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Novel Temperature-Dependent Photochemical 
Rearrangement of Citral 

Sir: 
In this report we describe the photochemical rearrangement 

of citral (1) to aldehydes 2 and 3 a t  elevated temperature. I t  

A. 2 3 

is noteworthy that these products are  not seen a t  30 O C  but 
become increasingly important a t  higher temperatures and that 
their formation requires the unusual 1,2 shift of a formyl group. 
There have been rather few investigations of photochemical 
processes in solution a t  elevated temperature, and those re- 
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Table 1. Photoisomerization of Citral at Various Temperatures 

Product 3 0 ° C  8 0 ° C  111 "C 165 "C 190°C 

2 0 4 9 26 36 
3 0 1 2 I 8 
4 25 23 22 15 13 
5 42 40 28 16 10 
6 5 6 8 6 6 

Total 1 2  14  69 I O  1 3  

ported typically concern studies below 100 OC of the kinetics 
or thermodynamics of processes already well known a t  lower 

The present study, on the other hand, concerns 
photochemical transformations which require thermal acti- 
vation beyond that available a t  room temperature. 

I t  has been known for some years that irradiation of citral 
(1) in cyclohexane or ethanol leads in moderate yield to  a 
mixture of photocitral B (4) and photocitral A (5), and it has 
been suggested that these isomers may arise through coupling 
and disproportionation, respectively, of the biradical inter- 
mediate 7 formed on interaction of the two olefinic double 
bonds of l . 3 9 4  W e  obtained similar results in benzene a t  30 OC, 
except that we also noted the formation of 5% of a third product 
later shown to be 6. Irradiation in benzene a t  reflux (80 "C) 
gave 4-6 along with 5 1 0 %  mixture of 2 and 3. Yield data for 
relatively low conversion a t  other temperatures are shown in 
Table I, in which it may be seen that a t  190 O C  the dominant 
product is 2 (36%) and the combined yield of 2 and 3 is 44%, 
while the total yield of volatile products remains essentially 
constant a t  -7 1%? 

Aldehydes 4-6 were isolated and purified by preparative 
vapor phase chromatography (VPC) and identified through 

4 5 6 G" HOCH,. (& 
\ 7- 8 

7 

\ 

9 

comparison of their properties with those previously record- 
ed.3,4,6 A mixture of 2 and 3 was obtained similarly, but no 
conditions tried permitted direct separation of these products. 
Hydride reduction of the mixture gave alcohols 8 and 9, which 
could be separated by VPC and then individually oxidized back 
to 2 and 3 using chromium trioxide-pyridine complex.' 
Products 2 and 3, as well as  alcohols 8 and 9, were fully char- 
acterized; spectroscopic data8 require the formyl group and 
the three methyl groups of both 2 and 3 to  be on quaternary 
carbon atoms, indicate the absence of carbon-carbon double 
bonds, suggest the presence of a cyclopropane ring, and point 
to a close structural similarity between the two isomers. These 
observations, together with mechanistic considerations dis- 
cussed below, led to bicyclic structures 2 and 3 for these sub- 
stances. Furthermore, 'H NMR spectra in the presence of the 
lanthanide shift reagent E ~ ( f o d ) 3 ~  permitted assignment of 
stereochemistry as shown, since in 3 one high-field (cyclo- 
propane methine) signal moved downfield much more rapidly 
than in 2. 

These conclusions were verified for the major new photo- 
product 2 by independent synthesis from bishomocaronic acid 
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10 
11, R = H 
12, R = CH, 

13 

- Y 
14 

( l l ) ,  which is available in two steps from 3-carene (10).Io The 
related ester 12 underwent Dieckmann cyclization' to furnish 
13 as  a mixture of epimers. Methylation of 13 using sodium 
hydride and methyl iodide in benzene-dimethylformamidel* 
gave a single product, which is assigned the stereochemistry 
of 14,s since the substituted cyclopropane ring effectively 
shields C(2) from endo approach of the methylating agent. The 
alkylated keto ester 14 was converted to its tosylhydrazone and 
then reduced with excess lithium aluminum hydride to furnish 
authentic 8,13 identical in all respects with the alcohol de- 
scribed above. 

These photochemical rearrangements were efficiently 
sensitized a t  30 and 132 OC by acetophenone,14 and the 
products were found in the same yields and relative amounts 
on sensitized and direct irradiation a t  each temperature. At- 
tempts to quench the reactions led to -25% quenching at  30 
"C in 2,3-dimethylbutadiene as solvent (8.85 M) ,  with no 
observable effect on the ratio of products. These results suggest 
most simply a common triplet precursor for all products, with 
the lifetime of the quenchable species -0.1 ns; other more 
complex interpretations are  certainly possible. Experiments 
with purified cis-citral (neral) and trans-citral (geranial) 
showed that photochemical equilibration of these geometric 
isomers is relatively rapid, but that in the early stages of irra- 
diation before this equilibration is complete all products a re  
formed from each isomer and in approximately the same 
ratio. 

A stepwise mechanism for formation of 2 and 3 is shown in 
Scheme I. This is compatible with the earlier p r o p o ~ a l ~ ? ~  of 
biradical 7 as  an intermediate in the reaction at  room tem- 
perature and with more recent mechanistic investigations of 
the role of biradicals in [2 + 21 p h o t o c y ~ l o a d d i t i o n . ~ ~  It was 
pointed out previously that  formation of 7 rather than 16 
should be favored on steric grounds, and this fact was used to 
account for the observed stereochemistry of 4 and 5.4 The 
mechanism in Scheme I implies that cyclization of citral ( 1 )  
to the more congested biradical 16 becomes more feasible with 
increasing temperature, and that, through migration of the 

Scheme I 
I OHC 

7 r 
1 

\ 

15 

16 17 

formyl group, this species can rearrange to 17 and then close 
to 2. A similar formyl migration in 7, favored only at  elevated 
temperature, would yield 15 and then 3.16 

W e  are unfamiliar with any other photochemical transfor- 
mations obviously related to these rearrangements leading to  
2 and 3.18 Such 1,2 migrations of acyl groups in free-radical 
reactions are  rare,19 and we are  not aware of any specific ex- 
ample of the shift of a formyl group. W e  note that other 
mechanisms leading to 2 and 3 are  possible, including con- 
certed, symmetry allowed [,2, + ,2, + .2,] processes.20 
Present knowledge is too limited to permit a choice among the 
various possibilities, and current efforts are  directed toward 
clarification of this 
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Simultaneous Fluorination and Functionalization 
of Hydrocarbon Polymers 

Sir: 
A thermally and chemically resistant fluorocarbon polymer 

which supports isolated reactive functional moieties would find 
much utility as a catalyst support, as  a template for biochem- 
ical or other synthetic applications, and as membranes and 
separators for chloro alkali cells and batteries. W e  report some 
results in which existing hydrocarbon polymers are  simulta- 
neously fluorinated and functionalized using various mixtures 
of fluorine and oxygen to produce a polytetrafluoroethylene- 
like backbone with varying degrees of functionalization, 5-60% 
acid fluoride to  monomer groups. 

There has for several years in our laboratory been an interest 
in the reactions of mixtures of oxygen and fluorine. Previously, 
we have used such mixtures as reagents to oxidize inorganic 
polymers such as boron nitride.' Earlier work by Miller and 
Dittman showed that mixtures of fluorine and oxygen could, 
for example, convert tetrachloroethylene to 1,l-dichloro-l- 
fluoroacetyl chlorides2 Miller described the process as  a "flu- 
orine sensitized oxidation" process. Because our process differs 
in that it converts hydrocarbon polymers to functionalfluo- 
rocarbon polymers we have for brevity called the process 
"oxy-fl~orination".~ The process of oxy-fluorination was dis- 
covered independently by M a n l e ~ . ~  This process is not limited 
to  polymers, but has been used successfully to  oxy-fluorinate 
neopentane and 1,4-dioxane5 and to convert n-alkanes to  
perfluoro acids and diacids.6 

The results of the oxy-fluorination of polyethylene (low 
density) and polypropylene under varying conditions are  pre- 

Table I 

Table 11. Run 5 (Table I) a 

polyethylene He, F2, 0 2 3  Time, 
wt, g cm3/m cm3/m cm3/m days 

2.28 40 2.0 0.1 1 
40 4.0 0.2 1 
40 5.0 0.25 1 
20 1 .o 0 5 
5 1 .o 0 1 
0 1 .o 0 4 

a Yield 6.93 g, vco 1882 cm-l, CFO content 0.53 X 10-3 mol/ 
g. 

The relationship between oxygen introduced 
and the  COF content (polypropylene) 

I I 1 I I I i  

4 8 12 16 20 

G/02 Ratio 
Figure 1. 

sented in Table I. A typical run (5) is shown in Table 11: Initial 
low concentrations of F2/02 in helium are gradually increased 
to maximum concentration a t  zero helium flow. Finally, pure 
fluorine was admitted to remove residual C-H bonds. Overall 
pressures and temperatures were ambient room values and no 
attempt was made to decrease or optimize reaction time. All 
polymers were studies initially in the form of finely divided 
(>120 mesh) powder form. In subsequent work 5-mil films 
were used with very little change in the degrees of function- 
alization. The density of the low density polyethylene starting 
material, prepared by the method of Hale,7 was 0.91. 

I t  can be seen from the F2:02 ratios and the COF content 
(Figure 1) that the degree of functionalization is directly re- 
lated to the F2:02 ratio. After the reaction, the acid fluoride 
groups have strong carbonyl infrared stretches at  -1 880 cm-I 
and, after hydrolysis, an acid carbonyl is a prominent infrared 
feature. The acid fluoride groups were assayed by careful ti- 
tration with HCl  after the sample had been hydrolyzed, vac- 

Anal., % 
Run Wt, g F2:02, cm3/m Time, days COF, mol/g YCO, cm-I C F MP, "C 

Polyethylene 
1 0.52 1.0:l.O 5 4.9 x 10-3 

3 10.84 2.0:0.4 25 1.8 x 10-3 
4 1.53 2.0:0.2 9 0.78 x 10-3 
5 2.28 2.0:O.l 13 0.53 x 10-3 

6 1 .o 2.0: 1 .o 9 4.66 x 10-3 

7 5.3 2.0:0.4 35 3.14 x 10-3 

2 10.36 1.0:0.5 17 3.16 X 

Polypropylene 

8 4.0 2.0:0.2 22 1.53 x 10-3 

1850 >360 
1880 26.83 66.78 >360 
1880 25.62 68.29 >360 
1880 >360 
1882 >360 

1860 1100 
950 

1875 25.79 69.23 307" 
20" 

1880 26.83 68.25 307" 
305" 

9 0.6 2.0:O.l 17 0.44 x 10-3 1875 340" 

Decomposes. 
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