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Abstract: The unimolecular isomerization of chemically activated methylcyclopropane, formed from the com
bination of methyl and cyclopropyl radicals, to isomeric butenes has been studied at low substrate pressures in a 
fast-flow system. The rate constant for the overall isomerization reaction has been measured against collisional 
deactivation by helium. Using the RRKM formulation of unimolecular reaction rate theory and a stepladder 
model for the deactivation process, it is concluded that an effective collision of He with vibrationally excited methyl
cyclopropane (initially containing 89 kcal/mol of energy) removes 7-13 kcal/mol. The collisional transition prob
ability of vibrational-translational energy transfer is quite small, however, being ~0.02-0.03. Some mechanistic 
details of the reaction have also been investigated by deuterium-labeling techniques, and the results are discussed. 

Collisional energy transfer between highly vibra
tionally excited species and inert gases is one of the 

fundamental problems of gas-phase chemical kinetics. 
Information concerning various techniques used and 
some of the results obtained have been discussed by 
Cottrell and McCoubrey1 and Stevens.2 

The present study is concerned with the reactions of 
chemically activated methylcyclopropane (MCP) pro
duced by the combination of methyl and cyclopropyl 
radicals generated by a mercury-sensitization tech
nique. 

Hg(CH3)2 + Hg 6(3P1) - * 2Hg 6(1S0) + 2CH3 (1) 

t > — B r + Hg 6(3P1) - ^ H g 6(1S0) + Br or HgBr 4- [ > (2) 

[>• + CH3 — 0-CH3*- (3) 

The MCP* thus produced contains an estimated 89 
kcal/mol of energy and either undergoes rearrangement 
to isomeric butenes or is deactivated in a stepwise 
manner by collision with inert helium molecules. By 
measuring the product distribution as a function of 
carrier gas pressure, we have obtained unimolecular rate 
constants for the overall isomerization process. 

Rabinovitch and coworkers3 have shown that knowl
edge of the variation with pressure of the stabilization 
(S) to decomposition (D) ratio, S/D, in the chemically 
activated systems can provide information regarding 
the average amount of energy transferred per effective 
collision and its probability. Using the procedure out
lined by the above authors, we have carried out theo
retical calculations based on a simple stepladder en
ergy-degradation model with various step sizes for com
parison with experimental results. 

Experimental Section 
The apparatus used consisted of a fast-flow system attached to 

the sampling inlet of a mass spectrometer, the description and 

(1) T. L. Cottrell and J. C. McCoubrey, "Molecular Energy Transfer 
in Gases," Butterworths, London, 1961, Chapter 7. 

(2) B. Stevens, "Collisional Activation in Gases," Pergamon Press, 
London, 1967, Chapters 4 and 6. 

(3) R. E. Harrington, B. S. Rabinovitch, and M. R. Hoar, / . Chem. 
Phys., 33, 744 (1960); G. H. Kohlmaier and B. S. Rabinovitch, ibid., 
38, 1692, 1709 (1963); 39, 490 (1963); B. S. Rabinovitch and M. C. 
Flowers, Quart. Rev., Chem. Soc, 18,122(1964). 

operation of which have been given in a previous publication.4 

Only the features pertinent to this study are given here. 
Reactants at partial pressures of a few millitorr were mixed in a 

stream of helium used as a carrier. The mixture was saturated 
with mercury vapor at 57° (~20 mTorr) before passing through the 
reactor which consisted of a length of Vycor tubing of 9-mm i.d. 
surrounded by an annular low-pressure mercury resonance lamp 
thermostated at 55-60°. At 10 Torr of helium the residence time of 
the reactants in the illuminated zone was about 1.5 msec. A sam
pling leak located just below the reaction zone allowed mass spec-
trometric monitoring of the reaction mixture during operation. 
The major portion of the reaction mixture was collected at —196° 
for analysis by gas chromatography. In experiments where the 
pressure of the carrier gas was increased beyond the vapor pressure 
of the reactants it was necessary to ballast the reactant volumes with 
helium in order to force the flow of reactants into the system. Gas 
chromatographic separation of the isomeric butenes was achieved 
using a tandem column consisting of two 20-ft sections of 30% glu-
taronitrile-propylene carbonate on 60/80 mesh Diatoport-S, 
one operated at room temperature and the other at 0°, and a final 
20-ft length of 15% mineral oil on 60/80 mesh firebrick kept at 
room temperature. Helium was employed as carrier gas at a flow 
rate of 60 cm3 min~]. 

The cyclopropyl bromide used was from Aldrich Chemicals 
and was purified by preparative gas chromatography. Dimethyl-
mercury (Eastman Organic) and dimethylmercury-d6 (Merck) 
were degassed and collected at —98° before use. Research grade 
hydrocarbons were used as standards for the calibration of the 
gas chromatograph. 

Analysis of the butene-Ws product was carried out on a Varian 
HR100 instrument. 

Results and Discussion 

The products detected and their variation with helium 
pressure are presented in Table I. In order to elucidate 
certain aspects of the product-forming reactions, in 
some experiments the CH3 radicals were replaced by 
CD3 radicals from the decomposition of Hg(CDa)2. 
These results are tabulated in Table II. Finally, the 
yield of some minor Ct-C^ products are reported in 
Table III. 

Product Formation and Reaction Mechanism. The 
experimental results indicate that the "hot" MCP 
formed in reaction 3 undergoes structural isomerization 
to various butenes unless collisionally deactivated. 
This rearrangement is presumed to involve a singlet-
state 1,3-diradical-like intermediate as outlined in eq 
4-7. Figure 1 is a schematic energy diagram for the 

(4) E. Jakubowski, P. Kebarle, O. P. Strausz, and H. E. Gunning, 
Can. J. Chem., 45, 2287 (1967). 
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Table I. Products" from the Photosensitized Decomposition of 0.5-1.0 mTorr of Cyclopropyl Bromide and 15 mTorr of Hg(CH3)2 
as a Function of He Carrier Gas Pressure 

Butene-1 
c/i-Butene 
rrara-Butene 
Isobutylene 
2(butene) 
MCP 
Cyclopropane + 

acetylene 
Propylene 
Allene 
Propane 
Ethylene 
Butene-l/2(butene) 
m-Butene/rra«.s-butene 
MCP/2(butene) (S/D) 

4.5 

0.9 

1.00 
0.21 
0.29 
0.23 
1.73 

0.19 

0.41 
0.05 
0.14 
0.06 
0.58 
0.72 

9 

1.8 

1.00 
0.31 
0.41 
0.35 
2.07 
0.04 
0.64 

0.27 
0.24 
0.06 
0.18 
0.48 
0.76 
0.019 

11 

2.2 

1.00 
0.28 
0.36 
0.38 
2.02 
0.05 
0.80 

0.33 
0.22 
0.05 
0.16 
0.50 
0.78 
0.025 

18 

3.6 

1.00 
0.34 
0.40 
0.26 
2.00 
0.08 
0.40 

0.20 
0.10 
0.04 
0.14 
0.50 
0.85 
0.040 

Px*, T o r r -
40 

-co, sec"1 (XlO" 
8.0 

1.00 
0.22 
0.22 
0.20 
1.64 
0.18 
0.76 

0.37 
0.14 
0.03 
0.06 
0.60 
1.00 
0.110 

72 
7) 

14.4 

1.00 
0.28 
0.24 
0.16 
1.68 
0.30 
0.29 

0.12 
0.19 
0.08 
0.13 
0.60 
1.16 
0.180 

110 

22.0 

1.00 
0.34 
0.31 
0.17 
1.82 
0.61 
0.44 

0.17 
0.13 
0.07 
0.08 
0.55 
1.09 
0.330 

145 

29.0 

1.00 
0.37 
0.32 
0.21 
1.90 
0.98 
0.59 

0.23 
0.20 
0.08 
0.02 
0.53 
1.15 
0.510 

., 
190 

38.0 

1.00 
0.26 
0.21 
0.15 
1.61 
1.00 
0.61 

0.25 
0.22 
0.02 
0.08 
0.62 
1.24 
0.620 

" Relative yields compared to butene-1 taken as unity. 

Table II. Product Yields from the Photosensitized 
Decomposition of 0.5-1.0 mTorr of Cyclopropyl Bromide 
and 15 mTorr of Hg(CD3)2 at 10 Torr of He Pressure 

Product" Yield Product" Yield 

H C = C H 
H C = C D 
D C = C D 
r i j C = C ri2 

D 2 C = C D 2 

C H 3 - C H = 
C D H 2 - C H 
C D 3 - C H = 
C D 3 - C D = 
C3D8 

=CH2 

==CH2 

=CH2 

=CD2 

0.03 
0.03 
0.20 
0.01 
0.12 
0.05 
0.06 
0.02 
0.10 
0.01 

C-C3H6D 
C-C3H5D 
C H 3 - C = C H 
H2O=C=CHs 
C H 2 = C H - C H 2 - C D 3 

/ T O W - C H 3 C H = C H C D 3 

CW-CH3CH=CHCD3 

C H 3 - Q = C H 2 ) C D 3 

C-C3H5-CD3 

0.12 
0.18 
0.09 
0.26 
1.00 
0.49 
0.34 
0.30 
0.06 

" Average of three determinations; normalized to butene-1 yield. 

Table III. C4 and C5 Products from the Photosensitized 
Decomposition of 0.6 mTorr of Cyclopropyl Bromide and 
20 mTorr of Hg(CH3)2 at 10 Torr of He Pressure 

Product" 

=V_ 
^ _ 

\ _ / 

JL 
\>-€H3 

"V 
^V_ 

Yield 

1.00 

0.38 

0,31 

0.30 

0.04 

0.06 

0.01 

Product" 

C H = C - C H 2 - C H 3 

C H 3 - C = C - C H 3 

C H 2 = C H - C H ( C H 3 ) 2 

CH2=C(CH3)C2H5 

?raw-Pentene-2 

ra-Pentene-2 

Yield 

0.01 

0.02 

0.01 

0.01 

0.04 

0.01 

0 Average of two determinations; normalized to butene-1 yield. 

reactions. F rom the diagram it is noted that E - 5 = E6, 
resulting in N(E-5) = N(E „), where N(E-J and N(E6) 
are the total number of energy states per unit energy for 

A T: 
(6) 

A,M\( (4) 

butenes* 

Ci)/ 
Jk1M 

A 
butenes 

the activated diradical with energies £-5 and .E6. On 
this basis it has been shown that if k6k6 » k-&k-i, the 
RRKM equation implies that the structural isomeriza
tion can be considered a single-step process.6 For 

>• + 'CH 

BUTENES 

Figure 1. Schematic energy diagram for the chemically activated 
unimolecular isomerization of MCP. 

cyclopropane, it has been estimated5 that kbki/k-6k-t ~ 
40 when .E6* = 30 kcal/mol. The ring opening pre
sumably is via a conrotatory mechanism, yielding an 
antisymmetric singlet-state trimethylene intermediate.6,7 

C 

H H 

H. H 

C>;CS=n>Ci<0 
H'' VH 

9/\f 
Based upon these considerations, we are assuming 

that the structural rearrangement of MCP* can be 

(5) M. C. Lin and K. J. Laidler, Trans. Faraday Soc, 64,927 (1968). 
(6) R. J. Crawford and A. Mishra, J. Amer. Chem. Soc, 87, 3768 

(1965). 
(7) R. Hoffmann, ibid., 90, 1475 (1968). 
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treated as a series of competing unimolecular reactions. 

ki 
MCP* — > • isobutylene 

kb 
— > butene-1 

— > • cis- + /ra«.s-butene 

An interesting facet of the isomerization is its stereo
chemistry. The intermediate diradical can exist in two 
conformational structures, 1 and 2, each forming 

copy. Butene-l-t/3 formed via y would yield the 
product 

•f~\ 

•f~\ 

specific butenes upon hydrogen migration, the cisoid 
form giving m-butene and butene-1 and the transoid 
form trans-bulznz and butene-1. (That hydrogen 
migration from the methyl group (step 7) does not occur 
will be shown below.) 

From the data presented in Table I it is seen that the 
cis- to trans-butene ratio is pressure dependent and in
creases to a value exceeding unity at higher pressures. 
Thus, cis-isomer formation must predominate in the 
initial hydrogen-transfer reaction. At low pressures 
where collisional deactivation is inefficient, isomeriza
tion to the more stable trans isomer occurs, which, in 
turn, is followed by either unimolecular decomposition 
or deactivation. These results appear to be of general 
validity for trimethylenes, monosubstituted in the termi
nal position. Thermal studies of the structural isom
erization of various monosubstituted cyclopropanes 
have yielded the following ratios for the cis- to trans-
alkene-2 products: MCP,8'9 ~ 2 ; trifluoromethylcyclo-
propane,10 ~ 1 . 4 ; ethylcyclopropane,n ^ 1 . 6 ; and tri-
fluoroethylcyclopropane,10 ~ 1 . 3 . The above effect 
could possibly be attributed to a decrease of the stability 
of the IIU molecular orbital, caused by steric repulsions, 
and a consequent increase in the free-radical character 
of the cisoid intermediate. This would presumably 
lead to an enhancement of the hydrogen migration in the 
cisoid form, resulting in the predominance of the cis-
olefin product. 

Formation of butene-1 can also be envisioned via a 
1,4 H-atom transfer, step 7, occurring parallel to steps 
/3 and e. This question was investigated by using CD3 

instead of CH3 radicals in the combination reaction 3 
and analyzing the resulting butene-1-J3 from the struc
tural isomerization of C-C3H5-CD3* by nmr spectros-

(8) J. P. Chesick, / . Amer. Chem. Soc, 82,3277 (1960). 
(9) D. W. Setser and B. S. Rabinovitch, ibid., 86, 564 (1964). 
(10) D. W. Placzek and B. S. Rabinovitch, J. Phys. Chem., 69, 2141 

(1965). 
(11) M. L. Halbestadt and J. P. Chesick, ibid., 69,429 (1965). 

(a) 
C D 2 = C 

(b) 
H 

CH 2 -CH 2 D 
(C) (d) 
I 

while that from /3 or e would give 

(a) / 
C H 2 = C 

(b) 
H 

C H 2 - C D 3 

(C) (d) 

Before a conclusion can be reached as to the importance 
of step 7 it will be noted that the initial butenes pro
duced from MCP* isomerization will have excess en
ergy of ~97-100 kcal/mol (vide infra). Molecules such 
as butene-1, cis- and ?ran5-butene, and isobutylene pos
sessing weak allylic C-C bonds, <~72 kcal/mol, and 
allylic C-H bonds, ~ 8 5 kcal/mol, as well as normal 
C-C bonds, <~85 kcal/mol, can undergo unimolecular 
decomposition by C-H or C-C bond rupture under the 
above circumstances. In the case of butene-1 the fol
lowing decomposition processes are the most likely. 

C H 2 = C 

H 

CH2—GH. 3 

• C H 2 ^ C H ^ C H 2 + CH3 

— > C H 2 - C H - C H - C H 3 + H 

These reactions should be followed by 

C H 2 ^ C H ^ C H 2 + CH3 — > • C H 2 = C H - C H 2 - C H 3 

^ Cri2:::::=C=Cri2 -J- CH4 

C H 2 - C H ^ C H - C H 3 + CH3 

3-methylbutene-l 

pentene-2 (cis- + trans-) 

butadiene (1,2- + 1,3-) + CH4 

butyne (-1 + -2) + CH4 

(8) 

(9) 

(10) 

(H) 

(12) 

(13) 

(14) 

(15) 

As allylic C-H bonds are considerably stronger than 
allylic C-C bonds, butene-1 should decompose pri
marily by reaction 8. In the case of product I, the re
sulting butene-1 product would be 

H 
(a) / 
CD2=C 

\ 
CH2-
(C) 

III 

-CD; 
(d) 

A similar mechanism for product III would result in 
its re-formation by combination of C H 2 - C H - C H 2 

W i t h C D 3 r a d i c a l s . /cdispr0portionation/^Tecombination ^01* 

methyl with allyl radicals has not been measured. For 
ethyl the analogous reactions12 give kd/kr = 0.05, thus 
indicating that ~ 9 5 % of the butene-1 decomposed by 

(12) D. G. L. James and G. E. Troughton, Trans. Faraday Soc, 62, 
145(1966). 
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allyl-CH3 cleavage is rescavenged. Analysis of the 
butene-l-d3 nmr spectra showed that methyl protons 
(d) were not present. The average of several proton 
integrations gave the intensity ratios (a) 1.97, (b) 1.00, 
(c) 1.90, thus assigning the spectrum to II, which leads 
to the conclusion that 1,4-H-atom transfer by path y 
does not take place. This is in agreement with the re
sults of the benzophenone-photosensitized decomposi
tion of 3,5-dimethyl-l-pyrazoline in which the 1,4-H-
atom migration product, pentene-1, was not detected.13 

Chemically activated 2-butenes will decompose 
mainly by allylic C-H rupture 

C H 3 - C H = C H - C H 3 —*~ C H 3 - C H ^ C H - C H 2 + H (16) 

followed by reactions 12-15. 
Isobutylene, containing excess energy of ~100 kcal/ 

mol can also undergo unimolecular decomposition via 
allylic C-H scission 

CH3 CH3 

CH 2=C-CH 3 — > CH 2 ^C-CH 2 + H (17) 

leading to 

CH3 CH3 

I I 
C H 2 - C - C H 2 + CH3 — > • C H 2 = C - C H 2 - C H 3 (18) 

In order to obtain a rough estimate of the butene de
composition, experiments were carried out in which the 
analytical technique was altered to allow for butadiene, 
butyne, and pentene analysis. Table III summarizes 
the results of these experiments. From the data in this 
table, it can be estimated that ~ 8 % of the butenes* 
undergo allylic C-H rupture. The extent of allylic 
C-C rupture (8) from butene-1* cannot be estimated from 
the experimental data, as the recombination product 
with excess methyl radicals in the system is again 
butene-1. In a study of the unimolecular decomposi
tion of product olefins in methylene chemical activation 
systems, Dorer and Rabinovitch14 have shown that the 
decomposition of butene-1* from the isomerization of 
MCP* containing ~107.9 kcal/mol of excess energy is 
four to five times slower than the MCP* isomerization. 
In our system, at 10 Torr of He, ~ 9 5 % of the MCP* 
undergoes structural isomerization; assuming similar 
relative rates ca. 20-25% of butene-1* should undergo 
allylic C-C rupture (8). The likelihood that the majority 
of the allyl radicals will be rescavenged by methyl (10) 
as butene-1 in our system probably accounts for a bu-
tene-2 ratio slightly larger than previously observed in 
other studies.8'9'15 

In addition to the principal products already dis
cussed and the recombination product of the methyl 
radicals, ethane, a number of minor products were also 
detected and in some experiments quantitatively mea
sured. Since some of these, namely ethylene, propyl
ene, propane, and acetylene also arise in the sensitiza
tion of pure dimethylmercury,16 for the elucidation of 
the origin of these molecules experiments were carried 
out using Hg(CD3)2. The data in Table II unequiv-

(13) R. Moore, A. Mishra, and R. J. Crawford, Can. J. Chem., 46, 
3305(1968). 

(14) F. H. Dorer and B. S. Rabinovitch, / . Phys. Chem., 69, 1952 
(1965). 

(15) J. N. Butler and G. B. Kistiakowsky, J. Amer. Chem. Soc, 82, 
759 (1960); 83, 1324 (1961); D. W. Setser and B. S. Rabinovitch, Can. 
J. Chem., 40, 1425 (1962); F. H. Dorer and B. S. Rabinovitch, J. Phys. 
Chem., 69,1964(1965). 

(16) P.Kebarle, (Wd., 67,351 (1963). 

ocally show that ethylene and propane come nearly en
tirely from dimethylmercury. C2H2, C2HD, C2H4, and 
C3H3D8, on the other hand, are rather difficult to ex
plain in terms of specific reactions, however, their com
bined yield is quite minute, being less than 5 % of the 
total attributed to the decomposition of cyclopropyl 
bromide. In an earlier paper dealing with the mercury-
sensitized decomposition of propane under similar con
ditions it was calculated that ~ 5 % of the propyl rad
icals would undergo secondary reactions with Hg 
6(3Pi) atoms.4 It thus seems likely that these products 
are partly coming from secondary reactions with ex
cited mercury atoms. 

Propylene (C3H6, C3H6D), which probably arises 
from the disproportionation reactions of allyl radicals, 
accounts for an average of -~3 % of the reaction prod
ucts. The allyl radicals may arise from two processes: 
undoubtedly a portion comes from the cracking reac
tion of butene-1-</3 (8), while another portion may come 
from the ring opening of the cyclopropyl radical. This 
latter reaction requires an activation energy17 of 22 
kcal/mol, while the cyclopropyl radicals from reaction 2 
may contain excess vibrational energy up to ~ 4 5 kcal/ 
mol, the estimated exothermicity of the reaction. 

The allene product can then be explained by the dis
proportionation of allyl with methyl or cyclopropyl 
with methyl. The cyclopropane from the latter reac
tion would end up as allene or propyne. 

Now if allyl radicals were indeed produced through a 
unimolecular ring opening of hot cyclopropyl radicals, 
the pressure study should reflect this as a decrease in the 
butene-l/2(butene) ratio as the cyclopropyl radicals are 
stabilized. Table I shows that this ratio is essentially 
constant over the pressure range studied, indicating that 
cyclopropyl radical isomerization is unimportant. 

Cyclopropane and cyclopropane-di also appear as 
reaction products. Approximately 60% of the cyclo
propane is the monodeuterated variety, which may be 
visualized as the product of the unusual mode of dis
proportionation of methyl radicals 

[>• + CD3 — [>— D + CD2 

It is more difficult to propose a plausible source of the 
undeuterated cyclopropane. 

Using the data in Table II we have calculated a sec
ondary isotope effect kaK/k&Tl = 1.4 at 10 Torr of He 
pressure. In view of the experimental accuracy, our re
sults are in good agreement with a value of ~1 .2 per D 
atom measured in a similar cyclopropane system with 
appreciably higher energetic parameters.18 

Deactivation by Helium. It has been shown by 
Rabinovitch and coworkers3 that a knowledge of the 
variation with pressure of the stabilization to decom
position ratio, S/D, can furnish information regarding 
collisional energy-transfer probabilities between ex
cited and deactivating molecules. If a strong collision, 
i.e., unit collision efficiency is assumed, an apparent 
isomerization rate constant defined as fca = wD/S, where 
w is the hard-sphere collisional rate constant (T = 
33O0K, o-MCp = 5.0 A, o-He = 2.6 A), can be calculated 
for various pressures. In cases where a monoenergetic 

(17) G. Greig and J. C. J. Thynne, Trans. Faraday Soc, 62, 3338 
(1966). 

(18) J. W. Simons and B. S. Rabinovitch, / . Phys. Chem., 68, 1322 
(1964). 
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Figure 2. Plot of kjk* (S/D S= 0.5) vs. S/D: (O) experimental, 
( ) calculated curves for various step sizes. 

initial energy distribution is present in the excited mole
cules experimental &a values have been found to be 
essentially constant at S/D values greater than 0.5.19_21 

When plots of kjka (S/D ;> 0.5) vs. S/D are constructed, 
a turnup at low S/D values (low pressures) is observed. 
The reason for this curvature is apparent from the form 
of the theoretical D/S relationship in the low-pressure 
region (co « kt) 

(Dr/Sr) = (1/M r II*t' (19) 
( = i 

where T is the number of transitions in the active region 
Ee *, /3 is an efficiency factor which accounts for elastic 
collisions, and kt is the specific unimolecular rate con
stant from the level E6*/T obtained using RRKM 
theory (see the Appendix). By fitting calculated curves 
based upon step-ladder degradation models to the ex
perimental turn-up, information concerning the step 
size (s) for deactivation and the probability of energy 
transfer has been obtained. Detailed descriptions of 
the step-ladder model and computational procedures 
used can be found in the articles cited in ref 3. 

Comparison of Calculated and Experimental fca. 
Figure 2 contains plots of the experimental fca ratios 
vs. S/D obtained from the data in Tables I and III. 
The experimental fca values have not been corrected for 
butene loss owing to cracking of the "hot" butenes 
formed in the isomerization reaction. At 10 Torr of 
He this correction would increase ka by about 20%. 
Assuming that butene decomposition is consistently 
four to five times slower than MCP* isomerization 
would require that the experimental D/S ratios be mul
tiplied by a constant factor of 1.2-1.25 and thus cancel 
out when kjka (D/S ^ 0.5) ratios are taken. 

In order to match the calculated ratios with the ex
perimental, /3 = 0.02-0.03 and s = 7-13 kcal/mol are re
quired. This step size is in good agreement with that 
reported by Rabinovitch and coworkers (4-8 kcal/mol) 
in a study of the collisional deactivation of vibrationally 
excited cyclopropane by helium.20 When the efficiency 
factors are compared, however, the present value is an 
order of magnitude smaller than that found by the 

(19) D. W. Setser, B. S. Rabinovitch, and J. W. Simons, / . Chem. 
Phys., 40,1751(1964). 

(20) J. W. Simons, B. S. Rabinovitch, and D. W. Setser, ibid., 41, 
800(1964). 

(21) W. G. Clark, D. W. Setser, and E. E. Siefert, J. Phys. Chem., 
74,1670(1970). 

above authors and is in agreement with values of 0.05-
0.07 reported by Chesick8 in the thermal isomerization 
of MCP and 0.04 derived by Atkinson and Thrush22 for 
the collisional deactivation of vibrationally excited 
cycloheptatriene produced by a photochemical method. 
The high-pressure isomerization rate constant A:a 

(S/D ^ 0.5) can be obtained with /3 = 0.3 if the step 
size, s, is reduced to a value of ~0 .4 kcal/mol; how
ever, the turnup in the calculated k& ratios appears at 
much higher S/D values than the experimental results 
indicate. 
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Appendix 
RRKM Calculations. In this treatment kB, the 

specific unimolecular rate constant at the energy E, 
is given by the expression 

_ JIA±IB*Ic±y ^P(E*) 
E V IAIBIC ) hN(E, + £*) 

which represents the probability that the energized 
molecule of energy E = E0 + E* crosses the barrier of 
energy E0; "LP(E*) is the total number of energy states 
of the activated complex having energy JE1*, and N 
(E0 + £*) is the total number of energy states per unit 
energy of the active molecules having energy E = E0 + 
£* . The /* ' s and / 's are the moments of inertia of the 
activated complex and reactant, /* is the reaction path 
degeneracy, and h is Planck's constant. 

Dorer and Rabinovitch23 have carried out RRKM 
calculations for the isomerization of chemically acti
vated MCP ((£) = 107.9 kcal/mol) to butenes em
ploying various models for the reactant and the acti
vated complex. However, kE for the energy range of 
present interest has not been reported. In these cal
culations the methyl torsion was taken either as a free 
rotation or as a libration in both the active molecules 
and the activated complex: the former treatment in
creases the value of kB by only 20%. An overall 
activated complex was constructed for the formation of 
butenes. Thermal data9 for the structural isomer
ization of MCP was used to assign the frequencies to 
the activated complex. 

In the present calculation we have assumed a "rigid" 
model for the activated complex and only vibrations are 
considered active in the reactant and the complex. 
All vibrations are taken to be harmonic. The product 
of the moments of inertia of the activated complex is 
taken to be the same as that of the reactant molecule. 
Vibrational frequencies used in the calculations are 
those of Dorer and Rabinovitch,23 and the reaction 
path degeneracy is based on the following models6'23 

H H H 

H H H CH3 

butene-1, I* = 2 butene-2, I* = 2 isobutylene,/* = 2 

(22) R. Atkinson and B. A. Thrush, Proc. Roy. Soc, Ser. A, 316, 131 
(1970). 

(23) F. H. Dorer, Ph.D. Thesis, University of Washington, 1965; 
F. H. Dorer and B. S. Rabinovitch, / . Phys. Chem., 69,1973 (1965). 

Journal of the American Chemical Society / 93:11 / June 2, 1971 



2615 

In view ofthe present experimental data the energetically 
more favorable model proposed by Lin and Laidler,5 

i.e., 1,4-H-atom migration, for the formation of 
butene-1 is not considered here. 

Using the values of/* = 10 and E0 = 61.4 kcal/mol 
for the overall structural isomerization of MCP*, 
kE's were calculated as a function of energy. The 
quantities 2P(.E*) and N(E0 + £*) were evaluated by 
the method of Whitten and Rabinovitch24 on an IBM 
360/67 computer. 

Thermochemistry. The energy content of the "hot" 

(24) G. W. Whitten and B. S. Rabinovitch, / . Chem. Phys., 38, 2466 
(1963). 

The oxidation mechanism of simple organic com
pounds has been extensively studied.1 Detailed 

mechanisms of the oxidation of aromatic and aliphatic 
hydrocarbons such as tetrahn,2-4 cumene,2'3 and ethyl-
benzenelb>3'5 have been proposed by Ingold and 
coworkers; methyl oleate6 and benzaldehyde oxidation7 

have also been extensively studied. This study presents 
an initial attempt to investigate the oxidation of com
pounds with reactive methylene groups, such as dime-

(1) (a) K. U. Ingold, Accounts Chem. Res., 2, 1 (1969); (b) R. F. 
Vassilev, "Progress in Reaction Kinetics," Vol. IV, G. Porter, Ed., 
Pergamon Press, London, 1967. 

(2) J. A. Howard, W. J. Schwalin, and K. U. Ingold, Advan. Chem. 
Ser., No. 75, 6 (1968). 

(3) B. S. Middleton and K. U. Ingold, Can. J. Chem., 45, 191 (1967). 
(4) J. A. Howard, K. U. Ingold, and M. Symonds, ibid., 46, 1017 

(1968). 
(5) V. F. Tsepalovand V. Ya. Shlyapintokh, Kinet. Ratal., 3,870(1962). 
(6) (a) L. Bateman, G. Gee, A. L. Norris, and W. F. Watson, Dis

cuss. Faraday Soc, 10, 250 (1951); (b) J. L. Boland and G. Gee, 
Trans. Faraday Soc, 42, 236 (1946). 

(7) T. A. Ingles and H. W. Melville, Proc. Roy. Soc, Ser. A, 218, 163 
(1953). 

MCP molecule E = Etxo + EtheT, the exothermicity of 
the reaction plus the thermal contributions of the 
reactants. In the case of radical-radical combinations, 
the exothermicity is equal to the strength of the bond 
being formed, which, unfortunately, is unknown for 
MCP. Using an estimated value25 of Ai/f

298(MCP) = 
8.1 kcal/mol and 34.0 and 61.0 kcal/mol for AH{

Mi of 
methyl and cyclopropyl radicals, respectively,26 D-
(C-C3H5-CH3) = 86.9 kcal/mol. At 57°, £ t h e r is 
estimated to be ~ 2 kcal/mol, with the result that E ~ 
89 kcal/mol. 

(25) F. H. Dorer, J. Phys. Chem., 73,3109 (1969). 
(26) J. A. Kerr, Chem. Rev., 66,465 (1966). 

done8 which forms secondary 4-peroxydimedone rad
icals during oxidation. The disproportionation of 
such peroxy radicals is exothermic by 115-150 kcal,9 

and is assumed to proceed via the decomposition of a 
tetroxide intermediate as proposed by Russell.10 

The ketone produced in this reaction has been shown 
to chemiluminesce from its triplet state.11'12 There is, 
however, much evidence11,13 that some portion of this 
luminescence is oxygen insensitive. Kellogg11 ascribes 

(8) S. Chaberek, R. J. Allen, and A. Shepp, / . Phys. Chem., 69, 2842 
(1965). 

(9) J. Hine, "Physical Organic Chemistry," McGraw-Hill, New York, 
N. Y„ 1956, p 34. 

(10) G. A. Russell, J. Amer. Chem. Soc, 79, 3871 (1957). 
(11) R. E. Kellogg, ibid., 91, 5433 (1969). 
(12) (a) R. F. Vassilev and I. F. Rusina, Dokl. Akad. Nauk SSSR, 

156, 1402 (1964); (b) V. Ya. Shlyapintokh, et al, "Chemiluminescence 
Techniques in Chemical Reactions," Consultants Bureau, New York, 
N. Y., 1968, and references therein. 

(13) (a) R. F. Vassilev, A. A. Vichutinsleii, O. N. Karpukhin, and 
V. Ya. Shlyapintokh, Izv. Akad. Nauk SSSR, 1, 320 (1962); (b) V. Ya. 
Shlyapintokh, R. F. Vassilev, O. N. Karpukhin, L. M. Postnikov, and 
L. A. Kibalko, / . CMm. Phys. Physicochim. Biol, 57, 1113 (1960). 
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Mechanism of Dimedone 
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Abstract: The detailed mechanism whereby organic molecules chemiluminesce during autooxidation (oxy-
luminescence) has not been completely determined. Particularly, the reasons for the low luminescence quantum 
yield observed in such reactions have remained largely unexplained. In this paper the detailed mechanism of 
oxyluminescence is examined in the case of dimedone (l,l-dimethyl-3,5-cyclohexanedione) oxidation. This pro
ceeds by formation ofthe 4-peroxydimedone radical which disproportionates with a rate constant of (4.5 ± 0.5) X 
10s M - 1 sec-1 and propagates with a rate constant of (7 ± 1) X 102 M - 1 sec-1 at 22° and with an activation energy 
of 5 ± 1 kcal. The disproportionation reaction leads to two chemiluminescent products, one of which, a precursor, 
is believed to be either the first excited single state of l,l-dimethyl-3,4,5-cyclohexanetrione (D=O) or a complex 
between triplet D=O and adjacently formed singlet oxygen. If the precursor is the complex then triplet D=O is 
initially formed by an adiabatic transition from the vibrationally excited triketone molecule in its electronic ground 
state. The other chemiluminescent species, shown to be a product of the first, is triplet D=O. The observed 
chemiluminescence efficiency is (2.5 ± 0.5) X 1O-10. The lifetime ofthe precursor is estimated to be 10~7 sec and 
its emission efficiency (3.6 ± 0.2) X 1O-3. The efficiency with which the precursor decomposes (or intersystem 
crosses) to give triplet D = O is >0.12, and the efficiency with which it is initially formed is (4.5 ± 0.5) X 1O-8. The 
low oxyluminescence quantum yield is attributed to the low excitation efficiency ofthe precursor which, whether its 
formation depends on an adiabatic transition from the ground state or directly on the efficiency of formation of 
the first excited singlet state, is a statistically unlikely process. 

Beutel I Dimedone 


