
Jan. 20, 1958 PHOTOLYSIS AND PYROLYSIS OF 2-PENTANONE-1,1,1,3,3-<£6 261 

suggest that an investigation of the effect of tem
perature on the primary process using high inten
sity light should provide additional information. 

Hexafiuoroacetone.—Ayscough and Steacie22 

recently have investigated the photolysis of hexa
fiuoroacetone at 3130 A. The only volatile prod
ucts were bexafluoroethane and carbon monoxide 
in a ratio that varied from 1.00 at 27° to 0.90 at 
300°. High ratios of fluoroform to hexafluoro-
ethane were found when hexafiuoroacetone was 
photolyzed in the presence of a hydrocarbon, prov
ing CFt radicals were formed in the photolysis. 
The absence of tetrafluoromethane shows that tri-
fluoromethyl radicals do not abstract a fluorine 
atom from the hexafiuoroacetone even at 350°. 
Since the ratio of hexafluoroethane to carbon 
monoxide does not rise above one at any of the 
temperatures and pressures studied, and since per-
fluorobiacetyl is not a product, perfluoroacetyl 
radicals, if present, must decompose before they 
can take part in any other reaction. A straight 
line was obtained when $(CO)/(l — S(CO)) was 
plotted against the reciprocal of the hexafiuoro
acetone pressure. 

Because of the similarity between hexafiuoro
acetone and acetone, it is possible that the mech
anism postulated here to explain the high intensity 
photolysis of acetone might also explain these re
sults of Ayscough and Steacie. This mechanism, 
when applied to hexafiuoroacetone, becomes 

A + hv—>A' (21) 

A ' — > CF8CO + CF8 (22) 

A ' + A — > 2CF3 + CO + A (23) 

A' + A — > - 2A (24) 

2CF, — > • C2F, (25) 

CF3CO — > • CF3 + CO (26) 

(22) P. B. Ayscough and E. W. R. Steacie, Proc. Roy. Soc. (,London), 
234A, 476 (1956). 

Introduction 
A considerable amount of research has been re

ported on the mechanism of the photolysis of 
methyl ketones.1-4 Acetone and methyl ethyl ke
tone appear to proceed via free radical mechanisms. 
However, there is a considerable amount of evi
dence1-4 that methyl rc-propyl ketone and other 

(1) R. G. W. Norrish and M. E. S. Appleyard, J. Chem. Soc, 874 
(1934). 

(2) C. H. Bamford and R. G. W. Norrish, ibid., 1538 (1938). 
(3) W. Davis, Jr., and W. A. Noyes, Jr., THIS JOURNAL, 69, 2153 

(1947). 
(4) A. J. C. Nicholson, Trans. Faraday Soc, 50, 1067 (1954). 

Here it is assumed that the perfluoroacetyl radical 
decomposes by reaction 26 before it can enter any 
other radical reactions. This is true of the acetyl 
radical above 100° in photolyses conducted at nor
mal intensities and is expected to be true of the per
fluoroacetyl radical at even lower temperatures. 

A steady-state solution of the steps contained in 
this mechanism predicts the linear relationship ob
served by Ayscough and Steacie. 

$(CO)/(l - S(CO)) = W ^ + W*«(A) 
Hence the data are consistent with this mechanism. 

Ayscough and Steacie give a mechanism that 
fits the data equally well. Their mechanism, how
ever, is inapplicable to the photolysis of acetone 
a t high intensity. This seems to be the only basis 
for preference of the mechanism 21-26. 

Summary 
The photolysis of acetone has been investigated 

with monochromatic light (2800 A.) at absorbed 
intensities greater by about 108 than those nor
mally used. The resulting predominance of reac
tions which are second order in radical concentra
tions has led to distinctly new information con
cerning the primary process of this much-studied 
reaction. Consideration of this information to
gether with all of the earlier data leads to a mech
anism which differs in several details from the 
previously accepted mechanism. This new set of 
reactions is also applicable to recent studies on the 
low intensity photolysis of hexafiuoroacetone. 
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methyl ketones which have a 7-hydrogen atom un
dergo an intramolecular photolysis with the 7-hy
drogen atom migrating to the a-position. 

O 
Il 

C H 3 - C - C H 2 C H 2 C H R ' hv 

R 
O 
Ii 

CH3CCH, + CH2=CRR1 (1) 
The reported quantum yields of olefin and acetone 
are clearly independent of temperature3'4 which 
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TABLE I 

PRODUCT ANALYSES IN M O L E P E R CENT, FOR DECOMPOSITION OF METHYL W-PROPYL K E T O N E - ^ 

T, °C. 
t, hr. 
Intensity 
CO 
Methane 
Ethylene 
Ethane 
Propane 
Propylene 
Butane 
Acetone 
Hexane 
{hk^/h 

o/w/j 
Acetone/ethylene 
Acetone, No. of D's 

2 
3 
4 
5 
6 

Anal, of D of the ethylene cut 
(k 
dt 
ds 

84A 

35 
0.22 

High 
16.2 
8.9 

43.4 
2.0 
1.6 

0.3 
21.1 

13.5 
0.49 

2 
6 

15 
36 
41 

77 

35 
0.22 

High 
13.0 
9.6 

49.8 
2 .3 
1.4 

1.1 
20.5 

2.2 

13.8 
0.41 

85 
5 

10 

76 

30 
6.5 

Low 
8.4 
3.3 

39.9 
0.9 
1.7 

2.7 
40.4 

2 .8 
0.6 
2 .1 
1.0 

1 
2 
8 

26 
63 

93 
3 
4 

73B 

156 
24 

Low 
21.0 
11.9 
22.0 
4 .1 
5.9 
2.7 
8.4 

21.3 
2 .5 
0.38 
3.9 
1.0 

1 
2 
8 

30 
59 

55 
35 
10 

77D 

148 
0.42 

High 
27.9 

4.7 
25.8 
5.2 
2 .1 

9.7 
21.9 

2 .8 
0.39 
5.2 
0.85 

1 
3 
8 

30 
58 

92 
2 
6 

81A" 

158 
0.3 

High 
23.6 

2 .4 
31.2 
4.7 
2.9 

9.9 
22.5 

2.9 
0.37 

.72 

1 
2 
5 

30 
62 

97 
3 

77C 

302 
0.16 

High 
36.2 
18.2 
26.0 
1.7 
5.6 
2.2 
0.0 

10.0 
0.0 

0.38 

9 
22 
32 
26 
10 

50 
38 
12 

85 

478 
0.22 

None 
10.2 
41.5 
20.7 
0.0 
0.0 

15.6 
0.0 

12.0 
0.0 

0.58 

5 
14 
29 
34 
18 

79A6 

152 
0.28 

High 

1.7 
3.7 

12.2 
47.5 
34 .8 

83 s 

152 
0.31 

High 

11.3 
28.1 
44.6 
39 .3 
15.0 

" The products from three runs at 15 mm. pressure were measured and summed. In all 
b 24 mm. diethyl ketone + 24 mm. CD8COCD2CH2CH,. ' 60 mm. rc-hexane + 38 mm. 

other runs the pressure was 45 mm. 
CD3COCD2CH2CH,. 

suggests an intramolecular process. In this work 
the mechanism of the 7-shift was studied with the 
aid of isotopic marking. 

Experimental 
The CD3CO-CD2CH2CH3 used in this work was prepared 

from synthetic CH3COCH2CH2CH3 obtained from the Delta 
Chemical Company. Examination by infrared showed 
that bands characteristic of diethyl ketone were absent. 
The ketone was deuterated in the five a-positions by gently 
refluxing 25 cc. of ketone with 9 cc. of D2O containing 0.1 
g. of K2CO3 for about eight hours. The two phase mixture 
was cooled and the ketone salted out of the water layer with 
excess K2CO3. The water layer was discarded and the par
tially deuterated ketone layer was again treated with D2O 
and K2CO3. The procedure was repeated ten times and the 
ketone distilled in vacuo from K2CO3 into a reservoir isolated 
by a mercury cutoff. The mass 91/90 ratio of the ketone was 
42.5. The only mass showing above 91 was the normal C13-
isotope of the ^-ketone at mass 92. In addition, compari
son of the mass spectrum of the (^-ketone with that of the 
normal ketone indicated that the carbons alpha to the car-
bony 1 group were deuterated. 

Experiments were carried out by permitting the ketone 
vapor to expand into a previously evacuated fused silica 
reaction vessel in an aluminum block furnace. The photoly-
ses were performed with a medium pressure mercury arc 
where the 2537 A. line is not generated. After reaction the 
mixture was pumped into a sample flask which facilitated 
the gas chromatographic analysis. A six-ft. 1.5% squalane 
on carbon black (Pelletex) column was employed. A syn
thetic blend of CO, CH4, C2H4, acetone and re-hexane was 
made up and chromatographed. Areas under chromato-
gram peaks were considered to be proportional to the number 
of moles of the constituent. In this way percentage compo
sitions in the products were estimated. Minor products 
were estimated by interpolation of the calibration runs. 
The percentage of each product reported is within 10% of 
the true value. Usually reactions were carried out to 1-2% 
decomposition. 

Results and Discussion 
To get direct experimental proof of the mech

anism, the CD3COCD2CH2CH3 was photolyzed over 

a temperature range 25-300°. If the intramolecu
lar mechanism is correct the ketone will produce 
only 

CD3COCD2CH2CH, — > • 
CD3COCD2H + C H 2 = C H 2 (2) 

Each of the products was trapped separately by 
means of gas chromatographic techniques5 and 
analyzed for D content on the mass spectrometer. 

Acetone and Ethylene.—It was originally felt 
that the marking of the acetone would be the most 
important feature of the reaction. However, it 
was found that acetone-ie exchanged on the gas 
chromatography column with some compounds 
with light H. Thus, the acetone-de/acetone-^ val
ues found by analysis of the acetone fraction from 
the gas chromatography column are minimum val
ues. The methyl w-propyl ketone-tis did not ex
change on the column. 

The marking of the acetone was studied over a 
temperature range with low and high intensity ra
diation, as well as in the pyrolysis region. The 
results are recorded in Table I. 

The values at 35 and 150° are the most interest
ing, since the acetone exchanges rapidly during the 
course of the reaction at higher temperatures. 

At 150°, the CD3CO radical is unstable so that 
the acetone-de cannot form via 

CD3 + CD3CO • CD3COCD3 (3) 

The following observations were made which 
bear on the mechanism: 

1. The ethylene/acetone ratios at 35° are over 2 
at high intensity and about 1 at low intensity. 

(5) C. M. Drew, J. R. McNesby, S. R. Smith and A. S. Gordon, 
Anal. Chem., 28, 979 (1956). 
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2. The ethylene/acetone ratio a t high light in
tensity decreases to a little over 1 a t about 150°, b u t 
sharply increases a t temperatures above 300° where 
the w-propyl radical breaks down efficiently to 
CH 3 and C2H4. 

3 . T h e minimum acetone-de/acetone-ds ratios 
are always over 1, except where a light H source 
such as diethyl ketone, or ra-hexane is present dur
ing photolysis. The above ratio is severely low
ered under these conditions. 

4. At 35° methane and ethane are minor prod
ucts relative to ethylene. 

5. As may be noted in Table I, a t 30° most of 
the ethylene is light. At 150° most of the ethylene 
is light at high light intensity and short reaction 
times, bu t there is a very significant amount of D 
marking a t low intensity and long reaction time. 
At 302° there is also a very significant amount of 
marking. 

The ethylene/acetone ratio a t 35° is intensity 
dependent and this indicates t ha t pa r t of the ethyl
ene is formed via an excited molecule-excited mole
cule process such as 

CD3COCD2CH2CH3* + CD3COCD2CH2CH3* — > 
OH 

C2H4 + CD3COCD2 + CD3-CCD2CH2CHs* (3') 

The ethylene is mainly light a t this temperature as 
may be noted in Table I. These free radicals do 
not decompose or abstract in this low temperature 
region, and are cleaned up by subsequent radical -
radical processes. The stable molecules from these 
processes will be high boiling and are not seen by our 
gas chromatography techniques; they are probably 
buried in the peaks of the parent compounds. 

At higher temperatures the steady-state concen
trat ion of excited ketone is kept down by some type 
of quenching process. As a result the e thylene/ 
acetone ratio decreases with increasing tempera
ture at equal light intensity. 

Acetone.—The acetone-c^/acetone-ds ratios indi
cate tha t the acetonyl group from one ketone 
molecule can take a D a tom from another ketone 
molecule to give ace tone-^ . In the presence of 
easy H sources such as diethyl ketone or w-hexane, 
acetone-rfs is more efficiently produced, and the 
above ratio decreases. At 35°, the resonance 
stabilized acetonyl group cannot abstract H, and 
acetone formation mus t result from the reaction of 
an excited ketone molecule with an unexcited 
molecule. 

Methane.—At 35° the C D 3 H / C D 4 ratio is 1.51, 
while a t 144° the ratio is 1.11, indicating t h a t the 
over-all activation energy for the abstraction of D 
from the ketone by CD 3 is 0.7 kcal. greater than for 
the removal of H. The C H 4 / C H 3 D ratio a t 144° is 
1.2, in fairly good agreement with the C D S H / C D 4 

ratio. At low temperatures the abstraction from 
the pentanone is almost entirely from the - C D 2 -
and - C H 2 - positions. The - C H 2 - position is prob
ably like the secondary H in a paraffin, E — 9.3 
kcal.6 Thus the activation energy for abstraction 
from the - C D 2 - position is about 10.0 kcal. 

However, there are reasons to suspect t ha t the 

(6) J. R. McNesby and A. S. Gordon, T H I S JOURNAL, 78, 3570 
(195G). 

methanes may not be formed entirely via methyl 
radicals in this reaction. In the first place the 
ratio (rate methane) / ( ra te ethane)1 / s a t any tem
perature should depend only on the rate constant for 
the abstraction by methyl and the concentration of 
the ketone. This ratio is much higher for methyl 
»-propyl ketone-^5 than it is for normal acetone under 
similar conditions. However, the over-all rate 
constant for methyl abstraction from normal ace
tone should be a t least as large as for methyl w-pro-
pyl ketone-^s, since the energy of activation for ab
straction of D is about 1.7 kcal. higher than the 
corresponding H in acetone, and a secondary H is 
about 2 kcal. lower than a primary. In this ke
tone a t low temperature, most of the abstraction is 
thus a t the 2 secondary D's alpha to the carbonyl 
and a t the two secondary H atoms. The energy of 
activation from these two positions will be within a 
few tenths of a kcal. of each other. The energy 
of activation for abstraction of the six H atoms in 
acetone will also be within a few tenths of a kcal. of 
the atoms discussed above. Secondly, the meth
ane generated a t 35° and high light intensity is 
much greater than would be expected from abstrac
tion processes. 

Propylene.—Propylene is formed by reaction 17 
followed by reaction 18. In agreement with the 
mechanism, the small amount of propylene formed 
a t 156° proved to be 9 5 % propylene-^. At 478° 
the pyrolysis similarly gave mostly propylene-^-

Propane.—Propane is a minor product a t low 
temperatures which disappears a t high temperature. 
I t is propane-^3 and p ropane -^ in roughly equal 
quantities and presumably originated from the n-
propyl-^2 radical which abstracts H and D about 
equally. 

Hexane.—Under conditions where the acetone is 
about 6 0 % di, the hexane is more than 9 7 % <24 with 
less than 3 % ds and de. The hexane is almost cer
tainly formed by 

2CH3CH2CD2 > (CH3CH2CD2);! (4) 

Butane.—Under the same conditions butane-<£5 is 
present and is formed by 

CD3 + CD2CH2CH3 — > CD3CD2CH2CH3 (5) 

Thus, the possibility t ha t a primary process giving 
ethyl radicals is responsible for the butane is ruled 
out. 

If ethane is formed via 
2CD3 —>• C2D6 (6) 

hexane via eq. 4, and butane via eq. 5, then 

[C2D6] 'A [ C H 3 C H 2 C D 2 C D 2 C H 2 C H 3 ] 'A 
[CD3CD2CH2CH3] 

h ~ RB
 U } 

where R is the rate of formation7 and k is the cor
responding specific rate constant. If the areas un
der the chromatogram peaks are measured and re
duced to a constant t ime of reaction, the quant i ty 
RE^'RK^'/RB should be independent of light in
tensity and of pressure. In Table I, this quant i ty 
is seen to be a constant a t about 150°. The one 
value obtained a t 30° is somewhat higher; there 

(7) The subscripts E M, H, B signify ethane, methane, hexane 
butane. 
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is no reason to suspect that ki, ks, or k6 is tempera
ture dependent. 

Similarly, for 
CD, + XR —>• CD8X + R (7) 

where X is H or D and 
2CD, —> C2D, (6) 

the ratio RM/Rn^ = hiW1 should be independ
ent of intensity. Table I shows, however, that 
this ratio rises sharply at high light intensity at 
35°. I t seems likely that at high intensity a new 
source of readily available hydrogen appears, e.g. 

CD, + CD3CO —>• CD, + CD2CO (8) 

or 

/ 
O -H* 

CD3 + CD3C-CD2-CH2-CH2 • 

CD5H + CD,C—CD2CH2CHs (9) 

The mechanism for acetone production at low 
temperatures probably involves an excited ketone 
molecule and an unexcited molecule. One possi
bility is 

OH 

CD,COCD2CH2CH,* CD1CCD2CH2CH2* (10) 

If a labile H atom is introduced into the system 

CD3CO-CD2CH2CH2* + 
J iC 6Hu • 

H3C H C4H, 
VC/ 

/"H 
H \ 
O CD2CH2CH2* 

\ / 
C 

CD, ( H ) 

O 

CD3CCD2H + C2H4 + 
»-Hexane 

If the second molecule contains an easily extracted 
D atom, acetone-rfe would be one of the products. 
Such is the case when the second molecule is the 
original ketone. 

In the pyrolysis region at 478° carbon monoxide, 
methane, ethylene, propylene and acetone are the 
major products, as may be seen in Table I. 

An experiment at 522° using the undeuterated 
ketone snowed CO2, as well as the above products. 
The pyrolysis of methyl w-propyl ketone in the 
temperature region 500-570° has been studied by 
Waring and Garik.8 They found ethylene, pro

pylene, methane and carbon monoxide and CO2 
to be the main products of the decomposition. 
They do not report any acetone in the products. 
Their free radical mechanism involves short chains. 
They state that by considering abstraction only from 
the a-methylene, the products can be predicted. 
If abstraction from all the H positions is considered, 
they claim that the product distribution is not 
shifted appreciably. 
CH, + CH3COCH2CH2CH, —>• 

CH4 + CH3COHCH2CH3 (12) 
Acetone cannot be accounted for with their mech
anism. We believe that all the H atoms can be 
abstracted from the parent ketone with relative 
rates determined by the energies of activation and 
number of H atoms on the C atom. At low tem
peratures, the a-methylene hydrogen would be 
favored by a considerable margin. In the pyroly
sis range hydrogen abstraction at other positions 
would be competitive. 
CD, + CD3COCD2CH2CH3 —>-

CD4 + CD2COCD2CH2CH1 (13) 
CD2COCD2CH2CH, —> 

CD2CO + C2H^D2 + CH, (14) 
CD, + CD8COCD2CH2CH, —>• 

CD4 + CD8COCDCH2CH, (15) 
CD3COCDCHJCH, —>• CD8 + COCDC2H6 (16) 
CD, + CD5COCD2CH2CH, >• 

CD1H + CD3COCD2CHCH3 (17) 
CD8COCD2CHCH, —>- CD8 + CO + CH3CHCD2 (18) 
CD, + CD3COCD2CH2CH, >-

CD3COCD2CH2CH2 + CD3H (19) 
CD8COCD2CH2CH, — > C2H4 + CD3COCD2 (20) 
CD3COCD2 + CD3COCD2CH2CH3 — > 

CD3COCD3 + CD3COCDCH2CH8 (21) 
T h e above free radical mechanism accounts for all 
the pyrolysis products , except t h a t we do no t find 
ketenes in our gas chromatograms. Ketenes poly
merize on the column mater ia l of a gas chromato
graphic uni t . However, ketene has been observed 
in the pyrolysis products of acetone in this and 
other laboratories using mass spectrometer identi
fication. A t high tempera tures i t is one of the 
major products of acetone decomposit ion. E thy l 
ke tene is formed by a reaction analogous to the 
formation of ketene in the mechanism for acetone 
pyrolysis. 

CS) C. E. Waring and V. L. Garik, T H I S JOURNAL, 78, 5198 (1956). CHINA LAKE, CAL. 


