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Abstract: The reactivity of the meso and dl photoreductive dimers (2 and 3) of 5,6-dihydro-3,5,5-trimethyl-1,4-oxazin-2-one 
(1) is described. The meso and dl isomers readily interconvert, are air oxidized, and disproportionate. The reactivity results 
from the fact that the dimers have an unusually weak carbon-carbon single bond and exist in equilibrium with a radical (5). 
Radical 5 is a unique carbon radical in that it is relatively stable and yet has no aromatic or olefinic substituents. The enthal
py of dissociation of the dimers is solvent dependent and ranges from 22 kcal/mol in chloroform to 11 kcal/mol in ethanol. 
The low enthalpy of dissociation is discussed in terms of the structures of the dimers and the radical. 

In our examination of the photochemical reactivity of 
conjugated imines, we have isolated and characterized 
stereoisomeric, photoreductive dimers of 5,6-dihydro-
3,5,5-trimethyl-l,4-oxazin-2-one (I).1 In solution these di
mers possess a weak carbon-carbon single bond and exist in 
equilibrium with a radical at room temperature.2 This facile 
bond homolysis is unusual, especially since the resulting 
radical bears no aromatic groups. 

Results and Discussion 

Irradiation of 5,6-dihydro-3,5,5-trimethyl-l,4-oxazin-2-
one (1) in 2-propanol solvent at -15° with a 450-W mercu
ry lamp through a Pyrex filter gave a 57% yield of a mix
ture of reductive type dimers. These were separated by me
dium-pressure liquid chromatography with a column of 
neutral alumina and assigned meso and dl stereoisomeric 
structures 2 and 3 from spectroscopic data described sepa
rately.1 

The reductive dimers were found to be thermally unsta
ble in solution. When a freeze-thaw degassed, 31% dl-69% 
meso dimer mixture in deuteriochloroform was heated to 
80° for 20 min, a stereochemical equilibration occurred giv
ing a 69% dl-3\% meso mixture as indicated by NMR 
analysis. In the presence of oxygen, the dimer mixture was 

O OO 

) + 

rapidly oxidized to 5,6-dihydro-3,5,5-trimethyl-l,4-oxazin-
2-one (1). Prolonged heating of the dimer mixture in the 
absence of oxygen gave a 50:50 mixture of 1 and 3,5,5-tri-
methylmorpholin-2-one (4), the products of disproportiona
t e . (See Scheme I for a summary of these reactions.) The 
structural assignment of 4 is based upon the NMR data in 
the Experimental Section, N-H and carbonyl stretching 
bands at 3300 and 1735 cm -1 , respectively, in the infrared, 
and a parent ion at m/e 143 (15% of base) in the mass spec
trum. 

The stereochemical equilibration, air oxidation, and dis-
proportionation reactions of the dimers were suggestive of a 
radical intermediate. When a degassed sample of the dimer 
mixture dissolved in benzene, chloroform, or absolute etha
nol was warmed to1 80°, EPR spectra were observed as 
given in Table I. Structure 5 was proposed for the radical 
with hyperfine splitting assignments as indicated in Table I. 
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Table I.« EPR Data 

Solvent 

Benzene 

CHCl3 

EtOH 

Coupling 
constant 

11.77 
6.30 
2.85 
0.41 

10.33 
5.88 
3.58 
0.15 

10.10 
6.45 
4.85 
0.28 

Assign
ment 

CH3 

N 
N - H 
CH1 

CH3 

N 
N - H 
CH2 

CH3 

N 
N - H 
CH2 

Splitting 
pattern 

1:3:3:1 
1:1:1 

1:1 
1:2:1 

1:3:3:1 
1:1:1 

1:1 
1:2:1 

1:3:3:1 
1:1:1 

1:1 
1:2:1 

g 

2.00429 

2.00453 

2.00336 

AH 

21.5 ± 1.2 

22.0 ± 1.1 

10.6 ± 0.3 

a Coupling constants are given in gauss and enthalpies of dissocia
tion (A//) in kcal/mol. 

Further evidence for the radical structure was obtained 
from a trapping experiment. Heating a mixture of 2 and 3 
with 2,2/-azobis(2-methylpropionitrile) in benzene solvent 
at 60° under a nitrogen atmosphere gave a 62% yield of 3-
[2'-(2'-cyanopropyl)]-3,5,5-trimethylmorpholin-2-one (6). 
This product was identified from its NMR spectrum (Ex
perimental Section), N—H, C = N , and carbonyl stretching 
bands at 3300, 2225, and 1715 cm - 1 , respectively, in the in
frared, and a weak mass spectral parent ion at m/e 210 with 
a base peak at m/e 142 corresponding to homolytic cleavage 
of the 3-2' bond. The spin trapping agent, phenyl-./V-te/-f-
butylnitrone,3 was not reactive with radical 5 as indicated 
by EPR spectroscopy. Heating a degassed mixture of the 
dimers plus the nitrone in the cavity of the EPR spectrome
ter gave only the EPR signal assigned to 5. 

CN CN 

meso + 
2 

dl 
3 

- N = N -

O 

The chemical reactivity of the dimers is rationalized in 
Scheme I in terms of initial homolytic cleavage of the 3-3 ' 
Scheme I 

O OO 
O 

N ' N-
H H 

O 

H 

bond to give radical 5. Radical combination of S with itself 
would account for the stereochemical equilibration, hydro
gen atom abstraction by oxygen would result in oxidation to 
1, and hydrogen atom transfer would yield the dispropor
t i o n a t e products 1 and 4. 

The observation that, in solution, the dimers 2 and 3 ex
isted in equilibrium with radical 5 indicated that the 3-3 ' 
bond of 2 and 3 was weak. The enthalpy of dissociation was 
measured using the method of Vincow and co-workers.4 

With this method, AH was calculated from a plot of log hT 
vs. 1/r , where h is the EPR signal intensity and T is the 
absolute temperature. The enthalpies of dissociation in vari
ous solvents are reported in Table I. Note that the enthalpy 

of dissociation in ethanol solvent is the same order of mag
nitude as the AH for dissociation of the triphenylmethyl 
dimer (AH = 11.3 ± 1 kcal/mol).5 

The low enthalpy of dissociation for the dimers appears 
to result from structural features in the dimers which weak
en the 3-3 ' bond (i.e., raise the energy of the dimers) and 
structural features in the radical which stabilize the radical 
center (i.e., lower the energy of the radical). Steric interac
tions are thought to be important in raising the energy of 
the dimers. Parker and co-workers6 recently reported that 
the 1,2-dithiolyl radical resulting from cathodic reduction 
of 3,5-diphenyl-l,2-dithiolylium ion was in equilibrium with 
a dimer. However, the corresponding radical from cathodic 
reduction of 3,4-diphenyl-l,2-dithiolylium ion dimerized ir
reversibly. The authors attributed this result in large part to 
a difference in steric interaction of the phenyl substituents 
in the dimers. Space filling models of 2 and 3 indicate that 

steric interactions at the 3 and 3' positions are significant 
but probably less important than the interactions in the di
mers of Parker and co-workers. The evidence which indi
cates that the radical formed from homolysis of the 3-3 ' 
bond is reasonably stable includes its lack of reactivity with 
the spin trapping agent, phenyl-/V-fer?-butylnitrone, and its 
slow disproportionation. Stability probably arises in large 
part through conjugation of the ring nitrogen and the car-
boxyl functional group with the radical center as illustrated 
by the following resonance structures. 

O 

I H 

O- O 

N + -
H 

I H 
•N + 
H 
10 

The enthalpy of dissociation of 2 and 3 is solvent depen
dent, decreasing by a factor of 2 in ethanol (Table I). The 
solvent effect can be rationalized in terms of the difference 
in solvation of the radical and the dimers. Because of steric 
interactions, ethanol cannot effectively hydrogen bond with 
both carboxyls and both heteroatoms of the dimers simulta
neously. Homolysis of the 3-3 ' bond should relieve much of 
this steric inhibition to hydrogen bonding. Furthermore, the 
radical should be more polar than either of the dimers 
(especially if resonance structures 8, 9, and 10 are impor
tant) and should be solvated better by polar solvents than 
the dimers. Both of these differences in solute-solvent inter
action should lower AH relative to less polar aprotic sol
vents. 

The radical 5 is structurally quite similar to the stable 
radical, l-ethyl-4-carbomethoxypyridinyl (11), reported by 
Kosower and Poziomek,7 in that it bears carboxy and amino 
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Et Et Et 
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groups in conjugation with a radical center, although it dif
fers from 5 in that 5 can be described as an aromatic radical 
with an electron in an antibonding orbital. The half-life for 
the disappearance of 11 in a 0.01 M acetonitrile solution at 
75° is greater than 12 days. The stability of 11 was in part 
attributed to resonance structure 12 which is thought to be 
important because of the low-energy carbon-oxygen double 
bond stretching band of 11 (1642 c m - 1 ) . The importance of 
resonance structure 12 is also implicated by the work of 
ltoh and Nagakura.8 They showed that the 1,3,5-trimethyl-
4-carbomethoxypyridinyl radical could not be obtained 
from reduction of the corresponding pyridinium iodide. 
They attributed this lack of reactivity to steric hindrance to 
coplanarity of the carbomethoxy group with the pyridinium 
ring. 

The reactivity of 11 is similar to the reactivity of radical 
5 in that 11 reacts rapidly with oxygen resulting in the res
toration of the pyridinium ion. However, 11 is also reactive 
with halocarbons and readily abstracts halogen atoms. 
Chlorine atom abstraction from chloroform by 5 is not com
petitive with disproportionation to 1 and 4. Also, 11 does 
not appear to dimerize, although dimers have been claimed 
to arise from the more reactive l-(2,6-dichlorobenzyl)-3-
carbamidopyridinyl radical.9 

It is interesting to note that, although coplanarity of the 
carbomethoxy group with the radical center is probably 
very important for the stability of radicals such as 5 and 11, 
the carboxy group is not a particularly strong radical stabi
lizing function in itself. The effect of functional groups on 
radical stability is thought to parallel the relative rates of 
hydrogen atom abstraction from carbons a to the functional 
group by phenyl radicals. Methyl acetate is only three times 
as reactive with phenyl radicals per hydrogen atom as eth
ane.10 Cain and Solly1' have estimated the radical stabiliza
tion energy of an a-carbomethoxy group to be 4.0 ± 1.7 
kcal/mol relative to a hydrogen atom from the rates of 
isomerization of l-chloro-4-carbomethoxybicyclo[2.2.0]-
hexane. Of this stabilization energy, only 1.0 kcal/mol is at
tributed to resonance stabilization. The amino function ap
pears to be a better radical stabilizing group in that disub-
stituted methylamine reacts 33 times as fast with phenyl 
radicals per hydrogen atom as does ethane.10 The stability 
of radicals 5 and 11 suggests that the carboxy and amino 
functions, when operating synergetically, are especially ef
fective at stabilizing a radical center. The radical stabilizing 
effect of amino and cyano substituents in combination has 
also been recently noted.12 

Other related dimeric molecules in equilibrium with rela
tively stable radicals are the bipyrazolones described by 
Huttel and co-workers.13 3,3'-Dimethyl-4,4'-bis(2-nitrophe-
nyl)-l,r-diphenyl-4,4'-bi-5-pyrazolone is reported to have 
an enthalpy of dissociation of 12.2 ± 0.2 kcal/mol. 

The radical stabilizing functional group of 5 is structural
ly related to an a-amino acid. Elad and co-workers'4 have 
shown that a-amino acids, peptides, and proteins can be al
kylated at the a-carbon via a free-radical substitution reac
tion employing electronically excited ketones and peroxides 
as initiators. The initial chemical process has been shown to 
be the abstraction of a hydrogen atom on the a-carbon by 
the initiator to yield a radical like 5, stabilized by amino 
and carboxy functional groups. 

Experimental Section 

Melting points and boiling points are uncorrected. Melting 
points were measured with a Thomas-Hoover Unimelt apparatus. 
A Perkin-Elmer 337 spectrophotometer was used to determine ir 
spectra. NMR spectra were recorded with a JEOL PS-100 and 
Varian A-60A and HA-100 spectrometers. Chemical shifts are re
ported in parts per million 5 from internal tetramethylsilane. EPR 
spectra were recorded on Varian V-4501A and E-9 spectrometers. 
The mass spectra were obtained with a Varian Mat CH-5 spec
trometer. GLC analyses and isolations were performed with Var
ian Aerograph (Model 200 and 1500) gas chromatographs 
equipped with thermal conductivity detectors, and peak areas were 
measured by Disc integration. Microanalyses were performed by 
Atlantic Microlab, Atlanta, Ga. 

Synthesis of the Meso and dl Photodimers. The meso and dl pho-
todimers (2 and 3) were prepared in 57% yield by irradiation of 
5,6-dihydro-3,5,5-trimethyl-l,4-oxazin-2-one (1) in 2-propanol sol
vent at -15°. ' The dimers were separated by medium-pressure liq
uid chromatography with a column of Woelm neutral alumina at 
7° eluting with 2% methanol in benzene. 

Isomerization of Meso and dl Dimers. A sample of mixed reduc
tive dimers (2 and 3) was placed in an NMR tube with CDCl3, de
gassed to 1O-5 mm, and sealed. The spectrum at 0° showed 31% dl 
and 69% meso by integration of the methyl protons at ring position 
3 at 5 1.68 and 1.53 ppm, respectively. The sample was then heated 
at 80° for 20 min and the spectrum recorded again at 0°. The 
equilibrium values were found to be 69% dl and 31% meso. 

Oxidation of Dimers 2 and 3. A reductive dimer mixture (86 
mg) was dissolved in 15 ml of absolute ethanol and heated at 70° 
for 2.5 hr in a vessel open to the air. The ethanol was removed by 
rotary evaporation and the residue (58 mg) dissolved in CDCb. 
The NMR of this material was identical with that of 5,6-dihydro-
3,5,5-trimethyl-l,4-oxazin-2-one (1).' 

Disproportionation of Dimers 2 and 3. A reductive dimer mix
ture (42 mg) in 0.5 ml of CDCI3 was degassed and sealed in an 
NMR tube and heated for 17 hr at 70°; terminal NMR (CDCl3) 5 
1.19 (s, 3 H), 1.28 (s, 3 H), 1.30 (s, 6 H), 1.40 (d, J = 7 Hz, 3 H), 
2.27 (s, 3 H), 3.73 (q, J = 7 Hz, 1 H), 4.12 (s, 2 H), and 4.23 ppm 
(s, 2 H). GLC analysis showed two compounds which were collect
ed from a 10 ft X 0.375 in., 5% FS-1265 on 40-60 mesh Haloport 
F, preparative column at 130° with helium flow of 55 ml/min. The 
first compound to come off was identified as 5,6-dihydro-3,5,5-tri-
methyl-l,4-oxazin-2-one (I)1 and the second compound as 3,5,5-
trimethylmorpholin-2-one (4): mp 52-54°; NMR (CDCl3) S 1.19 
(s, 3 H), 1.28 (s, 3 H), 1.40 (d, J = 7 Hz, 3 H), 3.73 (q, J = 7 Hz, 
1 H), and 4.12 ppm (s, 2 H); ir (KBr) 3400 (shoulder), 3300, and 
1735 cm-1; mass spectrum (70 eV) m/e 143 (15), 128 (4.5), 99 
(24), 85 (63), 84 (23), 72 (14), 70 (35), 57 (37), 56 (27), 44 
(base), 42 (58). 

Anal. Calcd for C7HnNO2: C, 58.72; H, 9.15; N, 9.78. Found: 
C, 58.44; H, 9.32; N, 9.62. 

Use of Phenyl-JV-ferf-butylnitrone as a Spin-Trapping Agent. 
Mixed reductive dimers 2 and 3 (50 mg) and 45 mg of phenyl-7V-
/e/7-butylnitrone15 were placed in a 4-mm quartz EPR tube and 
degassed to a residual pressure of 5 X 1O-4 mm. The sample was 
heated in the EPR cavity to 80°. The only signal observed was that 
of the morpholinone radical 5. 

Trapping of Radical with 2,2'-Azobis(2-methylpropionitrile). A 
100-ml three-necked flask was charged with 0.95 g (0.0033 mol) of 
mixed reductive dimers 2 and 3,1.2 g (0.0073 mol) of 2,2'-azobis(2-
methylpropionitrile), and 50 ml of benzene distilled from phospho
rus pentoxide. The mixture was refluxed overnight under a nitro
gen atmosphere. The solvent was removed and the solid residue 
sublimed at 0.02 mm. At 60°, 0.4 g of a semisolid material was 
collected. Then at 100°, 0.9 g (62%) of a white solid was obtained 
which was crystallized from methanol and was identified as 3-[2'-
(2'-cyanopropyl)]-3,5,5-trimethylmorpholin-2-one (6): mp 134-
136°; NMR (CDCl3) S 1.19 (s, 3 H), 1.33 (s, 3 H), 1.48 (s, 6 H), 
1.63 (s, 3 H), 4.05 and 4.33 ppm (AB pattern, J = 10.5 Hz); ir 
(KBr) 3300, 2225, and 1715 cm-1; mass spectrum (direct probe, 
15 eV) m/e 210 (1), 209 (1), 195 (2), 167 (1), 152 (1), 143 (9), 
142 (base), 111 (7), 73(1). 

Anal. Calcd for CnH18N2O2: C, 62.83; H, 8.63; N, 13.32. 
Found: C, 62.75; H, 8.60; N, 13.21. 

Preparation of Samples for EPR. Preparation of the EPR sam-
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Table II. Signal Intensities as Function of Ta 

Solvent 

Chloroform 

Benzene 

Ethanol 

h, mm 

Slope = -2.402 ± 
50.6 
80.4 

102.6 
117.4 
162.6 
215.9 
229.0 

Slope= -2.347 ± 
31.0 
33.5 
50.0 
66.0 

110.0 

Slope= -1.153 ± 
25.0 
32.0 
41.5 
46.3 
59.5 

7\°K 

0.125 X 103 

320.5 
325.1 
331.5 
336.7 
342.6 
348.2 
352.0 

0.131 X 103 

334.0 
339.0 
346.0 
355.0 
365.0 

0.037 X 103 

322.0 
334.0 
346.0 
355.0 
365.0 

Log hT 

4.209 
4.416 
4.531 
4.597 
4.746 
4.874 
4.906 

4.015 
4.055 
4.238 
4.370 
4.604 

3.906 
4.029 
4.157 
4.216 
4.337 

a The symbol h represents the average heights of from three to 
five scans of one of the major peaks in the EPR spectrum, and T 
is the absolute temperature of the measurement. 

pies was simplified by using a specially designed apparatus consist
ing of a 190 X 5 mm quartz tube sealed to an 80 X 9 mm quartz 
tube to which a 20 X 9 mm quartz side arm was attached near the 
former junction. Reductive dimer mixture, 0.150 g, was placed in 
the side arm, and 0,8 ml of solvent was placed into the 5-mm tube. 
The system was freeze-thaw degassed to 10~4 mm residual pres
sure and the 9-mm tube sealed off. The dimer was then mixed into 
the solvent and the solution frozen into the 5-mm tube and sealed 
off at a length of 140 mm. The EPR spectra! data as shown in 
Table I were then obtained at 80-90°. 

Determination of the Enthalpy of Dissociation for the Reductive 
Dimers 2 and 3. Samples were prepared as described above for 

each solvent. The 'samples were each placed in the cavity of the 
EPR spectrometer and the signal height of one of the peaks mea
sured at several different temperatures between 40 and 95°. (Table 
II). Several scans were made at each temperature, the average 
being used for the calculation. The temperature of the cavity was 
measured with a copper-constantan thermocouple. During the ex
periment and upon termination, initial and midpoint measure
ments were repeated to check for any dimer destruction by dispro-
portionation. The enthalpies of dissociation, AW, were calculated 
by the method of Vincow and co-workers.4 
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Photochemical Reactivity of Keto Imino Ethers. 
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Abstract: The photochemical reactivity of 3-ethoxyisoindolone (2) with 1,1-dimethoxyethene, cyclohexene, furan, isobutyl-
ene, m-2-butene, rrans-2-butene, tetramethylethylene, and fumaronitrile is described. The modes of photochemical reactivi
ty observed include the novel regiospecific (2 + 2) cycloaddition to the carbon-nitrogen double bond of 2 to give products 3, 
5, 7, 9, 11, 12, and 18, a photochemical ene type reaction to give products 8,15,16, and 19, and a unique cycloaddition of te
tramethylethylene at the 1,2-positions of 2 to give the azepinone 20. The photochemical ene reaction is partially stereospecif-
ic but the (2 + 2) cycloaddition reaction is not. The (2 + 2) cycloadducts undergo hydrolytic ring opening to give benzoazep-
inediones in high yield. The photoreactions of 3-ethoxyisoindolone with olefins occur in high quantum yield from a triplet 
state, and the singlet state is quenched by the olefins. The mechanism is discussed in terms of a triplet exciplex leading to the 
ene products and to a long-lived biradical intermediate. 

While (2 + 2) photocycloadditions of olefins to carbon-
carbon2 and carbon-oxygen double bonds3 are well-docu
mented reactions often employed in synthetic schemes,4 

similar cycloadditions to carbon-nitrogen multiple bonds 
are rare. Benzaldehyde yV-cyclohexylimine was reported to 

undergo (2 + 2) photodimerization;5 however, the product 
was later shown to be Ar,./V'-dicyclohexyl-l,2-diamino-l,2-
diphenylethene.6 A 1,2-diazetidine7 and an azetine8 have 
been proposed as unstable intermediates in the photoreac
tions of yV-p-diaminobenzylidenaniline and benzonitrile, re-
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