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acetonitrile, acetic anhydride, etc., are treated here as one two-carbon 
reagent with f list 30, yielding an attached two-carbon unit (acetyl) of f 
list 20 in the product of a 3, half-reaction (acylation, Tables IV and Vl). 

(21) R. E. Ireland "Organic Synthesis", Prentice-Hall, Englewood Cliffs, N.J., 
1969. 

(22) (a) E. J. Corey, W. T. Wlpke, R. D. Cramer, and W. J. Howe, J. Am. 
Chem. Soc., 94, 421 (1972), and adjacent papers; (b) E. J. Corey, Q. 
Rev. Chem. Soc., 25, 455 (1971). 

(23) "Computer Representation and Manipulation of Chemical Information", 
W. T. Wipke, S. R, Heller, R. J. FekJman, and E. Hyde, Ed., Wiley, New 
York, N.Y., 1974. 

(24) There are a few cases in Table V-IX in which the half-span is different 
in substrate and product, essentially in I 2 and one variant each of A3 
and B3. The labeled half-span is always the greater. The f lists for At 
and Bi are sometimes listed with /jj = 0 since any function of /3 is either 
disallowed or changes the label. See Appendix for discussion. 

(25) The eight possible f lists for half-reactions yield (|) = 36 possible com
binations of full f' lists of six digits for the full six-carbon product strand. 
Excluding f' = 101, there are only (|) = 28 combinations. In Table XII, 
the rarely accessible f = 000.000 (cf. Wurtz reaction) is omitted. 

(26) A few oxidative and reductive couplings with reasonable precedent, as 
A2^A2 or C2-C2 (Table IV), have been added to the list of constructions, 
to make 196 full products and 367 reactions. 

(27) N. Anand, J. S. Bindra, and S. Ranganathan, "Art in Organic Synthesis", 
HokJen-Day, San Francisco, Calif., 1970, provides a convenient summa
ry collection for examining how many syntheses have utilized this princi
ple of functionality dissection; the Torgov and related steroid syntheses 
are found on pp 96, 170, 177. 

(28) The leftmost construction is found In Table XIII only by assuming the 
double_bond to be extraneous off-strand and looking up 000.2 Instead of 
000.211. 

(29) The sequence includes a Robinson annelation (steps 1 and 2). Another 
option for step 2, construction of bond 5-6 for the other A2 - I3 (Michael 
addition), is precluded by the maximum a list in Table Xl which disallows 
o- = 4 at the /3 atom of 1 3 (atom 4). 

(30) Cycllzation constructions may be further circumscribed by restricting 
the half-reactions that are viable, for given ring sizes; in the particular 
case in Figure 3, reactions Af or 22 would presumably be disallowed. 

(31) An example of half-reaction B3 Is the aikylation of unsaturated sulfones: 

Ph-SO,—C H,—CH=CH, 

(32) 

'Ii 
Ph-SO 2 -CH=CH-CH 1 / 

Ph -SO 3 -CH-CH=CH, 

(33) 

R 

l Ph-SO 2 -CH-CH=CH, (A) 

P h - S O 2 - C = C H - C H , (B) 

If there were no hydrogen on a, the first tautomer (A) must be the prod
uct (<r„ = 3) but, if (as shown) aa = 2 In the product, then the product 
structure Is expected to be the conjugated (B). Property the lower sub
strate should be labeled C3, but both are subsumed under the B3 label 
because they are so clearly one reaction family and both yield the same 
products. 
Reactions I 1 and 12 are further restricted in the tables to aa < 2 In the 
substrate, forbidding displacements at tertiary carbons as characteristic 
of SN2 reactions. The few such constructions which occur at tertiary 
carbons are usually olefinic cyclizations to tertiary leaving groups. The 
catalog can be adapted in use to Include these but their exclusion here 
is justified by their rarity: if tertiary I 1 and 12 a carbons were allowed, 
too many nonviable constructions would turn up in the general sets of 
routes derived from them In any systematic search protocol. 
Presented at the Synthesis Design Symposium, Louvaln, Belgium, 
March 1974; Top. Curr. Chem., in press. 
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Abstract: The gas phase reactions of ground state (3P) oxygen atoms with several cyclic and bicyclic hydrocarbons have been 
examined. The atomic oxygen was produced by the mercury photosensitized decomposition of nitrous oxide. The organic 
substrates studied were: cyclohexene, norbornene, 1,4-cyclohexadiene, norbornadiene, cyclobutene, and bicyclo[ 1.1.0] bu
tane. Extensive rearrangements occur during these reactions. Spectra of a novel compound, ew/o-bicyclo[2.1.1]hexane-5-car-
boxaldehyde, are reported. 

The reactions of atomic oxygen are of demonstrated im
portance in the chemistry of the upper atmosphere2 and of 
combustion.3 Synthetic applications of oxygen atom reac
tions are also being explored.1 Cvetanovic has made a num
ber of interesting mechanistic observations about these 
atomic processes.4 

Ground state (3P) oxygen atoms are conveniently pro
duced in the gas phase by the mercury photosensitized de
composition of nitrous oxide (eq 1 and 2).4,5 

Hg(1S0) + ky —* Hg(3P1) (1) 

Hg(3P1) + N2O -* Hg(1S0) + N8(
1Z) + 0(3P) (2) 

While 0 ( 3 P) reacts sluggishly with most alkanes, the reac
tion with alkenes is quite efficient. The reaction of atomic 
oxygen with acyclic olefins produces approximately equal 
quantities of epoxides and carbonyl compounds. The latter 

products are of particular interest, because their formation 
must involve rearrangement of a substituent of the olefin. 

Cvetanovic has proposed4 that 0 ( 3 P ) atoms add to ole
fins to form short-lived 1,3 biradicals (Scheme I). These 

Scheme I 

R2C=CR2 ' + 0(3P) 

/ \ 
O- O' 

I • , . I , 
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11 / \ , , 11, 

RC—CR2 R R2C—CR2 R R2C—CR 
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biradicals can either close to epoxides or rearrange to al
dehydes and ketones. The 1,2 migration of a hydrogen atom 
is intramolecular, but alkyl groups become at least partially 
detached during rearrangement. The migrating alkyl radi
cals can be scavenged by molecular oxygen. The rearrange
ment of hydrogen atoms and alkyl radicals in 1,3 biradicals 
is significant, because these groups do not commonly mi
grate in monoradical systems. 

The reactions of 0(3P) with molecules which contain 
more complex patterns of unsaturation than acyclic olefins 
have shown some unusual rearrangements or fragmenta
tions. Product studies on the reactions of allenes,6 cyclopro-
penes,7 cyclopentene,8 and 1,3-butadiene1 have been pub
lished. We report here the products of the reactions of 
atomic oxygen with cyclohexene, norbornene, 1,4-cyclohex-
adiene, norbornadiene, cyclobutene, and bicyclo[1.1.0]bu-
tane. 

Results and Discussion 

A. Reaction Conditions. The apparatus for the production 
and reaction of oxygen (3P) atoms has been described pre
viously.6 The atoms are made by gas phase photolysis of a 
mixture of nitrous oxide, the hydrocarbon substrate, and 
mercury vapor. The total pressure before photolysis was 
about 0.9 atm, and the reaction temperature was 25-29°. 

Product yields reported below are based on the quantity 
of nitrogen produced (eq 2). While total product yields 
from atomic oxygen reactions are usually quite good, sub
strates which polymerize rapidly, i.e., norbornadiene, exhib
it limited conversions of substrate to oxygenated product. In 
these cases, the photolysis is self-terminated when the lamp 
becomes coated with a thin film of uv-opaque material. 

Two experimental conditions are used to limit the reac
tions to primary processes. First, a high ratio of nitrous 
oxide to substrate (>15) is maintained in order to minimize 
mercury photosensitized reactions of substrate or products. 
Second, conversion of organic substrate was limited to 
<30% to minimize secondary oxidations of products. 

B. Atomic Oxygen Reactions. 1. Cyclohexene. The reac
tion of cyclohexene with triplet oxygen atoms produces cy-
clopentanecarboxaldehyde (1) (27% yield), 1,2-epoxycyclo-
hexane (2) (17% yield), cyclohexanone, (3) (16% yield), 5-
hexenal (4) (7.5% yield), and trans-2-hexem\ (5) (6.1% 
yield). No carbon monoxide was detected. Total recovery of 
oxygen atoms is 74%, based on nitrogen evolved. 

In postulating a mechanism for this reaction, a review of 
the reaction of cyclopentene with 0(3P) is useful.8 The 
major products of the cyclopentene reaction are 1,2-epoxy-
cyclopentane, cyclopentanone, cyclobutanecarboxaldehyde, 
and equal amounts of ethylene and acrolein. The key inter
mediate (6) in the formation of the last three major prod
ucts and of several minor products (dihydropyran, 4-pen-
tenal, and 2-pentenals) is a species in which the five-mem-
bered ring has opened (eq 3). The formation of 6 is consis-

CH2CH2CH,CH—C^ 

I (3) 
CH2CH2CH2CH=CH-O-

6 

tent with earlier experiments,9 which indicated that alkyl 
groups become detached from the molecule during rear
rangement. Intermediate 6 is a 1,4 biradical. As such, it can 
form products by 0 cleavage (ethylene and acrolein), by 

ring closure at either carbon (cyclobutanecarboxaldehyde) 
or oxygen (dihydropyran), and by hydrogen abstraction (2-
and 4-pentenals). 

An extension of this mechanism to the reaction between 
cyclohexene and atomic oxygen is shown in Scheme II. 1,2-

Scheme II 

Epoxycyclohexane and cyclohexanone are formed from the 
initially produced 1,3 biradical 7. Intermediate 8 is a 1,5 
biradical, and so it does not have the /3 cleavage option 
which is the major reaction from 1,4 biradical 6. Instead, 
species 8 forms products by ring closure and hydrogen ab
straction. 

2. Norbornene. The reaction of norbornene with atomic 
oxygen produces 3-cyclohexene-l-carboxaldehyde (9) (39% 
yield), exo-2,3-epoxynorbornane (10) (25%), endo-bicyclo-
[2.1.1]hexane-5-carboxaldehyde (11) (8.3%), 2-norborna-
none (12) (2.8%), and carbon monoxide (5%). The total 
yield of oxygenated material is 80%. A mechanism for the 
formation of C7H10O products is shown in Scheme III. 

Scheme HI 

1 11 

13 10 

12 15 9 
Products 10, 11, and 12 are expected products of oxygen 

atom reactions. The less crowded endo form of aldehyde 11 
is produced from biradical 14. 2,6-Heptadienal was an ex
pected product from /3 cleavage of intermediate 14, which is 
a 1,4 biradical. The formation of 2,6-heptadienal from the 
norbornene reaction would be analogous to the formation of 
acrolein and ethylene from the cyclopentene reaction.7 A 
search was made for this aldehyde and for its Cope rear
rangement product (l,5-hexadiene-3-carboxaldehyde), but 
neither compound was detected. 
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There is a precedent in the literature for the rearrange
ment of biradical 13 to product 9 via intermediate 15. 
Garin10 has reported that the pyrolysis of 2,3-epoxynorbor-
nane (10) at 550° produces 9 in 62-67% yield. Other pyrol
ysis products reported are 2-norbornanone (12) (5-10%) 
and 2-cyclopentenone (5-10%). The reaction of norbornene 
with 0 ( 3 P) produced no 2-cyclopentenone (detection limit 
~0 .5% yield). Garin proposed that 2-cyclopentenone was 
formed from biradical 16, a possible precursor to intermedi-

rtr° 
16 

ate 15. However, since cyclopentenone is not a product of 
the atomic oxygen reaction, it is likely that the pyrolysis of 
epoxynorbornane makes cyclopentenone via the retro-Diels-
Alder reaction of the enol of 2-norbornanone. 

The peracid oxidation of norbornene yields 94% exo and 
6% endo epoxides." The production of only exo epoxide 
from the atomic oxygen reaction is not unusual since the 
addition of monoradicals to norbornene shows a large pref
erence for exo-addition.12 

3. 1,4-Cyclohexadiene. Identified products from the reac
tion of 1,4-cyclohexadiene with atomic oxygen were cis-2-
vinylcyclopropanecarboxaldehyde (17) (28% yield), 1,2-
epoxy-4-cyclohexene (18) (20%), 3-cyclopentene-l-carbox-
aldehyde (19) (11%), 3-cyclohexen-l-one (20) (7.4%), and 
carbon monoxide (2%). In addition, two unidentified prod
ucts were detected in 1-2% yield each. These unidentified 
materials had a low resolution mass spectrometric parent 
peak at m/e corresponding to CeHgO+ . The total yield of 
identified oxygenated material was 68%. The 1,4-cyclohex
adiene recovered after reaction showed <5% isomerization 
to 1,3-cyclohexadiene. A mechanism for the formation of 
the observed CgHsO products is shown in Scheme IV. 

Scheme IV 

a°o 
20 18 

„\ / 

O H 

21 17 

m-2-VinyIcyclopropanecarboxaldehyde (17) is formed 
by /3 cleavage of 1,4 biradical (21). Compound 17 has been 
reported13 to partially isomerize under mild conditions to 
2,5-dihydrooxepin (22). The equilibrium mixture at room 
temperature is 95% of aldehyde 17 and 5% of 22. The 
NMR spectrum of VPC purified m-2-vinylcyclopropane-
carboxaldehyde from the atomic oxygen reaction does show 
a small amount of 2,5-dihydrooxepin. 

4. Norbornadiene. Only one product of formula CvHgO 
was found from the reactions of norbornadiene with 0 ( 3 P ) . 
This product was e«do-bicyclo[3.1.0]hexane-6-carboxal-
dehyde (23) in 55% yield. Carbon monoxide was made in 
5% yield. Compound 23 is formed by a nortricyclane-type 
rearrangement (Scheme V). 

Scheme V 

24 

P x / / „ 

cf 
23 

Rearrangements of the type 24 —• 25 have been reported 
during the additions of various monoradicals to norborna
diene.14 While product 23 gives no information about the 
direction of the initial 0 ( 3 P) addition to norbornadiene, 
monoradicals add predominantly to the exo face of the dou
ble bond. 

The peracetic acid epoxidation of norbornadiene at 0.5° 
yields exo-2,3-epoxy-5-norbornene (26).15 However, epox
ide 26 is thermally unstable. It slowly rearranges at room 
temperature or above to aldehyde 23. In order to check for 
possible formation and isomerization of 26 during the reac
tion of atomic oxygen with norbornadiene, a sample of nor
bornadiene, doped with 10 mol % of 26, was subjected to 
the atomic oxygen reaction conditions. After trap-to-trap 
distillation, the N M R of the product showed recovery of 
~70% of epoxide 26. Thus, 26 was relatively stable to the 
reaction, distillation, and N M R analysis conditions used. If 
26 were formed from the atomic oxygen reaction, its detec
tion limit by NMR analysis was estimated to be a 5% yield, 
based on nitrogen formation. 

Product 23 is in equilibrium with 2-oxabicy-
clo[3.2.1]octa-3,6-diene.16 However, the equilibrium mix
ture at room temperature is predominantly aldehyde 23. 

5. Cyclobutene. The reaction of cyclobutene with atomic 
oxygen shows an extensive and complex pattern of rear
rangement and fragmentation. Products of the reactions 
are: carbon monoxide (25% yield), cyclopropanecarboxal-
dehyde (27) (17%), 3-butenal (28) (3.5%), cyclobutanone 
(29) (2.6%), acrolein (1.6%), 2-buten-3-one (30) (1.0%), 
crotonaldehyde (31) (1.0%), 1,2-epoxycyclobutane (32) 
(0.6%), vinyl ether (33) (0.4%), and 3,4-epoxy-l-butene 
(34) (0.3%). The total yield of oxygenated material is 53%. 
The multitude of products indicates that the reaction pro
ceeds by several diverging pathways. While the mechanism 
shown in Scheme VI may contain too many branches, it ad
equately explains the formation of all observed C4H6O 
products. 

Precedence for the cleavages and rearrangements shown 
above can be found in the literature. A ring opening similar 
to the conversion of biradical 35 to 36 has been reported 
from the reaction of cyclopentene with atomic oxygen.7 A 
close parallel to this ring opening is also seen from the reac
tion of cyclobutene with triplet methylene (eq 4).17 Carbon-

• + CH2 — cTCH2 -* L_T — <r^ w 
carbon 1,3 biradicals (like 36) form products by ring clo
sure and hydrogen rearrangement.18 

Bergman and coworkers19 have studied the pyrolysis of 
2,3-diazabicyclo[3.2.0]hept-2-ene (41) a pyrazoline whose 
decomposition produces a carbon-carbon biradical similar 
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Scheme VI 

r-^0' H 
Q + (X3P) — Q — \ , 

33 39 40 
to 35. Pyrolysis of 41 also produces l-carbena-4-pentene 
( H C C H 2 C H 2 C H = C H 2 . The formation of this carbene is 
postulated to proceed by rearrangement of 41 to 4-diazo-l-
pentene; however, the experimental evidence does not ex
clude rearrangement of the biradical to the carbene. Such a 
rearrangement would be analogous to the conversion of 
biradical 35 to carbene 37. 

Biradical 38 has also been produced from the reaction of 
oxygen atoms with 1,3-butadiene.1 In the 1,3-butadiene 
case, 38 is a minor adduct made by addition of 0 ( 3 P) to one 
of the internal carbons. Compounds 28, 30, 33, and 34 are 
products of reaction of 1,3-butadiene with atomic oxygen. 

In the reactions of acyclic butenes with 0 ( 3 P) , the epox
ide product(s) are formed in relative yields of about 50%. 
The relative yield of unrearranged 1,2-epoxycyclobutane 
(32) from the cyclobutene reaction is quite low (2% of the 
recovered C4H6O product). The low yield of 32 indicates 
that this epoxide, which is initially formed in a vibrationally 
excited state, rearranges to other products. This rearrange
ment may occur by reversion of excited epoxide 32 to birad
ical 35. Compound 32 is stable to the conditions of reaction 
and analysis. The gas phase reaction of singlet methylene 
with cyclobutene produces vibrationally excited bicyclo-
[2.1.0]pentane, which rearranges to a complex mixture of 
products.17 

6. Bicyclo[1.1.0]butane. The product mixture from the re
action of 0 ( 3 P) with bicyclobutane is simple compared with 
that obtained from the cyclobutene reaction. Three oxygen-
containing compounds are produced: 3-butenal (28) (43% 
yield); carbon monoxide (26% yield); and an unidentified 
compound (42) (10% yield). Recovery of oxygenated mate
rial was 79%. Recovered bicyclobutane showed no isomer-
ization to cyclobutene or 1,3-butadiene. 

Unidentified product 42 was very sensitive to water. 
After VPC purification, its mass spectrum showed a parent 
peak at m/e 88 (C4H6 + O + H2O). However, the VPC re
tention time of 42 on several columns was similar to that of 
four-carbon monoethers. Insufficient material was available 
for further spectral characterization of 42 or its hydrolysis 
product. 

An interpretation of the reaction of bicyclobutane with 
atomic oxygen can be based on two literature precedents— 
the reaction of cyclopropane with 0 ( 3 P) and the reaction of 
bicyclobutane with methylene. Scala and Wu2 0 have re
ported that the initial process in the reaction of 0 ( 3 P) with 
cyclopropane is attack upon a carbon-carbon bond to open 
the ring and form a carbon-oxygen 1,4 biradical. Wiberg 
and coworkers21 have reported that methylene attacks the 
central carbon-carbon bond of bicyclobutane (eq 5). 

O + :CH* -* H2C-O- — [Hi + O (5) 

21% 1% 

Scheme VII shows the three possible modes by which 
oxygen atoms can open bicyclobutane. Pathways a and b 

Scheme VII 

*-0 
a j ^ 

<£> + 0(3P) -^- o - ^ V v x 
H2C=CHCH2CHO 

H2CO + A 

O' 

would both yield 1,4 biradicals whose 0 cleavage would pro
duce 3-butenal. The 1,4 biradical made in pathway c would 
be expected to /3-cleave to cyclopropene and formaldehyde. 
Neither of these compounds was observed. By analogy with 
the reaction of methylene with bicyclobutane,21 it is possi
ble that the unidentfied compound 42 is 2-oxabicyclo-
[l.l.Ojpentane. This tentative assignment would be consis
tent with the short retention time of 42. 

Summary 

The products obtained from the reactions of oxygen (3P) 
atoms with various cyclic and bicyclic hydrocarbons show 
that extensive rearrangements occur during these gas phase 
reactions. Several of these rearrangements involve deep-
seated structural changes. In some cases, product formation 
proceeds by (3 cleavage of 1,4 biradical intermediates. The 
reaction of atomic oxygen with bicyclotane illustrates that 
0 ( 3 P) will readily attack not only carbon-carbon double 
bonds but also strained carbon-carbon single bonds. 

In addition to the rearrangement processes, the occur
rence of fragmentation reactions has been observed. These 
fragmentations lead to carbon monoxide and other oxygen-
containing organic molecules. The nature of the fragmenta
tion reactions in 0 ( 3 P) systems is being examined in our 
laboratories. 

Experimental Section 

Materials. All organic substrates and nitrous oxide were purified 
by trap-to-trap distillation before reaction. Cyclobutene was pre
pared by the method of Roberts and Borcic.22 Bicyclo[1.1.0]bu-
tane was made by the method of Lampman and Aumiller.23 Both 
of these C4H6 substrates were VPC purified before reaction. 

Whenever feasible, samples of expected products were pur
chased or prepared for comparison with product mixtures. Prod
ucts 2, 3, 5, 9, 12, 23, 29, 30, 33, and 34 were obtained commer
cially. Epoxides 10, 18, and 32 were synthesized by reaction of the 
corresponding olefins with m-chloroperbenzoic acid. 5-Hexenal (4) 
was made by the method of Viola and Levasseur.24 Cyclopropane-
carboxaldehyde (27) was prepared by the method of Young and 
Trahanovsky.25 3-Butenal (28) was available from the reaction of 
1,3-butadiene with atomic oxygen.' exo-2,3-Epoxy-5-norbornene 
(26) was synthesized by the method of Meinwald el at.'5 

Reaction Procedure. Techniques and conditions for atomic oxy
gen reactions have been described previously.526 In the reactions 
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reported above, a clean separation of unreacted substrate from 
products by trap-to-trap distillation was not possible. The organic 
reactant-product mixture was analyzed by VPC after removal of 
excess nitrous oxide. 

Most VPC analysis was conducted on various columns of dinon-
ylphthalate. Other VPC columns used were: 5A molecular sieves 
for noncondensable gases, saturated silver nitrate in benzyl cyanide 
for unreacted 1,4-cyclohexadiene, and propylene carbonate for pu
rification and analysis of cyclobutene and bicyclobutane. 

Product Identification. Major reaction products were identified 
by ir, NMR, and mass spectrometry and, when possible, by com
parative VPC retention times. Minor reaction products (those 
formed in <7% yield) were identified by ir and mass spectrometry 
and by comparative VPC retention times. Isolated samples of 
product 17, 19, and 20 showed good correspondence to literature 
spectra.13'27'28 

Spectra of emfo-bicyclo[2.1.1]hexane-5-carboxaldehyde (11) 
are: high resolution mass of parent peak 110.0733 (obsd), 
110.0731 (calcd); mass spectrum (70 eV) m/e 110 (/R = 14), 109 
(13), 95 (19), 92 (13), 91 (8), 81 (100), 79 (47), 66 (54); ir (thin 
film) 3002, 2915, 2802, 2705, 1735 cm"1; NMR (C3D6O solvent) 
5 0.88 (1 H, d, J = 6 Hz), 1.74 (3 H, s over m), 2.48 (1 H, m), 
2.88 (2 H, m), 3.13 (2 H, m), 9.58 (1 H, d, J ~ 1 Hz).29 
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8Hl, may yield information concerning the geometry and 
the electronic constitution of the transition state. We report 
here a study on the cis-trans isomerization of azobenzene 
and />-chlorobenzenediazocyanide in a nonpolar solvent, cy-
clohexane, and in one having a substantial dipole, cyclohex-
anone (M = 3 D6). 

Results and Discussion 

The enthalpy of transfer of a transition state from one 
solvent to another, 8Hl, is obtained from the relation 

SIT = oAi/ s
r + 5A#* 

where SAHs
r is the enthalpy of transfer of the reactants 

from one solvent to the other and 6AHX is the difference in 
the enthalpies of activation in the two solvents. To obtain 
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