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portion of the mixture with 10 mL of 10% H2S04 for 2 h gave 
0.7 g of 1. 

Carbonylation of 1-Chloro-2-butene. Distillation of the crude 
product mixture gave 1,3-dichlorobutane (8.8 g, 23%) and y- 
valerolactone (4.8 g, 16%). NMR and IR spectra of these samples 
were identical with those of commercial materials. 

Carbonylation of Methallyl Methyl Carbonate. Bulb-to- 
bulb distillation (100 "C bath, 25 mmHg) gave 3,3-dimethyl- 
propiolactone (4.5 g, 15%): lH NMR (CDCl,) 6 4.05 (s, 2 H), 1.48 

25.8 (Me); IR (neat) 1800 cm-'; MS, (m  + l ) / z  101 (M'), 57 (M' 

Preparation of Carbonates. The carbonates were prepared 
by the treatment of a mixture of the appropriate allyl alcohol and 
methyl chloroformate with triethylamine at  0 "C: allyl methyl 
carbonate, bp 127.5-128 "C; methallyl methyl carbonate, bp 
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The carbonylation of organic compounds in a strongly 
acidic medium is a versatile synthetic tool2 providing easy 
access to tertiary carboxylic acids and esters under rela- 
tively mild conditions from olefins and  alcohol^.^^^ Al- 
though simple aldehydes, such as formaldehyde and ac- 
etaldehyde, are known to react normally to yield 2- 
hydroxyalkanoic  acid^,^^^ extension to higher or more 
complex aldehydes is l a~king .~  In the preceding paper we 
presented the unusual conversion of allylic compounds to 
lactones. Most unexpected is the formation of 3-ethyl-4- 
methyl-2(5Hj-furanone (lb) from allyl methyl carbonate? 
presumably via the intermediacy of 2-methyl-2-pentenal 
(2b). In this paper, we report on the transformation of 
a,@-unsaturated aldehydes to 3,4-dialkyl-Z(5H)-furanones 
and a one-step procedure to the same products via the 
carbonylation of n-alkanals. 

The addition of an a,@-unsaturated aldehyde to an au- 
toclave previously charged with concentrated sulfuric acid 
and CO (6.9 MPa) a t  50 "C and quenching the reaction 
with water gave 1 (Table I). Alternatively, a,@-unsatu- 
rated aldehydes may be formed in situ from n-alkanals, 

(1) Address correspondence to: The Dow Chemical Company, M. E. 

(2) Bahrman, A.,New Synthesis with Carbon Monoxide: Falbe, J., Ed.; 

(3) Koch, H.; Gilfert, W. Z3rennst.-Chem. 1955, 30, 321. 
(4) Moller, K. E. Z3rennst.-Chem. 1966, 47, 10. 
(5) Suzuki, S. U S .  Patent 3 948977, 1976. 
(6) Suzuki, S. U S .  Patent 3948986, 1976. 
(7) The reported formation of l-methyl-I,2-dicarboxycyclohexane 

(Himmele, W. Ger. Offen. 1277010, 1966) from cyclohexanecarbox- 
aldehyde is not supported by structure proof. 

(8) See: Woo, E. P.: Cheng, F. C. W. J .  Org. Chem., preceding paper 
in this issue. 

Pruitt Building, Midland, MI 48674. 

Springer-Verlag: West Berlin, 1980; p 372. 

Table I. Carbonylation of Aldehydes 

1 2 

a:R1= H I  R2 = CH3 
b:R1= R 2 = C H 3  
C:R1= R2 = Et 
d:R1= R2 E n-plenty1 

aldehyde product yield, % 
EtCHO lb  44 
n-PrCHO I C  38.5 
n-CGH&HO Id  24.0 
2a la 54.6 
2b lb 52.0 
2c I C  43.0 

Scheme I 

OH 
2 RCH2CH0 - 

CHO 
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which then undergo carbonylation to identical products. 
Although this one-step procedure is more convenient, it 
imposes a restriction on the structures of the furanones 
to those in which the 3-alkyl substituents are always the 
next higher homologues of the 4-alkyl groups (eq 1). On 
the other hand, there is not such restriction with preformed 
a,@-unsaturated aldehydes. Thus, aldol condensation of 
ethanal and n-propanal gave 2-methyl-2-butenal (2a), 
which was carbonylated to 3,4-dimethyl-2(5H)-furanone 
(la) in 54.6% yield. Since a large number of a,&unsatu- 
rated aldehydes can be obtained by aldol condensation, 
this method constitutes a versatile synthesis of furanones 
(eq 2). 

Acrolein and mesityl oxide, however, did not give any 
identifiable products. Branched alkanals also failed in this 
reaction because of the inability of the intermediate aldols 
to undergo dehydration. The only product observed in the 
reaction of 2-methylpropanal was the oxidized material, 
2-methylpropanoic acid. 

These results can be rationalized by the reaction se- 
quence depicted in Scheme I. The aldol condensation of 
aldehydes in acidic media to a$-unsaturated aldehydes 
is well do~umented .~  The carbonylation of 3 from the 

(9) Neilsen, A. T.; Houlihan, W. J. Org. React. (N.Y.) 1976, 16. 
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protonation of 2 yields 4, which then cyclizes to 1. The 
regioselectivity of CO incorporation is rather puzzling. In 
principle, both termini of 3 can react with CO. Reaction 
at the aldehydic carbon should lead to the isomeric 5 (eq 
3). Since an a-OH group is supposed to stabilize a car- 

benium ion,1° 5 may be expected to be the major product 
on the basis that Koch reaction products are generally 
determined by the relative stabilities of the intermediate 
carbenium ions. However, 5 was not observed in any of 
the reactions studied. I t  is, of course, possible that car- 
bonylation is reversible and that 6 is less thermodynam- 
ically stable than 4 or either 6 or 7 is unstable under the 
reaction conditions. The real cause for the absence of 5 
will have to await further study. 

2(5H)-Furanones occur as natural products'l and are 
versatile synthetic intermediates since, e.g., they react 
readily as Michael acceptors12 and can be reduced to fu- 
rans.13J4 A large body of literature is available on the 
synthesis of these compounds,15 but none is comparable 
to our method with respect to simplicity and availability 
of starting materials. 

Experimental Section 
Nuclear magnetic resonance spectra were recorded on a Varian 

EM360 or a JEOL FX90 spectrometer. Infrared spectra were 
recorded on a Beckmann AccuLab instrument. Mass spectra were 
obtained by use of a Finnigan 4000 GC/MS system operating in 
the chemical ionization mode with methane. Gas chromatographic 
analysis utilized a Hewlett-Packard 5700A instrument with 6 f t  
X 'Ig in. columns packed with 5% Carbowax 20M or SE 30. 
Elemental analyses were performed by the Analytical Laboratories, 
Michigan Division, The Dow Chemical Co. 

General Method. All reactions were run under identical 
conditions and are illustrated by the procedure for the carbo- 
nylation of n-propanal. Sulfuric acid (96%, 100 mL, 1.81 mol) 
was placed in a 300-mL stainless steel autoclave equipped with 
a high-speed stirrer and heated to 50 "C. After the vessel was 
closed and flushed with nitrogen, carbon monoxide was introduced 
until the pressure reached 6.9 MPa. With stirring a t  1700 rpm, 
n-propanal (17.4 g, 0.3 mol) was added at a rate of 0.15 mol per 
hour by means of a modified HPLC pump. Stirring and heating 
were continued for 2 more h after all the aldehyde had been added. 
The vessel was then cooled to room temperature and the excess 
carbon monoxide vented. The contents were cautiously added 
to 200 g of ice. The aqueous solution was saturated with am- 
monium chloride and extracted with ether (2 X 300 mL). After 
the mixture was dried with anhydrous MgS04, the solvent was 
removed on a rotary evaporator at  room temperature and the 
resulting residue distilled at  reduced pressures to give l b  (8.32 
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40, 542. 
(14) Pelletier, S. W.; Djarmati, Z.; Lajsic, S. D.; Micovic, I. V.; Yang, 

D. T. C. Tetrahedron 1975, 31, 1659. 
(15) (a) Rao, Y. S. Chem. Reu. 1976, 76,625. (b) Tanikaga, R.; Nozaki, 

Y.; Tanaka, K.; Kaji, A. Chem. Lett. 1982, 1703. (c) Mise, T.; Hong, P.; 
Yamazake, H. J .  Org. Chem. 1983, 48, 238. 
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g, 44%): bp 100-103 "C (10 mmHg) [lit.16 bp 112-118 (12 
mmHg)]; 'H NMR (CDC13) 6 4.63 (s,2 H), 2.30 (9, 2 H, J = 7.0 
Hz), 2.05 (s, 2 H), 1.1 (t, 3 H, J = 7.0 Hz); 13C NMR (CDCl,) 6 

(Et, Me); IR (neat) 1750, 1680 cm-'; MS, ( m  + l ) / z  127 (M). 
3-n -Propyl-4-ethyl-2(5H)-furanone (IC). The carbonylation 

of n-butanal (21.6 g, 0.3 mol) gave 8.9 g (38.5%) of IC: bp 125130 
"C (12 mmHg); 'H NMR (CDCI,) 6 4.76 (s, 2 H), 2.38 (m, 4 H), 
1.52 (m, 2 H), 1.03 (m, 6 H); 13C NMR (CDC13) 6 175.1,161.9,126.2, 
70.7, 25.3, 21.3, 20.2, 13.7, 12.2; IR (neat) 1750, 1670 cm-'; MS, 
(m  + l ) /z  = 155 (M). Anal. Calcd for CgH1402: C, 70.13; H, 9.09. 
Found: C, 70.35; H, 9.11. 

3-n -Hexyl-l-n -pentyl-2(5H)-furanone (ld). From n-hep- 
tanal(34.2 g, 0.3 mol) was obtained 8.6 g (24%) of Id: bp 142-146 
"C (1 mmHg); 'H NMR (CDC13) 6 4.55 (s, 2 H), 2.26 (m, 4 H), 
1.31 (m, 14 H), 0.89 (m, 6 H); 13C NMR (CDCl,) 6 175.09, 160.51, 
127.09, 71.13, 31.63, 31.52, 29.14, 28.06, 27.57, 27.03, 23.56, 22.53, 
13.97,13.81; MS (m + l ) /z  = 239 (M). Anal. Calcd for Cl5HZ6O2: 
C, 75.63; H, 10.92. Found: C, 75.90; H, 10.71. 
3,4-Dimethyl-2(5H)-furanone (la). The carbonylation of 

2-methyl-2-butenalg gave 54.6% of la: bp 99-102 "C (10 mmHg) 
[lit.16 bp 103-112 "C (14 mmHg)]; 'H NMR (CDC1,) 6 4.51 (s, 2 
H), 2.00 (5, 3 H), 1.81 (s, 3 H); 13C NMR (CDCl,) d 175.1, 156.4, 
122.5, 72.3, 11.9, 7.9. 

Registry No. la, 1575-46-8; lb,  35594-14-0; IC, 103563-97-9; 
Id, 103563-98-0; 2a, 1115-11-3; 2b, 623-36-9; 2c, 64344-45-2; 

HO, 111-71-7; HzS04, 7664-93-9; CO, 630-08-0. 

174.6 (C=O), 155.8 (C-3), 128.7 (C-4), 72.4 (C-5), 16.7, 12.6, 12.0 

CH&HzCHO, 123-38-6; CH,(CHZ)&HO, 123-72-8; CH,(CHZ),C- 
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There have been several reports of the photolytic 
cleavage of bridgehead iodides by direct photolysis of the 
carbon-halogen chromophore.2 The cleavage of simple 
benzylic systems (such as benzyl chloride), through light 
absorbed by the aromatic ring, has also been extensively 
studied? Our own interest has been in the photochemical 
intramolecular activation of remote (frequently UV 
transparent) functional  group^,^,^ and, in this context, we 
noted calculations5 that indicated significant K,P*/ u,u* 
interaction's6 might occur in a bridgehead-substituted 
benzonorbornene. This suggested one might observe 
photolytic cleavage of a 1-chlorobenzonorbornene deriva- 
tive despite the unfavorable location of the halogen. 

As a prototypical example, we prepared 1,bdichloro- 
7,7-dimethoxybenzonorbornene (1) by using published 
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Sollott, G. P.; Gilbert, E. E. J. Org. Chem. 1980,45, 5405. (d) Kropp, P. 
J.; Poindexter, G. S.; Pienta, N. J.; Hamilton, D. C. J. Am. Chem. Soc. 
1976,98,8135. ( e )  Perkins, R. R.; Pincock, R. E. Tetrahedron Lett. 1975, 
943. 
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