechol and water were distilled back into a spiral trap, leaving
a residue of dry sodium acetate and excess sodium hydroxide. The methyl
alechol-water mixture was vaporized into a nitrogen stream and passed
through the fwrnace, The resulting carbom dioxide was collected as barium
carbonate. Its activity is given in Table IIT, The sodium acetate~sodium
hydraxide mixture was acidified and steam distilled. The activity of
the resulting acetic agid is given in Table III. The yield of barimm
carbonate from the msthyl alcohol was 0.912 millimoles, whils the yield
of acetic acid was 0.443 millimoles, thus indicating that a fairly largs
fraction of the material caming Through the ethanolamine was not methyl
acetate, but probably methyl alcohol.

In an effort to improve the separation of methyl acetate and acebiz

acid go ag to avoid the hydrolysis oblained with the ethanolamine mrocedure,

&

o
ot

tempts were made to wash the nixture with sodium hydroxide, sodium car—
bonate, and sodium bicerbonate solutions. Since the methyl acetate avail-
able from one run amounted to only one or twro droms, all the separation

and hydrolysis procedures were carrisd out on a 7acuum line. The hydrclysis
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of the ester during washing with sodium hydroxide and sodium carbonate
solutions was found to be tco rapid for practical separation, but with a
sodium bicarbenete solution little hydrolysis was noted, and the separation
was found to be satisfactory.

Accordingly, the methyl acetete from run 7 was washed with sodium
bicarbonate solution and then hydrolyzed as described above for the ester
from run*b. The yield of barium carbonate from the methyl alcchol 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

alcchol and acid are given in Table IIT.

From the data in Table III it ecan 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 diexide is completely inactive. These results
are in complete agreement with the mechanism proposed by Kharasch and
Gladstone”. Tt should be pointed out that KhaéaSGh and Gladstenels work

" on substituted acetic acids leads to the same conclusion in respect to
the suceinic acid. For instance, tetramethylsuccinic acid was obtained
when acetyl peroxide was decaomposed in isobutyric acid:

Cil5C00 (CHB)ZCGOOH

+ SHEOCOT
(CH3)2CH OCH 5

Cl5000 (0113 )20000H



However. the presence of apprecisble amounts of astivity in the

methane and methyl acetate is not predicted by the mechanism of Kiarasch
and Gladstone without modification. The consideratle variability in the
specific activity of the methane would ssem %o indicate that some experi-

mental condition, perhaps temperature or rate of peroxide addition, 1is

The difference in

not being adequately reproduced

.'

the activity valuez betwesn the various runs

plained in some cases oy

o

verazide used as indicated in Table IIl.

The Brchanze bHetuveen A

As ghown in Table I, there is no apprscdal

and acetic acid at temperatwres up to A 50°C

nean that exchonge cannot occur at &5=G59%..

27

decomposition is carried out, the smount of

exchange under these conditions ca

evolved mugt certeinly come from the methyl grcoup of
or the acetic acid. Therefors, if we compare the specific sxtivity of the
methane with the specific activity of 2ll the methyl groups in the acluilon,

assuning coaplete

have an upper linit

Jimits are shown in Table V.
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TAPLE V

Upper. Limits for the Exchange between
Acetyl Peroxide and Acetic Acid at £5-95° C.,

Run 1 2 3 A 5 & 7
Exchange 0,07 | 017 [ 0D.78 D42 1.74 2 o0, 0445

upper limit
ford

72

It is seen that even in the highest case the upper limit for the exchange
is 2.64%, and in most ruas is comsiderebly lower. It will be seen helow
that there iz 2n alternate and probably much more likely path for achivity
to get into the methane, so the actual amount of exchange between acetic

acid and acetyl percxide as such is probably very close to zero.

The Source of the Activity in the Methyl Acetate

According to the mechanism proposed by Kharasch and co-workers, equations
(1) = (9); none of the activity originally present in the acetic acid
would be found in the methane or methyl acetate. An obvious extension
of the above mechanism is the exchange between the acetate radicals and
acetic acid.

3 — 3%
CHBCCOe + CHBCOOH —_— GHBCCCM + KBCOO° (10)

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

(7) W. A, Waters, "The Chenistry of Free Radicals," Second Edition.
9 3 s

Oxford University Press, London, England (1948)3 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 Gladstone?
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obtained methyl chlorcacetate from the decomposition of acetyl peroxide in
chlorocacetic acid. This fact would also tend to support equation (7) as

the most likely source of the methyl acetate.

3

Waters® also proposes another mode of formation of methyl acetate,

(8) Reference (7), pazes 133=-14C,

equation (11).

cHBcoo- + Clye 3 CH4C00CH, (11)

This coupled with equation (10) above could =2lso explain the observed facts
z 3 A
in the chlorcacetic acid case, EKharasch and co-workers, however, de not

consider this to be a very likely reaction 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)y2nd (11), we see that =1l except (9)
would give activity in ﬁhe methyl acetate if the acetate radical were
active. The exchange shown in eguation (10) would accomplish this in a
very reasonable manner. Bquation (9) would 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 chloroacetic acid case.

If we consider equation (6) as 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. From Table III we see
that the two methyl groups are not equally labeled, and therefcrs
ecuation (6) camnct be the exmclusive path of formetion of methyl acetate.

Here again, the formation of methyl chloroacetate in the chloroacetie
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acid case leads to the sane conclusione.

e

If we consider equation (11), we see that the alcohol methyl group

the methane, so both should

is formed from the methyl radical, and co iz
have the same speeific activity. Agein from Table III we sse thet thie
is not true, and therefcre equatica (11) cannot be the exclusive path of
formation of methyl acetate.

If we consider equations (7) and (€}, 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 acstate. Further, since the alechcl methyl
group bas the lower specific activity, it muet come chiefly from the
acetyl peraxide, while the acid methyl group must come chiefly from the
acetate radical and the methyl radical in equations (7) and (€), respec-
tively. In order to accomplish this, a very decided scrambling of atoms
would be necessery in equation (8), and ag a result this path of formation
seems very unlikely. Also, here the specific activity of the acid methyl
group and of the methans should be the same gince they both come from
the methyl radical, but it is readily seen from Table IIT that this Iis
not true. The chloroacetic acid case is also inconsistent with equation

(8

-

L

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 alsc places
an upper limit on the amount of acetate radicgl which can decompose oy
equation (4). Aszuming that the specific activity of the acid methyl

group of the methyl acstate is a reasonable lower limit9 for the specific
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(9) This is a very ressonshle 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 acetate radical directly.

activity of the acetate radical, we can see that that pertion of the
methane which ariseg 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

s - - 0
specific activity, run 6, and set up an activity balance'® for the methane,

(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:

illimoles methiane from ec D 2250
Total millimoles nethane

we see that at most % the total methane could have come from th
acetate radical by equation {4}. The corresponding figure for run 7 is
RaT%he

Having eliminated all the other paths of formation of methyl acetats
above, it would seem that equaticn (7) or (7") must be the major sourse
of the methyl acetate. If we assume that the mrimery 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 zbove we heve 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



-22~ | UCRIL~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
rroduced, so we are left only with equation (73) ag the major source of the
methyl acetate,

Now, if we examine equations 'y, (1), and (4), 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)9 since a given mole of
acetyl peroxide can decompose by equation (1) or (70)9 but not by both,

By examination of all the equations,(1)--(11), it is seen that there is no
other case or combinatién of cases more favorable for the production of
methane. Therefore. If the calculation for the limitation of the amount

of acetate radical which can decompose by equation ig valid (and
ue believe that it is), none of the above equations (and no combination
of them) will ac t for the rimentally observed results.

It might be cbserved that the ratio of methane to acetyl peraxide
obtained in this work is somewhat lower than that obtained by Kharasch
and Gladstone (Tzble II). Mo adequate explanation of this discrepancy
is Xnown., It is possible that equation (4) has a large temperature
dependence, and thet Kharasch and Gladstone's experiments were carried
out at a somewhat higher temperature than those in this work. Another
possible explanation is that owr combusicn 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
igs correct, the actual values of the methane to acetyl peroxide ratio
in our work would be larger than those recorded in Table II; and the

above equations would then be even less adequate to explain the observed
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In order to explain the chserved results. as shown abcveg'it is
necessary to find a source of methane instead of, or in addition togsthe
above equations. If we make the reasonable essumption that methane
erises only from the methyl radical, it would seem that the original
acetyl peroxide is the only likely source of free methyl radicals, ond
that the initial decomposition of acetyl percxide is therefore not accord=
ing to equation (1), but rather according to equation (12), where n is
gome fraction less than one.

The initial decomposition is actually probably a rupture into
two acetate radicels cince it is considered highly unlikely that two
or more bonds in a molecule would be broken simultaneocusly. However,
if this is the course of the reaction (or if the initial decomposition
is by equation (1)), it must alsoc be assumed that a fraction of the
acetate radicals formed decompose very rapidly to carbon dioxide and
methyl radicals before leaving the immediate area or decomposition, since

fter leaving this area these acetate radicals become indistinguishable

11
from those which are undergoing equilibration by squation (10} .

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

gystem,

——————— R

This requires that the acetate radicals which wndergo further rapid decdmpo»
sition be different from those which ars equilibrated by equation (10)

since it has already been shown thet 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 unstabls activated state vhich leads to further immediatle

decomposition, while the rest may be in a2 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 equation (12) édequately.represents
the overall picture.

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

By modifying the mechanism as proposed by Kharasch and co-workers
to agsume that the initial decompositionvis by equation (12),‘we see that
we can easily explain the experimentally observed facts. 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 praférred mechanism for the formation 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 diagrama-
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 drawvn. How-
ever, liniting conditions have been used throughout the discussion, and
it is believed that no wnjustified conclusions have been drawm.

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

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

The Mechanism of the Decomposition of dcetyl Peroxide im

dcetic Acid
033 ¢ a a a
l—g—>(1 + n)ai,* + cn3oooa ——1»034 + <CH2CO0H —» HOOCCHCH2COOH
CH3 C00 i
* +
b e '
CE5C00° ’ (e 3)602
v .
CO2 a a
. (1 - n)CHsC00* + CH;CO0H =——— CH3COOH +  CH3000°
’ E
S /
CH3C00CH; b ,
cHB. + 002 - b : (*)
+
b
CH;GOOCH; (*+) {some)
-
‘CH4C00°
(%) The solid lines connect varioﬁbsﬂ 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
288 5600, —> Bascookn; + cop
a,b,e¢ The superscripts denote sﬁeciﬁc activities. The small letters on the

solid lines show the steady state specific activities of the mathyl group
in the species, averaged over all sources.
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and as pointed out above the exact mechanics of this decompeosition 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

scetate,

EPERDENTAL

Premration of Acetic Acid=2-Ci

4 one liter sample of glacial acetic acid was allowed to stand with
frecuent shaking in a refrigerster for several hours. At the end of

A B L % R B AR BN . = L - L s § ] 4 Kol m. S - P B s
tals tlme aboul wwo-thivds of the acid had solidified, The linuid scid

v 3 e LIS B e apmend Fle - 5
wag decanted and the residue allowed

to sbond ot room tenperaturs for a

few minutes with occasionel sheking. The licuid acid was again decanted,
and the solid residue was melted and distilled at atmospheric pressure.

The first and lamt quarlters of the distillate were discarded and the
middle half, B.P. = 1189C,, was saved, Fifty grams of this acid were
allowed to stand for 72 hours at room temperature with 0.038 ge (20 Mc)

of sodium ace'l:ate--Q—Cl‘l+ to effect complete exchange. The acetic acid-2-0lé
wag then distilled away from the sodium acetate, The sodium acetate-2-C14
was prepared by carbonation of the Grignard reagent rrepared from methyl

]
1odide-gld

(12) B. M. Tolbert, Jo Biol, Chemas, 173, 205 (1948).




of Boatyd Pepoxdds

to thg method of G@mborianlB as

of acetic arnhydride.

{14) M. S. Kharasch, H. McBay, and W,
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ohtained in a rerrezsniative run was G.660 go (440138 Dazed on sodium
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mersxide). The peraxide solutions were anslyzed by the method of
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Kokatnur and Jelling. The peroxide sample was dissolved in 99% isopropyl

alcohol, and ons cc. each of glacial acelic acid and saturated potassium

(16) V. R, Kokatnur and M., Jelling, J. Am. Chem. Soc., 63, 1432 (1941).

jodide solution was added. The solution was heated almost to 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 on the purity of the
dry acetyl peroxide prepared as above, 042108 g. of solid acetyl peroxide
required 35.i8 cc. of 0,1000 § sodium thiosulfate, corresponding to a weight

of 0.,2095 go Calc. purity = 99.4%.

Bxchange of Acetic Acid-2-Cl4 with Acetyl Peroxide
The distribution ratios between CC.'L4 and water were determined for acetyl
peroxide and acetic acid., Approximately 0.2 g. of solid acetyl peroxide
was digsolved in 10 cc. of carbon tetrachloride and extracted with 10 cc.
- of water. The two rhases were analyzed for perarzide as above. The carbon
tetrachloride phase required 2.40 cc. and the water phase required_O.éS CCa
of 0,1000 ¥ sodiun thiosulfate, giving a distribution ratio, CClA/HZO = 3.5.
The experiment was repeated using 1 cc. acetic acid, The carbon tetfa-
chloride phase required 0.42 and the water phase required 15.75 cc. of 1.000
I sodidm hydroxide, giving a distribution ratio, CCl£/H20 =2,7x 10 =2,
To study the exchange reaction a solution of 2.428 g. of solid acetyl
peroxide in 3.035 g. of acetic acid=2-C vas prepared. The solution was
allowed to stand, first for one hour at room temperature and later for one

week at room temperature followed by é hours at 53°C. After standing, two cc.
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portions of the solution were dissolved in water and axtracted four times
with equal volumes of carbon %etrachloride. e firet carbon betrac ﬁlOW1dp
extract was back-extracted two additional times itl equal volumes of
water. Using the above determined distribution ratios the final carbon
tetrachloride extract was calculated to contain 43% of the original acetyl
reroxide while the acetic acid—2-814 should %e reduced to 2.0 x 1077 2

of its original value. The final aqueous rhase was cnlculated tc con-

o

tain 92% of the original acetic aci‘:‘.mZ»-aGlZ‘H end 0.2% of the crigina

it

acetyl peroxide., Th CCl4 solution of acetyl peroxide was heated with

a dilute acidified solution of potassium icdide to reduce the peroxide to
acetic acid. The iodine formed was reduced to lodide ion with magnesium
metal, and the iodide ion was precipitated by adding silver sulfate, The
acetic acid was then steam distilled, titrated with sodium hydraxide, and

evaporated to drymess. The acetate samples were counted as scdium scetate

with the results given in Table I.

Decamposition of Acetyl Pb*ozlae in Acetic Acid

Acetyl peroxide digsolved in acetic acidm2=014 wag decomposed by adding
it dropwise to acetic acid~2-0% meintained at 85-95° C. according ke
the procedure of Kharasch and Gladstone5. The apparatus wos thoroughly
flushed out with purified water pumped nitrogen which had been possed
successively through tubes £illed with drierite and ascarite and then
through a sulfuric acid bubbler. BEight cc. of acetic acid=2~-CM% was
placed in the decomposition flask (B) and 2 cce of a solution containing
approximately 0.5 ge of acetyl peroxide was placed in the side tube (A).
An aliquot of the acetyl peroxide solubion was analyzed for peroxide

content immediately before use. The decomposition flask was placsd in
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. . . O
an oil bath maintained at 35-05- C. and when temperature equilibrium had
been attained. the solution in tube (4) was slowly dropped into flask (®)

while constently maintaining a slow stream of nitrogen, thus stirring the

U—}

solution in (B). Small gas bubbles immediately formed throughout the solu-
tion and the rate of gas evolution remeined approximately constant until
211 the solution in (A) had been added (3~5 hr). After the gas evolution
had ceased, the nitrogen sweep was continued for 2 hr. to ingure complete
removal of gaseous reaction products. At the end of this time an aliquot
of the solution in (B) was analyzed for peroxide content, which was invari-
ably found to be zerc. The water condenser (C) returned most of the acetic
acid~2-CH vapors to the flask (B). Any acetic acid not condensed by the
water condenser was collected in the dry ice-~iscprophyl alcohol cocled
trap (D), along with the methyl acetate. The acetic acid collected as a
solid film near the inlet tube while the methyl acetate collected as a
liguid in the bottom of the trap. The CO5 was collected in the carbonate
free 2) NaOH in spiral bubbler (E) while the CH (and any ethane, Co and
ethylene) was burned to 002 in the Cu0 packed furnace (G) vhich was main-
tained at 700°C. This GO, was collected in the 2l NaCH in spiral
bubbler (H). The solutiones in the two NaCH bubblers were poured into an
qual volume of 22X HL4J03 and excess “aGlg was added. The resulting
BOCCB‘UaS filtered, washed, and dried. The acetic acid=-2~Cl4 in flask
(B) was steam distilled way from the sucecinic acid and was reccvered as
sodium acetate, The residue in flask (8) was continuously ether extracted
for 16 hr,, the ether evaporstedq and the resulting crude succinic aecid re~-
crystallized from water, giving a final produce of M.P. 186=7°C, In a

raprasentative run (run 2, Table IIT), 0.454 g of acetyl peroxide gave
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1.246 g BaC0, from the GOn, 04963 ga BaC0, from the GH;, and 0.2291 g.

3

succinic acid. In a blank run, cmitting only the acetyl peroxide, less

than 1 mg. BaCO, was obtained from each of the HaCH bubblers. The above

3

figures give the following molar ratios C /acelyl peroxide = 1,64
4/ acetyl peroxide = 1,27
uccinie Lcld/qcetjl ‘peraxide = 0.50

Combustion and Counting of Samples

The reaction products and samples of the acelic ac:"Lc1~~-2_-()"M used were

axidized to C05 by a modified Van Slyke-~Folch wet combusion methedl? in the

(17) R. M. MoCready and W. 2. Hagsid, Ind. Eng. Chem. Aml. Ed., 1k, 525-(1942).

apperatus showm in Figure 2. The sample and ~/ 0.3 g. .KIOB were placed in
‘the combusion flask (B) and the vacuum was turned on, thus flushing the
system with air from which the COO had been ramoved by the soda-lime .
packed inlet tube (A). The bubbl;' was then f£illed with 2N carbonate free
NaOH (prepared from. "Acenlute” standard NaCH) with a syringe. Combustion

i‘luz.dl8 wag then admitted through the funnel (C)n and the flask was heated

(18) The comburion fluid was mreparedl’ by mixing 25 g. Cr0s3, 5 =

s 167 ml. syrupy H PO and 333 ml. fuming H SO, (R0% free SO 7
hea%lag to 140~150°C. ffect golutlon, and a 1nr* the solution
to coocl, protected from wa‘be" and dust

gently to start the reaction. The gentle heating was continued until
the CG evolution subsided, after which the flask was heated mors

strongly for a few minutes, with care %o avoild SO, fumes caused by

W)

overheating. The heating vas disconbinued and the sweep maintained for

about another howr to insure complete removal of the C0n. The 0Cn was
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collected as BaCO. ns described zbove. The Ball., szmples were plated
~ o~

on thin aluminum disks and counted, using a thin window Ceiger-luller
19
2

oy
K

tube according to the procedure of Dauben, Heid, and Yankwich

(19) W. G. Dauben, J. Reid, and P. B. Yankwich, Anal, Chem., 1Q,

€38 (1947)

Aprropriate self-abgorption correcticas were made from standard curves.

Fxcohe. Methyl Acetate and Acetic Acid=2eCl

Smell tared thin welled glasg bulbs were £illed with inactive methyl
acetate and acetic acid-2-Cl4, he bulbs were sealed off and reweighed
and placed in a trap on a vacuum line aleng 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 ester were then quantitatively dis-
tilled into a container which was closed off by a stopecock which was
clamped in ﬁlace. The entire vessel was put in a stean bath and heated

for 5 hrs. The mixture was then back distilled in yacuo into a spiral

trap. The mixture in thé trap was then slowly vaporized into 2 C0» free
N, stream, which wes led in twrn through s spiral bubbler filled with
sthanolamine maintained at 90~959C., a drylng tube tightly packed with
glass wool to remove any entrained ethanolamine, the CuU packed furnace
at 7000, and a spiral bubbler £illed with 2L NaQH, frem which the GG,
was obtained as BaCl,. From a mixture of 0.1499 g. acetic acid=2-04

3

and 0.3466 g, methyl acetate, 1.561 g. BaGCy weas obtained, cduring the

first 15 hrses 0.091 gz BaCO3 during the next 24 hrs., and 0,016 g. BaCOB

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



w3 UCRI-1570

ascehate, Ths BaCO

4 / - .
of tha Cl”HnCOCn ugsed
>

ig of Methvl sgaetate

A bulb -~ontaining 1 in vacuo and the contents

dietillsd ints = The vessel was closed off,
steam bath two hrs. The

methyl slochiol -

] . 4 £ ] PR . 0y kS
alcohol=water golution was vaporized intc = strsam of 00, free I, and
e P P I - o - o L3 fala) .
maased through the Cul paclisd fwnacs st 700~C. The resulting CC, was
o - o . T £ o Y a3, o~ 2 e g mo
abgorbed in a bubbler £illed with 2T NeCH. and collezted as Ballq, giving
v ar

T

0.395 ge (97.0%)e The sodium acetate=sodium hydroxide residus was acidified

with J?SO; and sheam distilled. The acelti: seid in the distillate recuired
24

20,00 ooe 01000 ¥ NaCH for neutralization. corresponding to a yisld of

97.0% acetic exid. When thals

through the ethan

. wag obbtained, while only 4.43 see 0,1000 § NaCH

requidred to neutralize the acetic acid. Waen the

vbe from run 7 was hyds

yzed in this manner, 0,691 g.

o

(2,50 nillima?

wes obtained, from the methyl alcohol, and 36.00 co.

0,1000 ¥ FaCH {3.60 millimocles) was requized bo neutralize the acetis acid,

7
Bulbs containing 0.3741 g. methyl acetate and 0,3641 z. acetic 20id=2-CT

wera breken i znd the contents distillsd into o vessel containing




10 ce. of 10% HaHCOB solution.
shaken for a few seconds. The
into a spiral trap, from which
and oxidized in the Cul packed

whe = 2,731 g.y 91.4% based on
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The vessel was closed off and vigorously

1
<1

olatile material was then back=distilled

it wae later volatilized into a lp stream

furnace., The COy was collected as Bal0,,
o

methyl acetate.





