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Abstract: Gas-phase reactions of methylene with propanal in oxygen scavenged systems have been studied over a pressure 
range of 8 to 100 Torr. The reaction products were butanal, 2-methylpropanal, epoxybutane, and methyl propionate. No chem
ically activated isomerization or decomposition was observed over the pressure range. Large yields of methyl ethyl ketone were 
observed but were formed almost entirely from direct reaction of propanal with diazomethane, the methylene precursor. The 
relative reactivity of singlet methylene with C=0:C-H(a):C-H(,3) is 1.0:0.05:0.08; the C=O reactivity relative to the C-H 
bonds in neopentane was 4.8. A direct insertion reaction into the C = O bond is thought to be a more likely pathway to the epox
ide than a biradical intermediate formed by addition of the methylene to the oxygen end of the C=O. Methyl propionate is at
tributed to reaction by 3CHj with popanal, followed by reactions of the intermediate with oxygen. 

Introduction 

The reactions of methylene (CH2), the simplest carbene, 
have been of continued interest since Doering's initial work in 
1956.' Nevertheless, a perusal of the recent reviews2-3 indicates 
that there is little qualitative, and virtually no quantitative, 
information on the gas-phase reactions of methylene with 
carbonyls. 

Back's4 studies of reactions of methylene produced by 
photolysis of ketene in unscavenged propanal and ethanal 
systems is of limited value because of (1) the substantial re
action of methylene with ketene itself, (2) the occurrence of 
both triplet and singlet state methylene reactions, and (3) the 
significant photodecomposition of the carbonyl reactants and 
products at the wavelengths employed. Thus even such basic 
questions as the relative reactivity of C=O addition to C-H 
insertion and the mechanism of C = O addition are largely 
unanswered. 

Some studies have been reported on methylene interactions 
with CO2

5 and a great deal of work has been done on the ketene 
system.5a-6-7 Although these molecules contain a C = O bond 
rather different from the carbonyl compounds, three general 
observations are relevant. Matrix isolation studies5b on CO2 
showed that the intermediate has spectral characteristics most 
indicative of an a-lactone structure, although the presence of 

the open chain biradical O=C-O-CH2 could not be com
pletely excluded. Both product formation in the gas-phase6 and 
matrix studies7 on ketene support a mechanism involving C=C 
addition as the primary adduct rather than interaction with 
the C = O end of the molecule. Finally, the rate of 1CH2 re
action with ketene is probably over a 100 times faster than the 
3CH2 rate.6d 

Bradley and Ledwith have considered the mechanism of 
singlet methylene reaction with the carbonyl group in liquid 
acetone.8 In addition to direct addition across the C = O bond 
they proposed a singlet dipolar intermediate I which can close 

1CH, + (CHa)2CO 
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to form the epoxide II, undergo a five-center cyclic hydrogen 
shift to give 2-methoxypropene (III), or add to a second ace
tone molecule to give 2,2,4,4-tetramethyl-l,3-dioxolane (IV). 
In the liquid phase the last product is formed in the highest 
yield. Additions to the nonbonded electrons of the oxygen 
atoms have also been postulated as intermediates in the in
sertion into the C-O bonds of ethers and perhaps the O-H 
bonds of alcohols.9 

In this paper the results of the reactions of singlet methylene 
with propanal (PA) in oxygen scavenged systems are re
ported.10 Neopentane (NP) was added to the reaction mixture 
for use as an internal standard1' since its only reaction product 
from singlet methylene is neohexane (NH) which is entirely 
stabiliized at the pressure range used.12 The resulting C4HsO 
products formed were butanal (B), 2-methylpropanal (MP), 
1,2-epoxybutane (EB), and probably some methyl ethyl ketone 
(MEK). Except for MP, these products were also produced by 
direct reaction of propanal with diazomethane (DM),1 3 the 
methylene precursor. This reaction necessitated correction of 
the yields. Over the pressure range of 10-1OO Torr, no signif
icant chemically activated isomerization of these products 
could be measured. The product spectrum is accounted for by 
the following reactions: 

PA + DM 

DM + 
1CH2 

1CH2 

•- EB + B + 
dark 

h —» 1CH2 + IS 
+ PA 

+ NP 

—* EB 

- * MP 

— B 

-— MEK 

—* NH 

In addition to the C4HgO products, methyl propionate 
(C4H802) was found in substantial yields when oxygen was 
present in the reaction vessel. No analagous product has been 
reported in methylene-hydrocarbon systems. As will be dis
cussed, this product is attributed to consecutive reaction be
tween triplet methylene, oxygen, and propanal in some as yet 
undetermined order. 

The reaction of methylene with carbonyls yields interme
diates which are isoelectronic with those produced by oxygen 
atom reactions with olefins which have been extensively 
s tudied. ' 4 1 9 Comparison of the reaction product spectrum 
from the two radical precursors may give information about 
the mechanism, spin state, and energetics associated with the 
methylene-carbonyl systems. For our work the reactions of 
0( 3 P) and O( 'D) with 1-butene are particularly rele-
vant.I4-15a 

Experimental Section 

Materials. Diazomethane was prepared according to the method 
described by Frey20 and stored in a butyl phthalate matrix at liquid 
nitrogen temperatures. Ketene was generated from the pyrolysis of 
acetic anhydride.21 Propanal was obtained from Eastman Kodak and 
distilled to give a 99% pure material as indicated by gas chromato
graphic analysis. Neopentene (Phillips, 99% pure) and oxygen (Ma-
theson, bone dry grade 99%) were used directly from the cylinders. 
Pure samples of the products were obtained commercially except 
propenyl methyl ether which was prepared by pyrolyzing a sample 
of 1,2-epoxybutane at 350 0 C. As expected from the isomerization 
of other epoxides,22 two pyrolysis products formed in small amounts 
were tentatively identified by mass spectrometry as the cis and trans 
isomers. 

The experiments were done in a conventional grease and mer
cury-free glass vacuum line capable of reaching an ultimate vacuum 
< 1 0 - 4 Torr. The reaction vessel was a glass cylinder with a volume 
of about 350 cm3. Pyrex flats were fastened with Torrseal (Varian) 
to the ends of the cylinder. The light source was a PEK Model 911 
system using a 200-W high-pressure mercury arc lamp. A 436-nm 

interference filter was employed to select the wavelength of light used 
to photolyze the reaction mixtures. The filter was obtained from In
dustrial Optics and had 40% transmission with a half-bandwidth of 
±10 nm. Changes in the relative intensity of transmitted light were 
monitored with a RCA 910 phototube; no attempt was made to 
monitor the absolute intensity of the light. Irradiations were generally 
run for 1 h. 

A 1^ in. X 40 ft stainless steel gas chromatography column filled 
with 10% polypropylene glycol on Anakom C22-A and run at 60 0 C 
was used to separate the components of the reaction mixture. The 
products were identified by comparison of their retention times with 
known samples on the aforementioned column and on a silicon oil 
boiling point column. In addition, the mass spectra of 1,2-epoxybutane, 
butanal, methyl ethyl ketone, and methyl propionate were taken and 
compared with spectra of known samples. 

The peak areas were determined by electronic integration. The 
measured sensitivity of the flame ionization detector to the reactants 
and products relative to propanal equal to 1.00 was neopentane 1.88, 
neohexane 2.33, 2-methylpropanal 1.49, 1,2-epoxybutane 1.56, bu
tanal 1.41, methyl ethyl ketone 1.43, and methyl propionate 1.15. 

Results 

The reactions of methylene with propanal produced 1,2-
epoxybutane, butanal, 2-methylpropanal, methyl propionate, 
and methyl ethyl ketone. No product was observed at the re
tention time of cis methyl propenyl ether.23 A comparison of 
the total C4 product yield was made with that obtained in 
photolysis of oxygen scavenged neopentane mixtures. The C4 
yield was within the experimental error of the total CH2 pro
duced taking into account the production of about 20% triplet 
methylene. Some cloudiness was observed in the reaction 
vessel, and after several runs the vessel's walls were coated with 
a film. No attempt was made to analyze this film. It did not 
appear, however, to significantly affect the relative yields of 
the volatile products formed. 

Several experiments were run to show that the system was 
well behaved. Mixtures of all the reactants except diazo
methane were photolyzed; no products were observed. Irra
diation of a mixture of the reaction products had no effect on 
their absolute yields, eliminating the possibility of secondary 
photolysis of the products. Varying the oxygen from 3 to 30% 
concentrations did not affect the yields within experimental 
error except that of methyl propionate which decreased sharply 
at lower oxygen concentrations (vide infra). 

There was some expectation that a significant dark reaction 
might occur between diazomethane and propanal.13 In fact, 
sampling of the reaction mixture before photolysis showed 
substantial yields of MEK, EB, and B. No neohexane was 
observed, indicating that no singlet methylene had been gen
erated. The ratio of these three products was 16 ± 3.7:3.4 ± 
0.9:1.0 ± 0.2 for MEK:EB:B, respectively, and was indepen
dent of the pressure in the reaction vessel over a range 40 to 140 
Torr.24 These products were thought to arise from a dark re
action, but the absolute yield of these products was nearly in
dependent of the time the reactants were in the vessel. The 
effect is attributed, therefore, to a rapid surface reaction oc
curring in the gas sampling loop of the gas chromatograph. The 
problem could, in theory, be eliminated by complete photolysis 
of the diazomethane in the reaction vessel. In fact, this con
dition was seldom attained, and corrections for this "loop" 
effect had to be made. 

The results for runs at a number of pressures are listed in 
Table I. Yields are given relative to the yield of neohexane. 
They have been corrected for the initial reactant concentration 
ratio of propanal to neopentane and have been averaged and 
then corrected for the "loop" reaction as follows: the uncor
rected yields observed for MEK were very large relative to the 
other C-H insertion products and showed a distinct increase 
at higher pressures not observed for MP and methyl propionate 
which are the products not formed in the "loop" reaction. Since 
the statistically expected value for MEK of about one-half that 
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Table I. Yields of C4 Products in Reactions of Methylene with Propanal0 

Reactant 
total pressure, 

Torr 

8.5 ±2C 

14± 1 
20 ± 1 
28 
40 ± 1 
54 ± 3rf 

65 ± \d 

91 
104 ± 1 
Av 

Number 
of 

measurements 

7 
2 
2 
1 
2 
5 
3 
1 
4 

EB 

38 ± 13 
34 ± 4 
39 ± 2 
40 
43 ±27 
42 ±28 
40 ± 12 
46 
43 ±25 
40 ± 3 

Relative 

B 

9.9 ± 4.9 
9.0 ± 1.0 
9.1 ± 1.7 
9.1 
7.3 ±4.9 
9.4 ±7.0 
7.8 ±2.7 
9.1 
9.0 ±6.1 
9.1 ±0.8 

yield (XlOO)* 

MP 

3.5 ±0.8 
3.8 ±0.4 
5.2 ±0.7 
5.1 
5.1 ±3.4 
4.6 
4.4 ± 1.0 
3.7 
4.5 ± 1.0 
4.3 ± 0.6 

Methyl 
propionate 

36 ±20 
73 ±34 
37 ± 3 
37 
33 ± 2 
56 
43 ± 19 
54 
53 ± 4 
46 ± 12 

" Reaction mixtures consisted of 1:1:1:10 ratio of oxygen, neopentane, diazomethane, and propanal, respectively. * Yields are given relative 
to the neohexane yield and have been corrected for the direct reaction of diazomethane with propanal. c Oxygen concentrations ranged from 
3 to 30% with no appreciable effect on the C4H8O yields. Methyl propionate yield given for 10% oxygen runs (see Table II). d Variation of 
irradiation times from 1 to 3 h showed no significant trends in the yields. 
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Table II. Yield of Methyl Propionate at Different Oxygen 
Concentrations" 

40 60 80 

pressure (torr) 
120 

Figure 1. Plot of C4 product yields as a function of pressure from the re
action of methylene with propanal in a 10% oxygen scavenged system. 
Yields are relative to that of neohexane (NH) formed from the neopentane 
added as an internal standard. Lines are the average values for each 
product assuming no pressure dependence in the yield. 

of MP was a factor of 10 to 100 less than that actually ob
tained, it was assumed all the MEK arose from the "loop" 
reaction. The yields of EB and B were then reduced according 
to the ratio of these products found for the "loop" reaction. This 
correction not only greatly reduced the scatter of the EB and 
B average yields but also removed the apparent pressure trends 
in their yields. 

The insensitivity of the four product yields with pressure is 
depicted in Figure 1. A least-squares analysis of a kinetic plot 
of the data, i.e., the reciprocal of the C4 yield vs. the reciprocal 
pressure, indicates that the slopes are less than 0.04 Torr and 
the infinite pressure intercept is within 10% of the average 
values shown in Table I. 

The relative rates of singlet methylene reaction with the 
different positions in the propanal molecule can be calculated 
from the average values of the product ratios given in the last 
line of Table I. Adjusting the average values for the statistical 
number of C-H bonds at each position in propanal and neo
pentane, the following per bond rates are obtained relative to 
insertion into the C-H bond of neopentane: A:(C=0) = 4.8, 
/t(C-H,/3) = 0.36, k(C-H,a) = 0.26.. 

The surprise appearance of methyl propionate as a reaction 
product instigated several changes in reaction conditions de
signed to characterize the source of this compound which 
contains an additional oxygen atom. A series of runs at 8 Torr 
and varying oxygen concentrations were done with the results 

02/PA 

ReJ yield 
methyl propionate 

(XlOO)* 

0 
3.5 
7.1 
8.3 
10.0 
58.4 

<1.4 
4.4 
18 
13 
36 
30 

0 All runs at 8.5 ± 0.5 Torr total pressure. * See footnote b, Table 

given in Table II. As with the methyl propionate results in 
Table I, there is considerable scatter in the data. Nevertheless 
the very marked oxygen sensitivity is indicated with the methyl 
propionate yield rising rapidly with increasing oxygen con
centration up to 5-6% and leveling off at a relative value of 
about 30, somewhat lower than the average value at higher 
pressure (Table I). Photolysis at X c± 360 nm using ketene as 
the methylene precursor gave no C4H8O products or methyl 
propionate when oxygen was not present and only methyl 
propionate when 10% oxygen was added. Since ketene pho
tolysis at this wavelength produces greater than 90% triplet 
methylene,25 the methyl propionate is attributed to 3CH2 re
actions. This conclusion is consistent with no decrease in the 
C4H8O product yield accompanying the methyl propionate 
yield changes with increasing O2 concentration. 

Discussion 

Comparison with Previous Work. The only previously re
ported work on methylene reactions with propanal was done 
by Back4 who photolyzed ketene at >350 nm in propanal and 
CO2 mixtures at 85 and 44 0 C over total pressure ranges of 20 
to 600 Torr. The principal products observed were Ci and C2 

molecules; small amounts of C4 products were observed in yield 
about 1/100 of the smaller molecules. At 44 0 C the ratios of 
EB:MEK:MP were about 2:1.5:1 with a decreasing total yield 
at increasing pressures. No butanal was found. The present 
work using diazomethane shows relatively little similarity to 
Back's work. Although the low molecular weight products were 
not determined in our work, over 80% of the available meth
ylene is accounted for in the C4 products. We observe in ad
dition to the three C4HsO products found by Back, yields of 
butanal which are larger than those of 2-methylpropanal. 

Journal of the American Chemical Society / 98:22 / October 27, 1976 



6991 

The differences in the two sets of results can be attributed 
to the very different reaction conditions of the two experiments. 
The ratios of propanal to ketene ranged from 1:1-10:1 in 
Back's study, leading to significant reaction of the methylene 
with ketene itself. At the wavelength she utilized, most of the 
methylene is produced in the triplet state.24 The low C4 yields 
in her system concur with our experiments in which virtually 
no C4 products were observed when photolyzing ketene in the 
absence of oxygen. 

Isomerization of Chemically Activated Products. As seen in 
Figure 1, there is no indication of a pressure dependence in the 
product yields over the pressure range from 10-100 Torr. The 
energy of the chemically activated 1,2-epoxybutane is calcu
lated26 to be about 95 kcal/mol using Simon's value for the 
energy of the methylene produced by photolysis of diazo-
methane at 436 nm27 and a value of A//°f,298 = -27.1 kcal/ 
mol for epoxybutane estimated by group additivity.28 The 
Arrhenius parameters for the isomerization of 1,2-epoxybutane 
have not been reported, but from the studies on other epoxide 
systems22-29 and thermochemical estimates,283 the values are 
probably in the range log A = 14 ± 1 and £ a = 58 ± 2 kcal/ 
mol. Using the average values in an RRK calculation with s 
= 16.5, an isomerization rate on the order of 1 X 1O+7 s - 1 is 
obtained.30 Since this rate is a factor of 10 less than the colli-
sional stabilization frequency at 10 Torr, the decomposition 
to stabilization percentage would change only from 90 to 99% 
over our pressure range. The scatter in the present data is too 
large to quantitatively evalute this change. 

The excitation energy of the chemically activated 1,2-ep
oxybutane is 17 kcal/mol less than for 1,1-dimethylcyclo-
propane produced from methylene addition to isobutene1' and 
20 kcal/mol less than for cis- 1,2-dimethylcyclopropane pro
duced from m-2-butene.27a These two cyclopropane deriva
tives had eperimental structural isomerization rates of 13 X 
107S-1 and 7 X 107 s_1, respectively. The vinylcyclopropane 
system produced from methylene addition to butadiene is 
chemically activated to 110 kcal/mol.26b This molecule has 
the same number of degrees of freedom as 1,2-epoxybutane, 
and the Arrhenius factors for isomerization to the pentadiene 
isomers are similar to those estimated for the epoxide.2613 

RRKM calculations for vinylcyclopropane with an excitation 
energy of 95 kcal/mol predict an isomerization rate constant 
in the range 1-3 X 107 s_1 in agreement with that estimated 
from the RRK calculation of 1,2-epoxybutane. 

The reaction OfO(3P) with 1-butene leads to 1,2-epoxybu
tane formation with an internal energy of 87 kcal/mol if it 
assumed the oxygen atom does not possess excess translational 
energy. Sato and Cvetanovic14c observed no decrease in the 
1,2-epoxide yield between pressures of 10 to 80 Torr in 
agreement with the results observed in our experiments. 

Selectivity of Methylene Reactions with Propanal. The sum 
of the average C4H8O product yields of 0.53 indicates that the 
overall reactivity of 'CH2 with propanal is about half that of 
neopentane on a per molecule basis. The comparison here is 
between twelve C-H bonds of neopentane vs. six C-H bonds 
and a C=O bond. The methyl propionate yield is about equal 
to the C4H8O isomers and, therefore, accounts for about 25% 
of the total OCH2 + 3CH2) methylene produced which is in 
reasonable agreement for the amount of 3CH2 produced in 
diazomethane photolysis.31,32 

Since the collision diameters of neopentane and propanal 
probably do not differ by more than 10%, the observed bond 
yields of products from the aldehyde give relative rates of re
action vs. the insertion into the C-H bond of neopentane. These 
rates for the C-H (a) and C-H (/?) positions of propanal are 
0.25 and 0.36, respectively. This factor of 3-4 poorer reactivity 
may be attributed to the extended electron-withdrawing in
ductive effect of the carbonyl on the C-H positions. A similar 
but more pronounced effect has been observed for methylene 

insertion into the secondary C-H bonds of 4,4,4-trifluoro-l-
butene.33 This hypothesis would also be consistent with the 
slight preference of /3 over a insertion of 1.4:1. The comparable 
ratios for singlet methylene C-H insertion ratios in other 
systems is as follows: primary to secondary in alkanes,2 0.8:1, 
allylic to primary in open chain2 and cyclic34 olefins, 1:1; /3 to 
a in alkyl ethers,2 a* 0.7:1. 

The reactivity of the C = O bond to form epoxybutane is 
about 18 times that of C-H insertion into the a position of 
propanal and about 13 times that of the /3 position. The latter 
value is comparable with the O-H to primary C-H insertion 
ratio observed in 2-propanol.35 Bradley and Ledwith have re
ported a C=O vs. C-H ratio of 15 for reactions of' CH2 with 
liquid acetone.8 The relative reactivity of the C=O bond in 
propanal compared with the C-H bond in neopentane is 4.8, 
about a factor of 2 lower than the ratio of C=C to C-H re
activity for singlet methylene in olefins.2 The reasons for this 
reduced reactivity of the C = O bond vs. the C=C T bond is 
not readily apparent. We are presently studying other carbonyl 
systems to see if this effect is general. 

Mechanism of Reactions of !CH2 with the C=O Bond. In 
the propanal case, the two possible intermediates are the ex
cited epoxide (V) formed by direct addition to the C=O bond 
and the open chain biradical structure (VI). At the excitation 
energy involved in these reactions V and VI may interconvert. 
As in other gas-phase studies there are several reasons for fa
voring the cyclic intermediate V as that leading to EB. First, 
there is no pressure dependence in the product spectrum which 
indicates that once EB is formed it does not isomerize to other 
C4H8O isomers. Thermal isomerization of epoxide molecules 
analogous to EB leads to carbonyls, alcohols, and unsaturated 
ethers.22,29 The expected propenyl methyl ether (VII) in this 
system formed through intermediate VI has not been observed. 
The Arrhenius parameters for isobutanal formation from the 
pyrolysis of isobutylene oxide have been attributed to the ring 
opening step which is rate determining.22a The similarity of 
the parameters to those for isopropenyl methyl ether formation 
imply that ring opening is also rate determining for that 
isomerization. If intermediate VI were formed in our system, 
a substantial yield of VII would be expected. Finally, the EB 

1CH2 + PA 

CH2 
/ \ 

C2H5C—O 

H 
V 

EB 

C2H5C-O-CH2 

H 
CH3CH=CHOCH3 

VII 
VI 

yield shows no sensitivity to changes in oxygen concentration 
expected if VI were scavengable, and no high boiling products 
were found which could be attributed to dioxolane formation 
by VI reacting with propanal. 

Formation of Methyl Propionate. The formation of methyl 
propionate is unusual since analogous products have not been 
reported in methylene reactions with hydrocarbons in oxygen 
scavenged systems. Methyl propionate is not formed in pho
tolysis of a mixture of oxygen and propanal even when diazo
methane was added after the photolysis. Nor was it produced 
in the "loop" reaction between diazomethane and propanal. 
These experiments eliminate the possibility of propionate 
formation via reaction of diazomethane with a photochemically 
or thermally generated intermediate such as propionic acid. 
Since methyl propionate was the only product formed in the 
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ketene photolysis at =*360 nm where the absence of significant 
singlet methylene was shown by the zero yield of neohexane 
from neopentane, methyl propionate formation is attributed 
to a triplet methylene reaction. 

In hydrocarbon systems, 3CH2 is quantitatively scavenged 
by small amounts of O2 yielding CO2 and CO.36 In our system 
we were unable to detect these permanent gases with the FID; 
however, the yield of methyl propionate is large enough to 
account for essentially all of the 3CH2 formed.31-32 This ap
parently complete scavenging of the 3CH2 suggests two pos
sible mechanisms. The methyl propionate is formed either by 
oxygen scavenging of a triplet C4H8O intermediate or by 
propanal scavenging the intermediate formed in the reaction 
of triplet methylene with oxygen. This latter possibility requires 
that the intermediate is sufficiently long-lived to react with 
propanal before it decomposes to CO and CO2, an unlikely 
situation in light of the hydrocarbon studies. We tend to favor, 
therefore, oxygen scavenging of the triplet intermediate formed 
in the reaction with propanal although the mechanism leading 
to the resulting ester is unknown. 

Because the concentration of propanal is ten times greater 
than oxygen, the rate of 3CH2 reaction with propanal need be 
only one-ten times faster than with O2 to effectively compete 
for the 3CH2- A rate of this magnitude has been reported for 
3CH2 reactions with acetylene and with N0.6d Thus, in con
trast to the slightly reduced reactivity of propanal with 1CH2 
relative to the hydrocarbon systems, the carbonyl group ap
pears more reactive toward 3CH2 than is the C=C bond. This 
reaction preference is the opposite of that suggested for 1CH2 
reactions. These conclusions, however, remain tentative until 
the mechanism of methyl propionate formation is better un
derstood. 

Comparison with Reactions of Oxygen Atoms. The reactions 
of 0(3P) atoms with 1-butene14 typify the general pattern of 
reactions with olefins. Addition to the least-substituted carbon 
atom predominates to give a biradical intermediate which may 
then undergo ring closure to give an epoxide or an intramo
lecular hydrogen or alkyl shift to form a carbonyl. Some 
fragmentation products were observed; there is no C-H in
sertion. The triplet biradicals VIII and IX from the oxygen 

0(3P) 
+ 

C2FLCH=CH2 — 

C9H5CHCH0 

O-

VIII 

C9H5CH CH' 

O-
IX 

MEK 

reactions with 1-butene are not the same as VI from our system 
and would be expected to lead to different products. The B/EB 
and MEK/EB ratios obtained of 1 and 0.1, respectively, in the 
oxygen atom study support our reasoning that biradicals iso
meric with the epoxide have a significant tendency to lead to 
open chain carbonyls. 

The work with 0(1D) atoms is more germane to the singlet 
methylene studies, but unfortunately much less has been done 
with olefin systems. It has been reacted with straight and cyclic 
paraffins to give chemically activated alcohols by insertion into 
the C-H bonds.37 The insertion is largely indiscriminate and 
accounts for 65% of the reaction. The remaining pathways are 
hydrogen abstraction (20-30%) and molecular elimination to 
give carbonyls. The excited alcohols generally fragment into 
radical species. 

It is presumed that 0(1D) atoms react with olefins by ad
dition to C=C bonds. In the gas-phase studies with 1-butene, 
however, the major products attributed to the reaction were 

fragmentation products.14a The higher excitation energy [45 
kcal/mol above 0(3P)] precluded stabilization of any appre
ciable amount of addition products even at pressures of 1 atm, 
and the mode of reaction remains in doubt. Studies in liquid 
nitrogen solutions with 0(1D) such as are being done with 
0(3P) atoms15" would be very helpful. For the present, little 
comparison can be made with singlet methylene work, which 
remains the only way of directly forming epoxide intermediates 
in an energy range suitable for chemical activation studies. 

Acknowledgment. The support of the Robert A. Welch 
Foundation, Houston, Texas and the College of Science Or
ganized Research Fund of Texas A&M University are 
gratefully acknowledged. We wish to thank Ms. C. Copp for 
her help in carrying out some of the photolyses. 

References and Notes 

(1) W. von E. Doering, R. G. Buttery, R. G. Laughlin, and N. Chaudhuri, J. Am. 
Chem. Soc, 78, 3224 (1956). 

(2) W. Kirmse, "Carbene Chemistry", 2d ed, Academic Press, New York, N.Y., 
1971. 

(3) (a) "Carbenes", Vol. I, M. Jones, Jr., and R. A. Moss, Ed., Wiley, New York, 
N.Y., 1973; (b) "Carbenes", Vol. II, R. A. Moss and M. Jones, Jr., Ed., Wiley, 
New York, N.Y., 1975. 

(4) M. H. Back, Can. J. Chem., 43, 106-118 (1965). 
(5) (a) G. B. Kistiakowsky and K. Sauer, J. Am. Chem. Soc, 80, 1066-71 

(1958); (b) D. Milligan and M. Jacox, J. Chem. Phys., 36, 2911-17 
(1962). 

(6) (a) G. B. Kistiakowsky and K. Sauer, J. Am. Chem. Soc, 78, 5699-5700 
(1956); (b) A. N. Strachan and W. A. Noyes, Jr., ibid, 76, 3258-64 (1954); 
(C) K. Dees and D. W. Setser, J. Phys. Chem., 75, 2240-48 (1971); (d) A. 
H. Lanfer and A. M. Bass, ibid, 78, 1344-48 (1974); (e) V. Zabransky and 
R. W. Carr, Jr., ibid., 79, 1618-22 (1975); (f) for additional references, see 
ref 3(b), Chapter 6. 

(7) W. B. DeMore, H. O. Pritchard, and N. Davidson, J. Am. Chem. Soc, 81, 
5874-79(1959). 

(8) J. N. Bradley and A. Ledwith, J. Chem. Soc, 3480-85 (1963). 
(9) Reference 3a, Chapter 1, section H(C). 

(10) Preliminary results were reported at the 30th Southwest Meeting of the 
American Chemical Society, Houston, Tex., Dec. 1974, Abstract No. 339 
and the 12th International Symposium on Free Radicals, Laguna Beach, 
Calif., Jan. 1976, No. 28. 

(11) G. W. Taylor and J. W. Simons, Int. J. Chem. Kinet., 3, 25-37 (1971). 
(12) W. L. Hase, R. L. Johnson, and J. W. Simons, Int. J. Chem. Kinet., 4, 1-35 

(1972). 
(13) C. D. Gutsch, Org. React., 8, 364-429 (1954). 
(14) (a) K. F. Preston and R. J. Cvetanovic, Ber. Bunsenges. Phys. Chem., 72I 

177-182 (1968); (b) R. J. Cvetanovic, Adv. Photochem., 1, 115-182(1963); 
(C) S. Sato and R. J. Cvetanovic, Can. J. Chem., 36, 970-978 (1958). 

(15) (a) S. Hirokami and R. J. Cventanovic, J. Am. Chem. Soc, 96, 3738-46 
(1974); (b) Can. J. Chem., 51, 373-381 (1973). 

(16) J. S. Gaffney, R. Atkinson, and J. N. Pitts, Jr., J. Am. Chem. Soc, 97, 
5049-51, 6481-83 (1975), and references cited therein. 

(17) J. J. Havel and K. H. Chan, J. Am. Chem. Soc, 97, 5800-04 (1975), and 
preceding papers. 

(18) R. Klein and M. D. Scheer, J. Phys. Chem., 74, 613-616 (1970), and pre
ceding papers; M. D. Scheer and R. Klein, ibid., 74, 2732-33 (1970). 

(19) J. R. Gilbert, I. R. Slagle, R. E. Graham, and D. Gutman, J. Phys. Chem., 80, 
14-18 (1976), and references therein. 

(20) H. M. Frey, Proc, ft Soc London, Ser. A, 250, 409-421 (1959). 
(21) (a) A. D. Jenkins, J. Chem. Soc, 2563-68 (1952); (b) G. J. Fisher, A. F. 

MacLean, and A. W. Schnizer, J. Org. Chem., 18, 1055-57 (1953). 
(22) (a) M. C. Flowers and R. M. Parker, Int. J. Chem. Kinet, 3, 443-452 (1971); 

(b) M. C. Flowers and R. M. Parker, J. Chem. Soc B, 1980-87 (1971). 
(23) The trans methyl propenyl ether was obscured by the propanal peak. 

However, since both isomers are expected to be found in about equal 
amounts at our energies, the absence of the cis isomer was considered 
adequate evidence against any significant ether production. 

(24) P. J. Fuqua, M.S. Thesis, Texas A&M University, 1974. 
(25) (a) T. Eder and R. W. Carr, Jr., J. Phys. Chem., 73, 2074-76 (1969); (b) J. 

A. Bell, 163d National Meeting of the American Chemical Society, Boston, 
Mass., April 1972, Abstract PHYS 123. 

(26) (a) T, L. Rose, R. J. Seyse, and P. M. Crane, Int. J. Chem. Kinet. 6, 899-920 
(1974); (b) P. M. Crane and T. L. Rose, J. Phys. Chem., 79, 403-409 
(1975). 

(27) (a) J. W. Simons and G. W. Taylor, J. Phys. Chem., 73, 1274-79 (1969); 
(b) G. W. Taylor and J. W. Simons, ibid., 74, 464-466 (1970); (c) J. W. Si
mons, W. L. Hase, R. J. Phillips, E. J. Porter, and F. B. Growcook, Int. J. 
Chem. Kinet, 7, 879-894 (1975). 

(28) (a) S. W. Benson, "Thermochemical Kinetics", Wiley, New York, N.Y., 
1968; (b) H. K. Ergenmann, D. M. Golden, and S. W. Benson, J. Phys. Chem., 
77, 1687-91 (1973). 

(29) M. C. Flowers, R. M. Parker, and M. A. Voisey, J. Chem. Soc B, 239-243 
(1970). 

(30) The limitations of the RRK calculation are fully recognized, however, it does 
not seem worthwhile to do a full RRKM calculation on a system in which 
the Arrhenius parameters are uncertain, and there is no rate information 
from the present experiments. Moreover, the RRK calculations for the 

Journal of the American Chemical Society / 98:22 / October 27, 1976 



6993 

cyclopropyl systems of comparable size give values comparable or larger 
than those observed in the experiment, and thus the calculation is taken 
as an upper limit to the rate. 

(31) (a) G. W. Taylor and J. W. Simons, Can. J. Chem., 48, 1016-18 (1970); (b) 
D. F. Ring and B. S. Rabinovitch, Int. J. Chem. Kinet, 1, 11-27 (1969). 

(32) B. M. Herzog and R. W. Carr, Jr., J. Phys. Chem., 71, 2688-93 (1967). 
(33) F. H. Dorer and B. S. Rabinovitch, J. Phys. Chem., 69, 1964-72 (1965). 
(34) T. L. Rose, A. E. Haas, T. R. Powers, and J. M. Whitney, J. Phys. Chem., 

Certain group properties, generally known as substituent 
effects, can, on the basis of a defining reaction, be assigned 
values which are widely applicable for the correlations of 
physicochemical data. For aliphatic groups the best known are 
the polar (<r*) and steric (£s) parameters. 

A group property of a rather different type is involved when 
considering the 1,2-alkyl shifts occurring in carbonium-ion 
rearrangements. It has not yet been possible to define for the 
alkyl groups a scale of migratory aptitudes2 which would ex
press the relative rates of migration of different groups. Thus 
ethyl vs. methyl migration aptitude varies from 353 to 174 in 
pinacol rearrangements and to 1 in the Wagner-Meerwein 
rearrangement.5 

These results are probably partly due to the fact that the 
reactions which have been most often used to study the mi
gration of alkyl groups (the Wagner-Meerwein rearrange
ment, the pinacol rearrangement, and ketone rearrangements 
in an acid medium6) are frequently unsuitable either because 
of a concerted mechanism leading to an overall phenomenon, 
not specifically a migration, or because of the impossibility of 
measuring the preequilibrium of carbonium or hydroxycar-
bonium ions which precede migration. For certain reactions, 
even the nature of the migratory group is uncertain.7 

A suitable model system which allows the separation from 
overall kinetic data of data relating specifically to the migration 
step is not easy to find. 

These problems have been the subject of numerous studies 
differing in both approach and method. In the experimental 
approach, the relative group migratory aptitudes are estimated 
from the product distribution. The results, however, cannot be 
extrapolated from one structure to another, since, in such in-
trastructural comparisons, any change in the nature of the 
migrating group Rm entails some modification of the envi
ronment Eco of the origin carbon C0 (Scheme I). Furthermore, 
the migratory aptitude of a migrating group Rm depends on 
not one but two environments associated with two reaction 

80, 1653-56(1976). 
(35) J. A. Kerr, B. V. O'Grady, and A. F. Trotman-Dickenson, J. Chem. Soc A, 

897-898(1967). 
(36) R. L. Russell and F. S. Rowland, J. Am. Chem. Soc, 90, 1671-73 (1968); 

F. S. Rowland, P. S.-T. Lee, D. C. Montague, and R. L. Russell, Discuss. 
Faraday Soc, 53, 111-118(1972). 

(37) A. J. Colussi and R. J. Cvetanovic, J. Phys. Chem., 79, 1891-99 (1975), 
and references cited therein. 

Scheme I 

sites: the environment Ec0 of the origin carbon C0 and Ea of 
the terminal carbon Ct. Consequently, it is necessary to cal
culate the partial rate constants of migration (&p

Rm) for con

stant environments using interstructural comparisons. In these 
studies the Rm group must migrate in comparable environ
ments (Scheme II). Collins et al.8 have shown the usefulness 

Scheme II 

of this approach in studying the competition between aryl 
groups, but as already seen the results for alkyl groups are not 
conclusive.3-5 

Theoretical approaches to the problem of molecular rear
rangements have also been presented. Balaban et al.9 have 
proposed a formal estimation of all rearrangement pathways 
using a method based on graph theory. Schleyer and his co
workers, considering the same kind of analysis, have deter
mined preferred rearrangement pathways of acyclic com
pounds with blocked conformations10 by calculating the 
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Abstract: Partial rate constants kp
Rm for the migration of alkyl groups are conventionally determined on the basis of approxi

mations and hypotheses such that the set of values obtained is not necessarily consistent. The metathetical transposition of bis-
im-alkyl ketones constitutes a model reaction for which such assumptions are reduced to a minimum. A mechanistic study 
of this reaction shows a sequence of steps in common with two other reactions: the pinacol rearrangement of tetrasubstituted 
glycols and the fragmentation of the rearranged ketones. Kinetic and tracer studies (2H and 13C) on these three reactions, 
under strictly identical conditions of acidity which control the preequilibrium (ketone =̂= protonated ketone), bring out the use
fulness of this model reaction for studying the influence of structural parameters controlling the migration of the group 
Rm; these structural parameters are in fact the environments Sco and £ct of the origin and terminal carbons defined by the 
migration. The constants kp

Rm for Me and Et corresponding to particular environments Ec0 and E Q have been determined: 
£P

Me (ECo:Me,Me/Ec,:?-Bu) = 775 X lO"8 and kp
El (ECo:Et,Et/Ect:Et3C) = 8 X ICT8 s"1 
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