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pure hydrolysis products will be obtained by crystal
lization procedures in view of the complexity of the 
system. 

It is to be noted that these acid hydrolysis 
reactions provide a means for the isotopic exchange 
of chloride ligands with chloride ion in the solution. 
The use of radioactive chlorine-36 therefore may 
possibly give information which will clarify some of 
the stereochemical features of the reaction. There 

The thermal decompositions of methyl alkyl ke
tones have been observed to proceed by free radical 
chain processes.3 On the other hand cyclobutane4 

and several other four-membered ring compounds6'6 

appear to undergo simple ring cleavage reactions 
which are not inhibited by propylene, toluene or 
nitric oxide. Therefore, the investigation of the 
thermal decomposition of methyl cyclobutyl ke
tone was of interest, particularly for comparison 
with the behaviors of these related compounds. 
Moreover, the photochemical decomposition of 
methyl^ cyclobutyl ketone has been investigated at 
2654 A. with temperatures from 60 to 250°.7 

Carbon monoxide, ethylene, methane and cyclobu
tane are the principal products, but at the lower 
temperatures methylcyclobutane, ethane and cy-
clobutene are present also. Free radical processes 
were used to explain the formation of the products. 

Experimental 
Materials and Apparatus.—The methyl cyclobutyl ketone 

was prepared by passing a mixture of cyclobutanecarboxylic 
acid and acetic acid (1:2.5 mole ratio) over a manganous 
oxide catalyst at 380-390° and collecting the products in a 
receiver cooled to — 78°.8 A number of samples were 
prepared and purified. In the first two preparations the 
sample was separated into fractions by distillation in a 
Claisen flask. Rate measurements were made with the 
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is also the question whether isotopic exchange 
may take place by alternative mechanisms. The 
authors are conducting exchange experiments with 
Cl36 which will be reported at a later date. 
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fourth fraction of the first preparation (A-4) and a small 
fraction (B) taken after the distillation of 60% of the second 
sample. In the third preparation the fourth fraction from 
the first distillation was fractionated in a small column 
equipped with Podbielniak Heligrid packing. Sample C-4c 
was the third fraction. The D samples were from the 
fourth preparation after distillation in a Claisen flask and 
fractionation in a nitrogen atmosphere at a reflux ratio 
greater than six to one in a column with 85 cm. of Lecky-
Ewell packing. Sample D-2 was one which was purified by 
conversion to the semicarbazone, recrystallization, and re
generation of the ketone. The melting point of the semi
carbazone was 148.0-148.5°; literature value, 148-149°.9 

Sample D-5 was a portion of the fifth fraction placed directly 
on the vacuum line and used for rate studies. Sample D-5a 
was a portion placed in storage at about —15°; after seven 
months ' storage plus some contact with air this sample gave 
a peroxide test with the sensitive ferrous ion-thiocyanate 
reagent. Before this sample was used in a few experiments 
the peroxides were reduced to a hardly detectable level by 
long shaking with mercury. The infrared absorption spec
tra of samples B, D-2 and D-5 were obtained in a one-meter 
gas cell with Perkin-Elmer models 12AB and 21 infrared 
spectrometers. Since the spectra from the three samples 
were in agreement, no indication of the presence of an im
purity was obtained. None of the fractions used for kinetic 
measurements had a boiling range in excess of 0.2° and in 
most cases the boiling point was constant (within 0.1°) 
during the collection of the sample. The indices of refrac
tion ( » 2 0 D ) for the various samples were: B, 1.4322; C-4c, 
1.4317; D-2, 1.4321; D-5, 1.4322. The index of refraction 
has been reported as 1.4322 at 19.39" and 1.4315 at 20°.10 

Propylene (99.5%) was obtained from the Ohio Chemical 
and Surgical Equipment Co. Toluene (Mallinckrodt an
alytical reagent) was dried over anhydrous calcium sulfate. 
In general all compounds were degassed immediately prior 
to use. Nitric oxide (Matheson) was distilled under vacuum 
two times. Before each use the nitric oxide was degassed at 
— 196° and then distilled from a storage bulb (placed in a 
bath at - 7 8 ° ) into a small tube at - 1 9 6 ° . 

The furnace, temperature control, and vacuum system 
were similar in design to those described earlier.11 For the 
study of surface effects the cylindrical Pyrex reaction vessel 
(310 ml.) was replaced by one packed with thin-walled Pyrex 
tubing which increased the surface-to-volume ratio 28-fold. 
The temperature a t the center of the reaction bulb was 
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The Thermal Decomposition of Methyl Cyclobutyl Ketone12 
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The vapor-phase thermal decomposition of methyl cyclobutyl ketone has been investigated over the temperature range 
360-410°. During the initial stages of the reaction ethylene and methyl vinyl ketone, which are the only important prod
ucts, were found to be present in essentially equivalent amounts. On the basis of experiments at pressures from 10 to 65 
mm. and from data taken during the course of the decomposition the reaction is first order. No appreciable inhibition 
of the decomposition by propylene, toluene or nitric oxide was observed. Experiments with initial pressures near 50 mm. 
gave an activation energy of 54.5 kcal./mole. The first-order rate expression is k = 3.4 X 1014 e~iimlRT sec."1. 
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measured by means of a platinum, pla t inum-13% rhodium 
thermocouple connected to a Leeds and Northrup type K-2 
potentiometer. The thermocouple was standardized on 
three occasions at the melting point of zinc (419.5°) ob
tained from the National Bureau of Standards. Pressures 
were measured in some experiments with a heated mercury 
manometer ( ~ 3 mm. i.d.) and in other experiments (es
pecially those at 10 mm.) with a heated 19 mm. bore mer-
curv manometer which was read with a Gaertner cathetom-
eter (M930-300 or a modified M303). Stopcocks ad
jacent to the reaction vessel were heated electrically to pre
vent the condensation of liquids and lubricated with Con-
vaceue-S high-vacuum grease. 

Products of the Reaction—The reaction mixture was 
separated into four fractions: (1) gases volatile at —196°; 
(2) gases volatile at - 1 3 9 ° , but condensable at - 1 9 6 ° ; (3) 
substances volatile at —78°, but condensable at —139°; (4) 
substances non-volatile at —78°. Since essentially all of the 
products were found in fractions (2) and (4), the identifica
tion of these fractions will be considered first. By the use of 
a Perkin-Elmer infrared spectrometer 12AB with a one-
meter gas cell an infrared absorption curve was obtained for 
fraction (2) from a 20 mm. experiment at 429° with a re
action time of 10 min. The absorption peaks were similar 
to those reported in the literature for ethylene12 and also 
corresponded to those of pure ethylene determined on the 
same instrument. Moreover, fraction (2) from an ex
periment in the packed bulb had an infrared absorption 
spectrum in agreement with that of ethylene. On the 
basis of volatility the products in fraction (2) would be ex
pected to be mainly C2 compounds. That fraction (2) was 
almost all olefin was indicated by the fact that in two 25 
mm. experiments carried to 50-60% decomposition at 400° 
at least 97% of fraction (2) could be absorbed in activated 
sulfuric acid.13 A mass spectrometric analysis14" was ob
tained for fraction (2) from a 64 mm. experiment in the 
unpacked bulb after 3 5 % decomposition at 380°. A mass 
spectrometric analysis1"3 was made also on fraction (2) from a 
packed bulb experiment, 46 mm., 57% decomposition at 
400°. The results of the mass spectrometric analyses (in 
%) may be summarized as follows with the parentheses de
noting the packed bulb experiment: ethylene, 99.4 (99.3); 
ethane, 0.1 (0.0); acetylene, 0.0 (0.2); propylene 0.1 (0.2); 
propane and higher paraffins, 0.03 (0.2); butenes, 0.2 (0.2); 
other C4 compounds, 0.2 (trace). In agreement with the 
other analyses the data show that fraction (2) is almost 
entirely ethjdene. 

Fraction (4) would be expected to contain liquid products 
and undecomposed methyl cyclobutyl ketone. From a 31 
mm. experiment carried to ~ 5 0 % pressure increase at 401° 
the more volatile portion of fraction (4) was subjected to 
infrared absorption analysis in a one-meter gas cell. Ab
sorption peaks were found at 5.9,7.0-7.3, 8.0, 8.5 and 10.5/J. 
The absorptions corresponded to those found for pure methyl 
vinyl ketone with the same instrument and also those given 
in the literature.12 The important product in fraction (4) 
(not considering undecomposed methyl cyclobutyl ketone) 
was identified by two other methods. With a Beckmau DU 
spectrophotometer a large absorption maximum was found 
in the region 207-215 m/j in accord with that observed for a 
pure sample of methyl vinyl ketone and also reported iti the 
literature.15 After a solution of the reaction products in a 
supporting electrolyte (90% water, 10% methanol, and 0.1 
N KCl) was prepared, a polarographic analysis16 was per
formed with a Fisher Elecdropode The half-wave poten
tial was found to agree within the limits of experimental 
error (0.02 v.) with the half-wave potential for pure methyl 
vinyl ketone measured under similar conditions. There-

(12) Infrared Spectral Data, American Petroleum Institute Re
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(15) Ultraviolet Spectral Data (Curves 315 and 346), American 
Petroleum Institute Research Project 44, Carnegie Institute of Tech
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fore, the main products in the early stages of the decom
position are ethylene and methyl vinyl ketone in equivalent 
amounts, as data to be presented later will show. 

In many experiments volume measurements were made on 
fraction (1) The majority of the preliminary experiments 
at 10 mm. initial pressure indicated that the amount of gas 
non-condensable at —196° does not represent more than 
0.7%. of the total products at 2 5 % decomposition. Thir
teen 40-60 mm. experiments were performed later in the 
unpacked bulb over the temperature range 360-410° at de
compositions of 25-30%. Fraction (1) was observed to 
average not more than 0.2% of the total products. (I t was 
assumed that as much methyl vinyl ketone was formed as 
ethylene.) In seven experiments in the packed vessel under 
similar conditions fraction (1) was 0.3-0.4% of the total 
products. In the case of fraction (3) the results of three 
experiments (50-60% decomposition) indicated that the 
volume of fraction (3) amounted to less than 0.2% of the 
total volume of products for each experiment. 

Two experiments were performed in an at tempt to deter
mine whether or not significant quantities of ketenes are 
produced in the pyrolysis of methyl cyclobutyl ketone. In 
each case a solution of the products in freshly boiled water 
was titrated with standard base solution to the phenol red 
endpoint. Both experiments at about 50 mm. pressure 
were carried to approximately 2 5 % decomposition at 400°. 
Since only one drop of base was required for the titration 
and one drop for a comparable blank, no positive evidence 
was obtained for ketene in either case. If one considers 
the maximum possible titration error and the normality of 
the base (more dilute in the second experiment), it is esti
mated that ketene corresponding to 0.5% of the total 
products in the first experiment and 0 . 1 % in the second ex
periment might have been present without detection. 

For the determination of the amounts of the products 
formed, the reaction mixture was removed after a definite 
time and separated into fractions as described above. Since 
there were essentially no products in fraction (3), a com
bined fraction (2) and (3) was measured in a gas buret and 
designated as ethylene. The quantitative analysis of 
methyl vinyl ketone in fraction (4) was accomplished in 
two ways. A solution of fraction (4) was prepared and 
divided into two parts. For one part of the solution the 
wave height of the polarogram was compared to that of a 
freshly prepared standard solution of methyl vinyl ketone 
which was analyzed immediately after the unknown solu
tion. The second portion of the solution was diluted with 
water and the optical density at 213 m,u measured by the 
use of the Beckman DU spectrophotometer. After the 
application of a small correction for the absorption of the 
undecomposed methyl cyclobutyl ketone the concentration 
of methyl vinyl ketone was calculated by the use of the 
molar extinction coefficient obtained under similar condi
tions for standard solutions. In most of the experiments 
both polarographic and spectrophotometric determinations 
of methyl vinyl ketone were made and good agreement was 
obtained. 

Stoichiometry.—The qualitative analyses indicated that 
the decomposition follows the equation 

CH:,COCH—CH. CH 3 COCH=CH 2 

! —> + (D 
C H 2 - C H 2 C H 2 = C H 2 

Iu order to ascertain whether the reaction proceeds stoichio-
metrically according to equation 1, experiments were per
formed under various conditions and the reaction mixtures 
were analyzed. Typical results are shown in Table I where 
the pressure in mm. of product refers to the amount that 
was present in the reaction vessel at the time the mixture 
was removed. The values in the last column are usually the 
averages of the polarographic and spectrophotometric deter
minations. AP is the increase in the total pressure. The 
experimental data from twenty-two experiments show that 
the average values of (mm. C2H4/AP) and (mm. CH3CO-
C2HsAlP) are 0.98 ± 0.08 and 1.02 ± 0.05, respectively. 
It is to be noted that the smaller value for ethylene could 
possibly be due to the loss of ethylene by solution in the 
methyl vinyl ketone and methyl cyclobutyl ketone in the — 78° 
t rap. Since the ratios correspond to unity within the 
experimental error of the analyses, the primary decomposi
tion appears to proceed quantitatively as shown in equa
tion 1. Moreover, the data indicate that the measure
ments of the pressure increase may be used to follow the 
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TABLE I 

ANALYSES OF THE PRODUCTS OF THE DECOMPOSITION OF 

M E T H Y L CYCLOBUTYL KETONE 

Po, AP, C2H4," CH3COC2H3, 
mm. mm. mm. mm. 

Temp., 410° 

9.1 2 .5 2.9 2 .8 
48.3 15.0 13.3 15.1 

Temp., 400° 

10.8 
41.6 
56.6 
57.4 
59.4 
64.9 
47.06 

50.6C 

57.6d 

2.9 
11.6 
18.1 
31.6 
32.6 
20.5 
14.8b 

15.9C 

18.8^ 

3.1 
10.6 
18.0 
32.1 
33.8 
18.7 
13.8 
14.9 
18.3 

Temp., 390° 

10.8 2.7 2.9 2.9 
49.2 14.1 12.4 14.1 

Temp., 380° 

13.2 3 .3 . . 3.6 
44.2 13.0 12.2 12.6 
51.8 13.9 13.0 13.7 

Temp., 370° 

11.7 3.2 3.4 3.4 
54.0 14.5 12.4 14.4 

Temp., 360° 

55.1 13.7 13.3 13.4 
" Includes all gases in fractions (2) and (3). b 1.3 mm. 

nitric oxide added. " 0.7 mm. nitric oxide added. d Packed 
vessel. 

rate during the initial stages of the decomposition. Like
wise the presence of nitric oxide or added surface (28 X 
S/ V) does not alter the stoichiometry of the primary reac
tion. The various samples of methyl cyclobutyl ketone 
gave results which were the same within the expected error 
of the analytical methods. Experiments were also per
formed at 400° with 33-49 mm. methyl cyclobutyl ketone 
and 18-28 mm. propylene or toluene. After one-third of 
the methyl cyclobutyl ketone had decomposed, the ratios 
(mm. C2H4/AP) and (mm. CH3COC2H s/AP) in two experi
ments in the presence of toluene averaged 0.94 and 1.03, 
respectively. In the presence of propylene each ratio was 
found to average 0.97. Within the experimental error of the 
analyses the ratios seem to have the value of 1 in the pres
ence of toluene or propylene indicating that the decomposi
tion still follows equation 1. 

In a test of the stability of the product methyl vinyl ke
tone, 8 mm. of this compound was observed to give only 
2 - 3 % pressure increase after 20 min. at 400°. The half-
time for the methyl cyclobutyl ketone decomposition is 
about 17 min. at 400°. It had been found earlier in this 
Laboratory that a t 400° ethylene alone should not react to 
any significant extent. Therefore, under the experimental 
conditions the pressure measurements should not be in
fluenced appreciably by the decomposition of the major 
products for a t least the first half of the reaction. Tha t the 
primary products react slowly in the later stages of the 
decomposition is evidenced by the fact that the gases non-
condensable a t —196° amounted to about 9 % of the prod
ucts formed after 11 half-times at 400° in a 40 mm. experi
ment. That two molecules are produced from each mole
cule of reactant was indicated also by several 40-50 mm. 
experiments which were allowed to proceed until over 99% 
of the methyl cyclobutyl ketone should have decomposed at 
390-400°. The ratio of the final pressure to the initial pres
sure was found to be 2.0, but in view of the slow subsequent 
reactions of the primary products the agreement between 
the value of Pt/Pa and 2 is somewhat fortuitous. 

Results and Discussion 
Pressure-Time Curve and Homogeneity.—By 

pressure measurements it was observed that the 
decomposition proceeds without an induction 
period with the slope of the pressure-time curve 
decreasing with time as expected for a first-order 
reaction. To determine whether the decomposi
tion of methyl cyclobutyl ketone is homogeneous, 
experiments were performed in the packed reaction 
vessel with a 28-fold greater surface to volume ra
tio. Eight experiments at initial pressures from 47 
to 84 mm. in the packed bulb gave an average 
quarter-time of 6.8 ± 0.3 min. in comparison with 
an average value of 7.1 min. for the unpacked ves
sel. In view of the large increase in the surface to 
volume ratio these results indicate that more than 
99% of the decomposition in the unpacked vessel 
occurs in the gas phase. 

Order of the Reaction.—For the establishment of 
the order of the reaction several types of evidence 
were obtained. Experiments were performed at 
400° with initial pressures from 10 to 65 mm. As 
the representative results in Table II indicate, the 
difference in the quarter-time over the pressure 
range used does not exceed the experimental varia
tions of the quarter-time in experiments at con
stant initial pressure. The lack of any significant 
change in the rate constant over a sixfold change 
in initial pressure is an indication of a first-order 
decomposition. The ratio of the half-time to the 

TABLE II 

THERMAL DECOMPOSITION OF METHYL CYCLOBUTYL KETONE 

AT 400.0 ± 0.3° 
Po1 

mm. 

10.8 
24.0 
40.1 
47.2 
47.2 
51.5 
56.9 
59.0 
64.9 

'V. 
min. 
7.2 
7 .1 
7.2 
7.2 
7.1 
7.0 
7.1 
7 .3 
6.9 

10< k, 
sec. : 

6.7 
6 .8 
6.7 
6.7 
6.8 
6.8 
6.8 
6.6 
6.9 

Sample0 

D-5 
B 
D-2 
B 
D-5 
B 
D-5a 
C-4c 
D-5 

Manom-
eter& 

W 
M 
W 
M 
W 
M 
W 
M 
W 

" Sample designations are given in the Experimental sec
tion. b M denotes the ordinary manometer; W denotes the 
wide-bore mercury manometer read with a cathetometer. 

quarter-time {U/JU/^j was measured for a large 
number of experiments under a variety of condi
tions including different samples. The average 
value of the ratio was found to be within 0.01 of 
the value of 2.41 expected for a first-order reaction. 
The experimental data obtained during the course 
of the decomposition were plotted as log (P0/ 
(2P0 — Pt)) against time where P0 and P1 are the 
pressures at the start and at time t. The fact that 
a linear relationship is observed for at least the first 
half of the decomposition gives evidence for a first-
order reaction. In several experiments the slope 
of the line was used for the calculation of a value of 
the first-order rate constant which was compared 
with the rate constant computed from the quarter-
time taken from the pressure-time curve (after 
dead space correction). The rate constants by 
the two methods were in satisfactory agreement, 
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the average difference being about 1.4%. Nor
mally the lat ter method was used. 

In an a t t empt to learn more about the behavior 
of the first-order ra te constants with decreasing 
initial pressures some experiments in the range 1-5 
mm. were performed, but the accuracy of the meas
urements with the appara tus used was not suffi
cient to provide consistent da ta a t the lower pres
sures. 

Activation Energy.—Experiments were per
formed over the temperature range 360-410° a t 
approximately 10° intervals with pressures near 
10 and 50 mm. In the case of the 50 mm. experi
ments both the ordinary mercury manometer and 
the wide-bore manometer (read with a cathetom-
eter) were used for the rate measurements and 
gave similar results. The data are summarized in 
Fig. 1 in which logarithm of the first-order ra te 

3.12 

4.S4 

4.56 

bo 

4.2S 

4.00 

5,72 

i 

1 

\ 

\ • 

1.46 1,49 1 52 1.55 1.58 

10'/T. 
Fig. 1.—Rate of decomposition of methyl cyclobutyl 

ketone at different temperatures: experiments at >~50 mm. 
O; ~ 1 0 mm., O—. Line drawn on the basis of the 50 mm. 
experiments. 

constant in sec ." 1 is plotted against the reciprocal 
of the absolute temperature . The activation 
energy was evaluated from the slope of best line 
drawn by inspection and by a least squares analysis 
of the data . On the basis of the 50 mm. experi
ments the two methods indicated an activation 
energy of 54.5 kcal. /mole (to the nearest 0.5 
kcal.). An activation energy within the range 
54.5 ± 0.5 kcal. /mole was found also for the ra te 
of appearance of methyl vinyl ketone. Although 
the results at 10 mm. were not as extensive or as 
precise as those a t 50 mm., the rate constants were 

usually in agreement with the values a t 50 mm. 
Thus there is no indication of a significant change 
in the activation energy over the pressure range 
studied. Likewise the various samples of methyl 
cyclobutyl ketone gave concordant results. 

From the 50 mm. experiments, a rate expression 
was calculated 

k = 3.4 X 10 1 4 S- 6 4 W^SeC. - 1 

Influence of Added Substances.—Since propyl
ene, nitric oxide and toluene have been found to 
inhibit many free radical chain processes,3a '17 a 
number of experiments were performed in the pres
ence of one of these inhibitors. The da ta from 
these experiments are summarized in Table I I I . 
The values listed in the last column of the table in
dicate tha t the time for methyl cyclobutyl ketone 
to undergo 2 5 % decomposition is not significantly 
alerted by the addition of nitric oxide, propylene or 
toluene. Moreover, the shapes of the pressure-
time curves with and without the added substance 
were essentially the same. 

TABLE I I I 

E F F E C T OF ADDED SUBSTANCES UPON THE THERMAL D E 

COMPOSITION OF METHYL CYCLOBUTYL KETONE AT 400° 

Added PA.S.° '•/< 
substance mm. min. 

Po," 
mm. 

40-65 
50.6 
47.0 
46.8 
46.9 
49.4 
48.3 
49.3 
47.7 
47.7 

Nitric oxide 
Nitric oxide 
Nitric oxide 
Nitric oxide 
Propylene 
Propylene 
Propylene 
Toluene 
Toluene 

0.7 
1.3 
2 .5 
2 .5 

17.8" 
26.7 
38.1 
25.9 
24.9 

° Pa is the initial pressure of methyl cyclobutyl ketone 
and P A S . is the pressure of the added substance. b Aver
age of 22 experiments. " Propylene added after 2.5 min. 

Discussion 

On the basis of the type of ring cleavage and the 
first-order character observed for the thermal de
composition of methyl cyclobutyl ketone it appears 
t ha t the reaction resembles the thermal decom
positions of cyclobutane and other four-membered 
carbocyclic compounds. Although a free radical 
chain mechanism could be writ ten to explain the 
observed products, the lack of inhibition in the 
presence of added propylene or toluene indicates 
tha t the decomposition does not take place to an 
appreciable extent by radical chain processes. 
The occurrence of a single reaction (ring cleavage) 
in the thermal decomposition is in contrast to the 
photolysis of methyl cyclobutyl ketone where the 
breaking of the C-C bonds adjacent to the car-
bonyl group gives free radicals tha t undergo second
ary reactions yielding a larger number of prod
ucts.7 Moreover, the thermal decomposition of 
methyl cyclobutyl ketone is considerably different 
from the pyrolysis of methyl w-butyl ketone which 

(17) L. A. K. Staveley and C. N. Hinshelwood, Proc. Roy. Sec. 
(London), 154A, 335 (193G); M. Szwarc, / . Chem, Pkys., 17, 431 
(1949). For the decompositions of certain ketones nitric oxide is not a 
satisfactory inhibitor. See references 3b-e. 
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results in the formation of a variety of products 
mainly as a result of free radical chain reactions.3e 

From the available evidence it seems that the 
thermal decomposition of methyl cyclobutyl ke
tone may be a unimolecular reaction. Since no 
significant fall-off in the rate constant was detected 
at 10 mm., the pressure region of the fall-off ap
pears to be below that of cyclobutane4 as might be 
anticipated for a molecule with a greater number 
of vibrational degrees of freedom. The frequency 
factor for the decomposition lies within the limits 
expected for a unimolecular reaction. The fre
quency factor A of a unimolecular gas reaction can 
be expressed as 

A = Ke 

where K is the transmission coefficient and AS* is 
the entropy of activation.18 From the experimen
tal value of the frequency factor and with the as
sumption that the transmission coefficient is unity, 
one can calculate that the entropy of activation at 
400° is +4 .3 cal./deg. mole. A positive value 
would be expected for a reaction involving the 
cleavage of the ring. 

In comparison with the thermal decompositions 
of cyclobutane4 and ethylcyclobutane6 the activa
tion energy for the decomposition of methyl cyclo
butyl ketone is 7.5-8.0 kcal./mole lower. Al
though this decrease in activation energy is partially 
compensated by a lower frequency factor (smaller 
apparent entropy of activation), the methyl cyclo
butyl ketone decomposition takes place at tem
peratures approximately 50° lower than the de
compositions of ethylcyclobutane and cyclobutane 
(for similar rates). In this connection it is to be 
noted that the product methyl vinyl ketone pos
sesses some resonance energy which would not be 
associated with the corresponding product in the 

(18) S. Glasstone, K. J. Laidler and H. Eyring, "The Theory of 
Rate Processes," McGraw-Hill Book Co., Inc., New York, N. Y., 
1941, p. 295. 

decomposition of ethylcyclobutane or cyclobutane. 
The effect of resonance in the product may result 
in some lowering of the activation energy if the de
composition proceeds by a direct formation of 
methyl vinyl ketone and ethylene. As an indica
tion of the resonance energy of methyl vinyl ketone, 
there is the value of the resonance energy for croton-
aldehyde which was reported to be 2.9 kcal./ 
mole.19 On the basis of certain corrections for 
polar and hyperconjugation effects20 a higher value 
(7.3 kcal./mole) has been suggested recently. If 
the rate-determining step in the decomposition 
involves the formation of a biradical (by the break
ing of the ring C-C bond nearest the carbonyl 
group), there should be more resonance in the bi
radical formed from methyl cyclobutyl ketone than 
in the corresponding biradical from an alkyl deriv
ative of cyclobutane. The presence of any reson
ance in the biradical should lower somewhat the ac
tivation energy of the formation of the biradical 
from methyl cyclobutyl ketone. In the compari
son of the present results with those from the de
compositions of other four-membered ring com
pounds it was observed that the frequency factor 
and the activation energy for methyl cyclobutyl 
ketone are much closer to those of cyclobutanone 
(k = 3.6 X 1014

 e-
bm°/RT sec.-1) than to those of 

ethylcyclobutane or cyclobutane. 
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Rate constants at 25° have been determined for the reaction of diphenyldiazomethane (DDM) with twelve m- or p-
substituted benzoic acids (XBA's) in toluene. Correlation analysis of the data yields eq. 2: log A2 = —0.1023 + 2.513So-B 
with r — 0.9947 and s = 0.0913. In a previous article,1 correlation analysis of the data for the reaction of benzoic acid 
(BA) with twelve m- and/or ^-substituted diphenyldiazomethanes (XDDM's) yielded eq. 1: log fe = —0.1440 — 1.570SOTJ 
with r = 0.9987 and s = 0.0442. If the structures of both reactants are varied simultaneously and the two effects are inde
pendent, it appears that the resulting data would be closely represented by eq. 4: log h = —0.1231 — 1.570Sor> + 2.513So-B 
where —0.1231 is the average of the intercepts from eq. 1 and 2, —1.570 and +2.513 are PT> and PB from eq. 1 and 2, and 
SOD and SUB are the summations of <r-values in the X D D M and in the XBA. Rate constants at 25° have been determined 
for twenty-one reactions of X D D M ' s with XBA's in toluene. For these reactions plus two others from ref. 6, substitution 
of SOD and SOB values into eq. 4 yields calculated log ka values which show an average deviation of 0.084 from experimental 
log ki values. For the forty-six available reactions of X D D M ' s or D D M with XBA's or BA, the analysis of the multiple 
regression yields eq. 5: log h = -0 .1089 - 1.620So13 + 2 . 3 7 6 S O B with R = 0.9975 and .J = 0.0783. The very close fit of 
eq. 5 offers conclusive evidence that the effect of m- and/or ^-substituents on the D D M is independent of the effect of m- or 
p-substituents on the BA. 

Introduction 

For the reaction at 25° in toluene of benzoic 
acid (BA) with diphenyldiazomethane (DDM) and 

with eleven m- and/or ^-substituted diphenyl
diazomethanes (XDDM's), it has been shown1 that 

(1) C. K. Hancock, R. F. Gilby, Jr., and J. S. Westmoreland, THIS 
JOURNAL, 79, 1917 (1957). 


