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Abstract: The gas-phase thermal decomposition of chlorocyclobutane has been investigated from 394 to 503° 
In an "aged" reaction vessel, the decomposition is homogeneous and first order, and the rate constant is indepen
dent of pressure in the range 28-90 Torr. The primary decomposition proceeds by two paths, one to yield ethylene 
and vinyl chloride and the other to yield 1,3-butadiene and hydrogen chloride. The Arrhenius equations for the 
two primary processes were found to be: êthylene = IQ14'76 exp(—60,070 cal md\rljRT) sec -1 and khais,dune = 1013-61 

exp(— 55,240 cal mo\-yjRT) sec-1. At times greater than the half-life for decomposition, these products react further. 

Cyclopentyl1 and cyclohexyl2 chlorides eliminate hy
drogen chloride on pyrolysis in a similar manner 

to open-chain analogs. Chlorocyclopropane3 and gem-
dichlorocyclopropanes,4'5 however, pyrolyze to give 
isomerization products, though by a different mecha
nism to that of cyclopropane and alkylcyclopropane 
isomerizations. A study of chlorocyclobutane is, 
therefore, of interest as it provides the intermediate case 
between the two classes above. 

Experimental Section 
Cyclobutane was prepared from 1,4-dibromobutane by refluxing 

with lithium amalgam in dioxane6 under argon. The effluent 
cyclobutane was trapped in a receiver cooled to —78°. The cyclo
butane was photochlorinated7 using a Pyrex reactor and medium-
pressure mercury lamp. The products were distilled to yield 95% 
pure chlorocyclobutane (bp 82-83°). Final purification was by 
preparative gas chromatography using a 15 ft by 0.25 in. column 
packed with 20% w/w squalane on Chromosorb P, and operated 
at 50°. Analysis on several chromatographic columns showed 
the material to be 99.3 % pure. The nmr spectrum was compatible 
with the chlorocyclobutane structure, and the ir spectrum was in 
agreement with the literature spectrum.7 The impurities were 
shown to be thermally stable. Magnesium sulfate and molecular 
sieve were found to catalyze the formation of a second product, 
probably a rearrangement isomer, and the chlorocyclobutane was, 
therefore, dried under vacuum over anhydrous sodium sulfate for 
48 hr. Ethylene, vinyl chloride, and butadiene were Matheson 
CP grade. 

Apparatus. The kinetic apparatus and pressure measurement 
system were essentially the same as described elsewhere.8 The 
variable-speed potentiometric recorder, on which the pressure trans
ducer output was displayed, produced a change in recorder reading 
of about 2 mm for a 1-Torr pressure change. Analyses of reaction 
mixtures were performed using a Perkin-Elmer Model 452 gas 
chromatograph fitted with a gas-sampling valve. A 12 ft by 
Vs in. column containing 20% w/w bis(2-methoxyethyl) adipate on 
Chromosorb P operated at 50° was employed. Signals from the 
flame ionization detector were fed to a potentiometric recorder and 
were integrated using a Perkin-Elmer D2 electronic integrator. 

Results 

In the temperature range 394-503°, chlorocyclo
butane decomposed by two paths (eq 1 and 2), one 
giving ethylene and vinyl chloride, and the other giving 
1,3-butadiene and hydrogen chloride as major products. 
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r—T^01 h Cl 
Q -± C2H4 - _J (1) 

f~\ + HCl (2) 

Identification was by comparison of the retention times 
of the organic products with these of authentic samples 
on four different chromatographic columns (12 ft by Vs 
in. 20% bis(2-methoxyethyl) adipate on Chromosorb P, 
10 ft by Vs in. bis(cyanoethoxypropane) on Chromosorb 
P, 100-m poly(propylene glycol) capillary, and 50-m 
squalane capillary). The mass spectrum of the reaction 
mixture showed peaks compatible with the products 
above. 

Before any kinetic studies were performed, the reac
tion vessel was "aged" by pyrolyzing large samples of 
chlorocyclobutane, butadiene, vinyl chloride, and mix
tures of these for 24 hr at 500°. Several such pyrolyses 
were needed before reproducible results for chlorocyclo
butane were obtained. The reaction vessel had a vol
ume of 22.40 ml and after temperature corrections the 
dead space was about 2%. Corrections for this were 
made by two methods, Allen's correction9 and the 
method of Robinson.10 Using Allen's correction, the 
reactant pressure, P1, is given by 

pT = P[2(pB/py - i] 

where a is the ratio of the total volume of the system, 
after applying temperature corrections, to the volume 
of the reaction zone. The rate constant, k, is obtained 
from the slope, S, of a plot of Io g Pt against time by the 
relationship 

k = 2.303Sf 2 - (l/o)] 

In Robinson's method, log (P^ — P) is plotted against 
time. In this case P0, was calculated from P„ = Po • 21/a. 
The rate constant is found from the slope of the plot by 
the relationship 

k = 2.303[21^ - I]Sa 

After correcting for the impurities, plots of log P r 

against time and log (P0, — P) against time were linear 
to about 50% decomposition in most cases. The Allen 
method, however, gave rate constants about 3 % higher 
than the Robinson method in all cases. P (final) never 
attained the value of P„ (calculated). For example, at 
452.3°, P/P0 after eight half-lives was 1.87, whereas the 
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Table I 

Temp, °C 
A(total) X 10~* 
ki X 10-* 
A2 X 10-* 
Temp, 0C 
A(total) X IO"4 

Ai X 10-" 
A2 X 10-" 

Temp, 0C 
A(total) X 10"* 
Ai X 10-* 
A2 X 10-* 
Temp, °C 
A(total) X 10~* 
Ai X 10-* 
A 2X IO"* 

394.5 
0.4648 
0.1265 
0.3383 
452.3 
13.73 
4.571 
9.161 

394.5 
0.4508 
0.1228 
0.3280 
465.0 
25.91 
8.786 
17.12 

405.8 
0.9663 
0.2771 
0.6892 
465.0 
26.39 
8.951 
17.44 

405.8 
0.9126 
0.2617 
0.6509 
478.2 
51.35 
18.33 
33.02 

Allen Method 
417.4 
1.857 
0.5429 
1.314 
478.2 
52.80 
18.85 
33.95 

Robinson Method 
417.4 
1.809 
0.5288 
1.280 
490.0 
97.61 
36.09 
61.52 

428.8 
3.550 
1.065 
2.485 
503.1 
186.3 
71.71 
114.6 

428.8 
3.660 
1.099 
2.561 
490.0 
100.8 
37.25 
63.51 

440.4 
6.965 
2.213 
4.752 

440.4 
7.183 
2.282 
4.901 
503.1 
189.0 
72.74 
116.3 

446.5 
9.769 
3.175 
6.594 

446.5 
10.07 
3.273 
6.797 

452.3 
13.34 
4.441 
8.889 

calculated value is 1.97. In preliminary experiments, 
it was found that the rate constants were independent 
of initial reactant pressure in the range 28-90 Torr. 
Subsequent rate determinations were carried out with 
initial pressures in the range 50-62 Torr. Two com
plete runs were carried out at each of 11 temperatures, 
the pressure at various times being obtained from the 
recorder trace of the transducer output. Total rate con
stants for the two runs normally agreed within 2%. 
Excellent agreement with these values was obtained with 
a small sample of chlorocyclobutane of 98.6% purity 
supplied by Dr. W. G. Rothschild, after corrections 
were made for the impurities. Also at each tempera
ture, analyses of several reaction mixtures, taken to low 
decomposition, were performed to obtain ethylene/buta-
diene ratios. (In all cases the amounts of ethylene and 
vinyl chloride were equal within ± 1 %.) From these 
ratios and the average total rates, the individual rate 
constants fci and Ar2 were obtained. The results are 
shown in Table I. (The rate constants quoted are those 
obtained directly from a least-squares analysis; we do 
not claim four-figure significance.) Arrhenius plots of 
the above data gave good straight lines from which the 
Arrhenius parameters were evaluated by the method of 
least squares, whence 

Jti.Aiien = IO1 4^0-0 9 exp(-60,070 ± 

300 cal mol~ 1I RT) sec"1 

fe.Aita. = 1013'61±^06 exp(-55,240 ± 

190 cal IaOl-1IRT) sec"1 

ki.Robinson = 1 0 " ^ 0 9 exp(60,260 ± 
280 cal IaOl-1IRT) sec"1 

fe.Robinson = 101^±°.05 e x p(_ 55j430 ± 

180CaImOl-ViJr)SeC-1 

The error limits are the standard deviations, and it can 
be seen that the parameters from the Allen and Robin
son methods are the same within these limits. We esti
mate that the maximum error in E for ethylene produc
tion is =1=800 cal which gives an uncertainty of ±0.25 in 
the A factor. For the path leading to 1,3-butadiene, 
these errors are smaller. 

Runs carried out at 446.5° in an "aged" vessel packed 
with glass tubes having a surface/volume ratio ten times 

that of the unpacked vessel gave a rate constant within 
4% of that obtained in the unpacked vessel. There is 
thus no appreciable heterogeneous component of the 
reaction. A complete run at 446.8° was followed ana
lytically by gas chromatography and gave a rate con
stant almost identical with that obtained from the 
Arrhenius equation from the Robinson method. The 
uncertainty in the analytical results is high, however, 
due to the difficulty in obtaining reliable calibration 
factors for chlorocyclobutane. Above 50% decom
position, new products were observed on the chro-
matogram. These totaled about 3 at 60% decom
position, and about 7 at 70% decomposition. These 
products were not identified, but the major peaks were 
eluted after chlorocyclobutane, indicating that they were 
probably formed by condensation of the primary prod
ucts. The ethylene/butadiene ratio was found to in
crease above 50% decomposition and slightly more eth
ylene than vinyl chloride was found, also indicating 
secondary condensation reactions. This would account 
for the premature leveling off of the pressure-time 
curve. Titrations of the hydrogen chloride gave con
siderable scatter and only agreed within about 10% with 
pressure measurements. Owing to the small amounts 
involved, however, this agreement can be considered 
reasonable. 

Discussion 
The decomposition pathway leading to ethylene and 

vinyl chloride occurs at a slower rate than the decom
position of monoalkylcyclobutanes or of cyclobutane 
itself. At 450° it is 0.73 times that for cyclobutane and 
one-half of that of methylcyclobutane. Thus while the 
presence of the chlorine lowers the energy of activation 
for the decomposition, relative to cyclobutane, this is 
more than compensated by a decrease in the A factor. 
It is generally considered that the presence of a chlorine 
atom will stabilize a radical (as compared with a hydro
gen atom), and while there appears to be no direct quan
titative evidence for this for monosubstitution there is 
such evidence for polyhalogenated radicals. On the 
basis of such stabilization, the biradical I would be pre
ferred over II. 

CH2-CH2 CH2—CHCl 

CH2 CHCl 

I 

CH2 CH2 

II 
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We think it is unlikely that the difference in stabilities 
between I and II is appreciably more than 2 kcal mole -1 , 
but even a figure as small as this would ensure that I was 
very much the more important species in determining 
the Arrhenius parameters for the decomposition. This 
would explain the reduction in the energy of activation 
for this reaction compared with cyclobutane. The 
lowered A factor must come from a tightening of the 
transition complex and is probably to be associated with 
the loss of entropy of internal rotations again as com
pared with the cyclobutane activated complex. This 
cannot be simply due to an increase in the barrier to in
ternal rotation of the type as occurs in going from 
ethane to ethyl chloride, since such an effect would be 
far too small. We suggest it arises from a structure in
volving a chlorine bridge. Such a complex is shown in 
Ia. Alternatively, if in fact the stabilization by the 

CH2 CH2 CH2 C H \ 

I l I l > 
CH2----CH CH2----CH2' 

*"'C1/ 

Ia Ha 
chlorine substitution is appreciably less than 2 kcal 
mol - 1 , then II must be seriously considered, and it then 
follows that Ha might be a reasonable representation of 
the transition complex. It should be noted that a 
chlorine bridge of the type shown in Ha has been pro
posed in the transition complex for the isomerization of 
chlorocyclopropane,4 though in this case chlorine mi
gration occurs. 

The reaction leading to the elimination of hydrogen 
chloride has a "normal" A factor which is typical of such 
eliminations from open-chain alkyl chlorides. The ac
tivation energy is, however, higher than for 2-butyl 
chloride (50.1 kcal mol -1) and also for cyclohexyl and 
cyclopentyl chlorides (49.2 and 48.3 kcal mol - 1 , re
spectively). This must be attributed to the greater 

I t is recognized that when light emission from an ex
cited molecule is competitive with some other pro

cess whose rate increases with increase in vibrational 
level there may be enhancement of fluorescence with in
crease in total pressure.z-4 The competing processes 

(1) Published with the permission of the Atomic Energy Commission. 

strain involved in bringing the chlorine and hydrogen to 
the transition-state configuration. On the basis of the 
analytical data alone, it is not possible to distinguish be
tween the direct formation of butadiene as depicted in 
eq 2 or a two-stage process im'olving the intermediate 
formation of cyclobutene as shown in eq 3. Since the 

Q - > HCl + Q — f~\ (3) 

HCl elimination will be favored by a reduction in the 
carbon-carbon bond involved, it appears unlikely on 
energetic grounds that the reaction yields butadiene 
directly and we favor (3). 

It is interesting to note that while the concerted cis 
elimination of HCl from alkyl chlorides and alicyclic 
chlorides is an orbital symmetry-forbidden process,11 

the one-step formation of butadiene and HCl would be 
a symmetry-allowed process. If such considerations 
were of importance in controlling the energetics of these 
eliminations, then it would have been anticipated that 
in the present study this reaction would have had an ap
preciably lower energy of activation than that observed 
in the case of cyclopentyl chloride. It is possible that 
the approximation of treating the u C-Cl bond as equiv
alent to the <r C-H bond when constructing the appro
priate MO which is inherent in the orbital symmetry 
arguments is at the bottom of this unexpected finding. 
An alternative statement of this suggestion is that the 
differences between these bonds is so marked that the 
molecular orbitals are not appreciably delocalized, and 
delocalized molecular orbitals are required (indeed are 
inherent) in the application of the orbital symmetry 
arguments. 

Acknowledgment. We thank Dr. W. G. Rothschild 
for a sample of chlorocyclobutane. We also thank the 
SRC for the award of a research studentship to A. T. C. 

(11) R. B. Woodward and R. Hoffmann, Angew. Chem., in press. 

may be hard to elucidate but could include dissociation, 
isomerization, and intersystem cross-over to a state of 
different multiplicity. 

(2) F. C. Henriques, Jr., and W. A. Noyes, Jr., / . Am. Chem. Soc, 
62, 1038 (1940). 

(3) G. M. Almy and S. Anderson, / . Chem. Phys., 8, 805 (1940). 
(4) C. S. Burton and W. A. Noyes, Jr., ibid., 49, 1705 (1968). 

Vibrational Effects in the Xylenes1 
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Abstract: An increase in pressure of inert gas enhances the fluorescences of the xylenes when exposed to radiation 
of shorter wavelengths than the 0,0 bands. At longer wavelengths the reverse effect is noted. An increase in 
temperature causes a decrease in fluorescence. Quantum yields of isomerization of xylenes to each other are wave
length dependent and are very small near the 0,0 band. These yields increase slightly with increase in tempera
ture. 1,3-Pentadiene effectively quenches the singlet states of the xylenes. A mechanism can be advanced which 
correlates these various facts. 
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