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Although this step has previously been proposed for 
comparable r e a ~ t i o n s , ~ ~  experimental evidence for the 
occurrence of free radicals has previously been lacking. 
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1,3-Dioxolane reacted with formaldehyde in the presence of free radical initiators to produce 2-(hydroxy- 
methyl)-l,3-dioxolane in moderate yield. 2-(Hydroxymethyl)-l,3-dioxolane was catalytically hydrogenated to 
ethylene glycol. 

Introduction 
The use of free radical reactions for the formation of 

carbon-carbon bonds has been known for yearsl4 but has 
not been used extensively in organic synthesis except for 
special reactions such as free radical  cyclization^.^ Free 
radical reactions have, however) been used increasingly in 
recent years for the synthesis of organic molecules.6-10 

Kollar reported in 1984 on the development of a novel 
route to ethylene glycol based on the free radical addition 
of methanol to formaldehyde."-15 Radicals are generated 
by the thermal decomposition of di-tert-butyl peroxide. 
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tert-Butyl alcohol and acetone are produced as important 
byproducts.16 The process is summarized in eq 1-4. 

(CH,),COOC(CH3)3 - (CH,),CO' (1) 

(CH3),CO' + CH30H - (CH3),COH + bH,OH (2) 

6H20H + CHz=O - HOCH,CH,O' (3) 

CH,OH + HOCH2CH20' - HOCHzCH20H + kH20H 
(4) 

Because of the ease of reaction of formals under free 
radical generating  condition^,'^-^^ we investigated the re- 
action of 1,3-dioxolane (1) with formaldehyde under var- 
ious conditions. This paper reports our initial work on the 
reaction of 1,3-dioxolane (1) with formaldehyde under free 
radical conditions. The major product) 2-(hydroxy- 
methyl)-1,3-dioxolane (2)) can be hydrogenated to ethylene 
glycol-an industrially impor tan t  product.21 
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Table I. Reaction of 1.3-Dioxolane with Formalin 
mass base 

compound area % ion abundnce peak 
formaldehyde 30 50.8 29 
water 30.6 
l,3-dioxolane (1) 74 4.3 73 
1,3-dioxane ( 8 )  88 6.2 87 
formic acid 30 50.8 29 
glycolaldehyde (3) 5.1 
ethylene glycol ( 5 )  12.1 62 4.0 31 
hydroxyethyl formate (10) 3.2 104 0.6 31 
1,3-propanediol (7) 1.5 73 -0 31 
2-(hydroxymethyl)-l,3-di- 15.8 104 0.4 73 

4- (hydroxymethyl) - 1,3-di- trace 

hydroxypropyl formate ( 6 )  1.66 
2-(hydroxymethyl)-l,3-dioxane 5.8 118 -0 87 

oxolane (2) 

oxolane (11) 

(12) 
103 

Results and Discussion 
The reaction of 1 with formaldehyde in the presence of 

initiators such as di-tert-butyl peroxide or tert-butyl 
perbenzoate produced 2- (hydroxymethy1)-1 ,3-dioxolane (2) 
as the main product (eq 5). A variety of other products 
were also produced. 

CH( O\ 
/ o  

CH-CHI-OH (5)  CHz \ Initiator , I CH, t CH,=O 
CH2 / 

'0 
CH2.J 

1 2 

In an example, 1 (80 mL) was heated at  100-130 OC for 
4 h with formalin (17 mL) and tert-butyl perbenzoate (3.0 
mL). After most of the unreacted 1 was removed, a light 
yellow oil, weighing 19.1 g remained. This mixture was 
analyzed by GC/MS and GC/FTIR. The results are 
summarized in Table I. 

The main product 2 was likely formed by a free radical 
chain process similar to the one proposed by K01lar.l~ An 
outline of the possible mechanism of formation of 2 as well 
as the other products detected in the reaction mixture is 
shown in Scheme I. Because of the sensitivity of the 
products as well as reactants to water in the system, the 
reaction of dioxolane with paraformaldehyde was also in- 
vestigated. 

The main products of the reaction when 1 (80 mL) was 
reacted with paraformaldehyde (10 g) and initiator (3.0 
mL) under various conditions are shown in Table 11. The 
selectivities to the products in this reaction were strongly 
temperature dependent. The selectivity to byproduct ethyl 
formate (9) could be reduced by conducting the reaction 
at  a lower temperature. At 180 "C, -33% selectivity to 
9 was observed, whereas, at 75 OC, the selectivity dropped 
to -3%. In general, the selectivity to 2 was also better 
at lower temperatures. 

The addition of weak bases such as sodium and lithium 
carbonate to the reaction mixture did not improve results 
significantly. The addition of strong acids such as tolu- 
enesulfonic acid was detrimental. (Less than 10% selec- 
tivity to 2 + 4 was obtained under conditions where greater 
than 50% selectivities were usually observed.) 

The photochemical reaction of 1 with formaldehyde 
using an acetone sensitizer produced a selectivity to 2 of 
65% and a selectivity to 4 of 18%. The selectivity to 9 

(21) Some of this work appears in a patent. Yeakey, E. L.; Sanderson, 
J. R. 0"exaco) US. Patent 4 550 184, 1985. See also, Sanderson, J. R.; 
Yeakey, E. L.; Lin, J. J. (Texaco) US. Patent 4554364, 1985. 

Table 11. Reaction of 1,3-Dioxolane with Paraformaldehyde 
time, temp, selectivity, % 

expt h "C initiator 9 2 4  
1 5 140 di-tert-butyl peroxide 32.3 24.2 8.14 
2 3 160 di-tert-butyl peroiride 35.3 20.1 8.53 
3 2 180 di-tert-butyl peroxide 33.2 18.0 7.72 
4 6 100 tert-butyl perbenzoate 9.5 46.6 13.7 
5 4 120 tert-butyl perbenzoate 12.4 41.9 15.0 
6 3 140 tert-butyl perbenzoate 16.6 36.3 11.3 
7 7 75 tert-butyl 2.99 44.9 7.76 

hydroperoxide/Co2+ 
8 6 30 acetonelhv <1 65.8 18.2 

was reduced to less than 1 % . 
Pure 2 was isolated from a reaction mixture and hy- 

drolyzed/reduced with Pd/C in a "one-pot" reaction to give 
ethylene glycol in 97.5% selectivity. Other catalysts were 
also found to be suitable for this reduction. 

Conclusion. Free radical reaction of 1,3-dioxolane and 
formaldehyde afforded 2-(hydroxymethyl)-1,3-dioxolane 
2 with a series of interesting byproducts. 

Since hydrolysis of 2 and reduction gives good yields of 
ethylene glycol, the overall result is the production of 
ethylene glycol from formaldehyde and hydrogen (eq 6-10). 

1 2 

CH,-0, CH2-OH 
1 CH-CH2-OH f HzO __* I t OCH-CH2-OH (8) 
CH2-O' CH2-OH 

CH2-OH 

CHz-OH 
& I  C a t .  OCH-CH,-OH + Hz 

3 5. 

CHz-OH 

CH2-OH 
Net Reaction: 2 C H z = 0  t H, ---+ 1 

s 
We plan to extend this reaction to other reactive sub- 

strates. For example, the reaction of ethers and alkyl 
aromatics with formaldehyde under free-radical generating 
conditions should produce useful primary alcohols. 

Experimental Section 
Chemicals. tert-Butyl peroxide, dioxolane, and tert-butyl 

perbenzoate were commercial products (>98% purity). All were 
used without further treatment. 

Analytical. IH NMR spectra were recorded on a Varian 
EM-390 spectrometer. 13C NMR spectra were recorded on a 
Bruker WP-80 spectrometer. The GC/FTIR work was done on 
a Digilab FTS 15E and the GC/MS work with a Hewlett-Packard 
5790 mass-selective detector. Some analytical GLC was carried 
out with a Hewlett-Packard 5890 equipped with an 8 f t  X in. 
Ni column with Poropak PS (80 X 100 mesh), He a t  20 cm3/min, 
progresaion 80-260 OC at 16 deg/min after a 4-min hold. A typical 
run follows: identification (retention time in minutes), water 
(1.81), methanol (5.53), ethanol (6.54), acetone (7.86), ethyl formate 
(8.05), tert-butyl alcohol (8.53), 1 (9.29), ethylene glycol (12.18), 
glycol esters (13.18), 2 (13.80), 4a (18.01), 4b (19.15). 
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Scheme 1. Reaction of If-Dioxolane with Formalin 

CH,=O 

0-scission I 1 )  

~O-CH,-CH,-CH,-O-C-H 
CH,-0 
I \  

C F  ,CH-CH,-OH 

CH,-0 

CH,-0, 

I 
CH,-OH 

0 -++ CH, I1 
I C-H 
CH,-0' 

9 

CH,=O I 

0 
I1 

HO-CH,-CH,-CH,-OH a, HO-CH,-CH,-CH,-0-C-H 

7 t 

H-C-OH 

Identification of 2. Most of the dioxolane (from one of the 
reaction mixtures) was removed on a rotary evaporator and the 
remaining liquid distilled through a small (10-cm) Vigreux column. 
A clear liquid [bp 83-84 "C (15 mmHg)] was collected 'H NMR 
(90 MHz, neat) 6 3.91 (m, 4 H), 4.92 (t, 1 H), 3.53 (d, 2 H, J = 

2980, 2950, 2900, 1760, 1380, 1375, 1160, 1065, 860 cm-'; mass 
spectrum, m/z  (relative intensity) 27 (15.1), 28 (6.3), 29 ( 3 6 8 ,  
31 (13.4), 43 (25.6), 44 (20.4), 45 (68.0), 57 (0.9), 73 (100.0), 103 
(0.6). 

Identification of 4a and 4b. The pot residue from the dis- 
tillation of 2 was analyzed by GC and shown to be a mixture of 
mainly 2 and 4 with some ethylene glycol and formaldehyde. By 
'H NMR, the ratio of protons a t  6 3.91 to the protons a t  6 3.53 
was 1:2. 4 was shown to be a mixture of higher homologues of 
2. Two of these could be separated by GC/MS and GC/IR. The 
data are shown below. By subtracting out 2 as well as ethylene 
glycol and formaldehyde, we estimate that n in 4 ranges from 2 
to 5. 

4a (n = 2): mass spectrum, m / z  (relative intensity) 27 (17.5), 
28 (8.6), 29 (70.0), 31 (79.9), 43 (41.9), 44 (19.2), 45 (55.3), 57 (95.3), 

4 Hz); 13C NMR (DzO) 6 63 (CHZ), 66 (CHZ), 104 (CH); IR 3625, 

5 

73 (5.9), 103 (100.0), 133 (0.7); IR 3645, 2940, 2800, 1760, 1460, 
1395, 1350, 1150, 1060, 860 cm-'. 

4b (n = 3)c mass spectrum, m/z (relative intensity) 27 (14.1), 
28 (9.2), 29 (68.6), 31 (72.2), 43 (37.4), 44 (28.0), 45 (47.3), 57 (100.0), 
73 (3.1), 103 (99.2), 133 (0.3); IR 3650,2940,2895,1760, 1460,1375, 
1350, 1150, 1060,870 cm-'. 

Others. Other products were identified by comparison of their 
MS or FTIR spectra with those of the authentic materials. 

Procedure (Thermal). Dioxolane, paraformaldehyde, and 
initiator were charged to a 300-cm3 stainless steel autoclave 
equipped with a glass liner and Magne Drive stirrer. No special 
precautions were taken to exclude oxygen. The reaction mixture 
was heated to the desired temperature and held there for the 
required time. The times and temperature are given in Table 
11, experiments 1-7. (The pressure ranged from 40-200 psig 
depending on temperature.) At the end of the reaction, the 
mixture was cooled to ambient temperature, filtered from a small 
amount of formaldehyde and analyzed by GC, GC/FTIR, and/or 
GC/MS. 

Procedure (Photochemical). A Pyrex photochemical reactor 
equipped with a water-cooled Pyrex immersion well was charged 
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with dioxolane, formalin, and acetone. The mixture was irradiated 
with a 100-W Hanovia lamp a t  30-35 “C for the required time 
and analyzed by GC. A representative example is shown in Table 
11, experiment 8. 

Procedure (Reduction). 2 (10.3 g, >95% purity), distilled 
water (40 mL), and 5% Pd on C (2.0 g) were charged to a lW-cm3 

Analysis of the filtered reaction mixture showed 98.3% 2 con- 

J .  Org. Chem. 1987,52, 3246-3250 

version with 97.5% selectivity to ethylene glycol. 
The above reaction was repeated except by using 2.0 g of 5% 

Pd on A1203 A 97.1% conversion of 2 was obtained with a 99.1% 
selectivity to ethylene glycol. 

Registry No. 1, 4421-14-1; 2, 5694-68-8; 3, 141-46-8; 4a, 
rocker autoclave and heated a t  160 “C (2000 psig H2) for 4 h. 108665-17-4; 4b, 108665-18-5; 5,107-21-1; 9, 109-94-4; 10,628-35-3; 

12, 39239-93-5; formaldehyde, 50-00-0. 
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A series of five 5,8-dihydro-5,8methanoquinolines has been synthesized and the triplet-state photoisomerization 
of these compounds investigated. In the case of the parent heterocycle, a 60:40 distribution of the two possible 
photoisomers was observed, with the major product arising by migration of the carbon atom ortho to nitrogen. 
Adoption of this pathway is notably enhanced (to the 83% level) when a chlorine is positioned at C-2 and becomes 
exclusive in the 2-methoxy example. The presence of a 4-chloro group reverses this trend (33:67), and the effect 
persists in the 4-methoxy example (2575). The various regioselectivities are shown to conform to expectations 
which have their basis in molecular orbital theory. 

In contrast to acyclic l,li-dienes, which are so constructed 
as to engage in a single initial photoactivated “bridging 
step”,* benzonorbornadienes have the latent ability to 
engage in two competitive excited-state 1,2-aryl-shift 
processes (viz., 1 - 2 and 1 - 3).3 This dual-channel 

X X 

3 

feature prompted us some time ago to undertake an ex- 
tensive investigation of the controlling influence of sub- 
stituents bonded to either of the two possible aryl sites,4 
to an olefinic  enter,^ and to the bridgehead positions 

(1) National Institutes of Health Postdoctoral Fellow, 1985-1986. 
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(singly6 and doubly fun~tionalized~). Internal competition 
experiments between various a r y l / ~ i n y l , ~ ~ l ~  bridgehead/ 
vinyl,6 and aryl/ bridgehead substituent pairsg have also 
been performed, and the observed regiocontrol has proven 
highly revealing of detailed me~han i sm.~-~  

More recently, we reported on the triplet-sensitized 
photorearrangement of several 5,8-dihydro-5,8-methano- 
isoquinolines,1° the first heteroaromatics to be examined 
in this manner. For the parent heterocycle 4, the ring 
nitrogen atom was found to exert a directing influence 
favoring migration of Cpma (75% of 5;  25% of 6). At- 

sens 

5 6 4 - - 
tachment of chloro and methoxy groups at C-3 proved 
synergistic to the Cpma 1,Zshift as expected. When the 
methoxy substituent was positioned at  C-1 where it could 
operate in an antagonist fashion against nitrogen, OCH, 
totally controlled the regiochemical course of the di-r- 
methane rearrangement.1° 

In view of these developments, the scope of our inves- 
tigations has now been expanded to include the isomeric 
5,8-dihydro-5,8-methanoquinoline (7) and a number  of i ts  
derivatives (8 and 9). Whereas the substitution plan in 
4 is one that requires the sp2-hybridized carbons positioned 
meta and para to the nitrogen center to vie for control of 
the rebonding pathways, the situation in 7 causes attention 
to be paid specifically to the Cortho/Cmeta pair. The ortho 
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