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(dec. sharply a t  182"). Further crystallization from ethanol- 
benzene produced yellow plates, m.p. 182.2-183.6'; reported 
m.p. 185".* 

4-Acetyl-7-methoxybenzofuran.-By the quinoline-copper 
decarboxylation procedure above, 1.81 g. of the coumarilic 
acid gave 1 g. of the benzofuran, m.p. 87-95". Repeated sub- 
limation, finally a t  80-100' (0.35 mm.) (bath temp.) gave color- 
less material, m.p. 92.8-95.2'; A::= 235, 293.5 mp ( E  17,500, 
16,100). 

Anal. Calcd. for CllHloO3: C, 69.46; H ,  5.30. Found: C, 
69.69; H ,  5.31. 

2-(?)Chloro-7-methoxybenzofuran-4-carboxylic Acid.- 
One-half gram of the sublimed benzofuran above (m.p. 94-97') 
and 60 ml. of dioxane were added to 180 ml. of alkaline com- 
mercial bleach solution and treated as described above. The 
dioxane was distilled, the cooled solution was treated with a 
small portion of sodium bisulfite and acidified. The colorless 
product weighed 0.51 g., m.p. 236-240'. By sublimation a t  
150-1iOo (0.06 mm.) long thin colorless prisms were obtained, 
m.p. 249.0-2,52.5" (Kofl.). The presence of chlorine was shown 
by asodium fusion test; 228,2i3 mM (e31,300,12,300). 

Anal. Calcd. for CloH7C104: C, 53.00; H,  3.11. Found: C, 
52.74; H ,  3.18. 

Methyl 4-Ethyl-7-methoxycoumarilate (XXI).-One gram of 
XX was hydrogenated using 200 mg. of l0lo palladium-carbon 
in 25 ml. of acetic acid containing 1 drop of 70% perchloric 
acid. Dilution 
with water gave 0.7 g. of product which was brought to a melting 
point of 74.3-74.5' by crystallization from aqueous ethanol; 

238.5, 283 mp (e 22,600, 16,400), A::: 311 mp ( 6  3860). 
Anal. Calcd. for C13H1404: C, 66.65; H,  6.02. Found: C, 

66.90; H ,  6.11. 
Saponification gave thc acid, crystallized from benzene, m.p. 

187.3-188.1 O ;  235,276 mp (~24,700,16,500). 
Anal. Calcd. for C12H12O4: C, 65.44; H,  5.50. Found: C, 

65.23; H,  5.23. 
5-Ethyl-2-hydroxy-3-methoxybenzaldehyde.-Clemmensen 

reduction of acetovanillone, m.p. 97-112', gave 4-ethyl-2- 
methoxyphenol(647,), b.p. 140-146" (46 mm.). 

The benzoate melted a t  57-60' after crystallization from 
alcohol; reported25m.p. 58-59'. 

In 65 min., 254 ml. of hydrogen was absorbed. 

The 2,4-dinitrophenyl ether from alcohol melted a t  87.0- 
88.6'. 

Anal. Calcd. for CIIHl4N2O6: C, 56.60: H, 4.43. Found: 
C, 56.21; H, 4.30. 

The Duff reaction7 on 20 g. of the above phenol with steam 
distillation and extraction of the distillate with ether gave 
5-ethyl-2-hydroxy-3-methoxybenzaldehyde, a light yellow oil 
(9.3 g. 39%), b.p. 98" (0.37 mm.). The sample submitted for 
analvsis boiled a t  120" (2 mm.): A% 224,269,351 mu ( e  21,000, , , . .  
11,2b0,2830). 

66.73; H,  6.75. 
Anal. Calcd. for CloH1203: C, 66.65; H,  6.72. Found: C, 

The seniicarbazone formed fluffy, pale yellow, microscopic 
prisms from I :  1 aqueous ethanol, m.p. 186-189' (Kofl.). 

Anal. Calcd. for CllH16N301: C, 55.68; H ,  6.37. Found: 
C, 55.57; H, 6.68. 

The aldehyde (7.2 9.) was treated with malonic acid and 
aniline26 to produce 6.51 g. (66%) of 6-ethyl-8-methoxycou- 
marin-3-carboxylic acid, m.p. 156-170'. Five crystallizations 
from alcohol gave light yellow crystals, m.p. 175.6-177.8'; 
A::s 208,254.5,307.5 mp ( c 34,300,8750,14,700). 

Anal. Calcd. for C13H1206: C, 62.90; H, 4.88. Found: C, 
62.75; H ,  4.93. 

5-Ethyl-7-methoxycoumarilic Acid.-The sodium ethoxide 
condensation of the above aldehyde (4.1 g.) with methyl bromo- 
acetate followed by saponification as previously described gave 
4.12 g. of tacky brown solid soluble in sodium bicarbonate. 
Sublimation a t  150" (0.13 mm.) gave 1.24 g. of colorless crystals 
contaminated with a yellow oil. Three crystallizations from 
methanol-water gave colorless needles, m.p. 205.4-206.6"; 
A:&234.5,274mp (621,800, 16,800). 

Anal. Calcd. for ClZHl2O4: C, 63.44; H, 5.49. Found: C, 
65.30; H, 5.36. 

The amide melted a t  182.0-183.6' after crystallization from 
aqueous methanol. 

Anal. Calcd. for C12H13N03: C, 65.74; H ,  5.98. Found: 
C, 65.72; H, 6.19. 

(25) C. E. Coulthard, J. Marshall, and F. L. Pyman, J .  Chem. Soc.. 

(26) W. Borsche and P. Hahn-Weinheimer, Chem. Ber., 86, 198 (1952). 
280 (1930). 
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Relative rates of elimination in the pyrolysis of a series of meta- and para-substituted ethyl benzoates together 
with infrared data are shown to confirm that heterolytic breakage of the alkoxy C-0 bond is of paramount im- 
portance in ester pyrolysis. The relative rates are best correlated using Taft's UO values. 

The pyrolytic decomposition of esters containing at  
least one @-hydrogen atom to olefins and acids is gener- 
ally considered to proceed via a cyclic concerted mech- 
anism. 

In the transition state (I), the C-H bond and the 
alkoxy C-0 bond are partially broken, and the olefinic 
C=C bond and the 0-H bond are partially formed.4 
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Previous work5 has shown that the C-0 bond break- 
age is heterolytic and that the a-carbon atom develops 
some carbonium ion character in the transition state. 
Thus relative rate data for the vapor phase pyrolysis of 
a series of meta- and para- substituted 1-phenylethyl 
acetates show a c+  orr relation.^ It also appears that 
for a given ester a t  a fixed temperature, the rate of de- 
composition is determined more by the stability of the 

( 5 )  R. Taylor, G. G. Smith, and W. H. Wetzel, J .  A m .  Chem. Soc., 84, 
4817 (1962). 



breaking alkoxy C-0 bond than by t'hat of the break- 
ing C-H bond or the forming C=C bond.6 

Additional information about the charge separation in 
the transition state and about the mechanism of the 
reaction can be obtained by studying a series of esters 
in which the electron availability at the carbonyl group 
varies. In  particular, hlaccoll's proposal7 tE.at the reac- 
tion is pseudo E2, involving nv.cleophilic attack of the 
rarbonyl oxygen atom on the p-hydrogen atom can be 
directly evaluated. Accordingly, we now report rela- 
tive rat'e data for the vapor phase pyrolysis of a series of 
substituted ethyl benzoates. Some advantages of using 
systems of this type to st'udy ester pyrolysis have been 
detailed previously.6 We have also measured the fre- 
quency of the infrared band in the 1100-1200-cm.-1 
region for twelve of the seventeen esters studied. This 
band is known to be associated with carbon-oxygen 
single bond stretching8 and should therefore vary with 
the strength of t8he alkoxy C--0 bond and hence corre- 
late with t'he rate of decomposition. 

Experimental 
Ester Preparation.-Esters were prepared from commercially 

available acids and ethanol using either sulfuric acid or dry hydro- 
gen chloride as cat,alyst. Liquid esters were purified by careful 
fractionation, and solid esters were purified by c1 ystallization to 
constant melting point. The physical constants of the pure esters 
B-ere found to  agree with the best literature values. 

Methods of Pyrolysis.-Two methods, both of which have been 
described in detail previously, were used in the present study. 

The first was a continuoils flow dynamic meth.od9 in which si 
fixed volume of ester was injected into a stream of helium flowing 
through the pyrolysis apparatus a t  a constant rate. After passing 
thrwgh a cold trap tu remove the substituted benzoic acid, the 
mixture of gases was passed through a gas chromatograph where 
the amount of ethylene produced wa8 measured. The furnace 
temperature was 515O, the rate of helium flow was 72 ml./min., 
and the gases were separated on a 15-ft. 40-60-mesh silica gel 
column at, 56". Liquid esters were injected into the system using 
a 10 pl. microsyringe fitted with a Chaney adapt'er. Solid esters 
were injected using a heat,ed syringe and needle, or in some cases 
as solutions in l,.l-dioxane. 

The second PI ocedure was a static rnethod6s1O and used a stain- 
less steel reactor fitted with a null-point gauge and an exterior 
pressure measuring system. Ak small sample (75-200 ~ 1 . )  of the 
ester was injected, tne reactor was sealed and th.e reaction fcllowed 
by noting the increase in pressure with time. The furnace tem- 
perature was 414 j= 0.5". 

Spectra.-Infrared spectra weie taken in 37; carbon disulfide 
solution using a Beckman IR-4 spectrometer fitted with sodium 
chloride optics. 

Results 

In  the continuous flow method, the amount of ethyl- 
ene produced by a given ester was directly proportional 
to the rate of decomposition, since t'he stoichiometry of 
ester to olefin is one. Throughout' the series t'he reaction 
t'emperat,ure, time, and the volume of the reactant were 
coiist,aiit so t,hat the ratio of the amount of ethylene 
produced to that produced by uiisubstituted ethyl 
benzoate when multiplied by the ratio of t'he molar 
volumes*l gave the relative rate of decomposition. The 
results are given in Table I t'ogether wit'h the frequencies 

(6) G. G .  Smith, P. D. Aagley, anti R. Taylor. J .  Am.  Chem. Soe. 83, 3647 
(19611. 

(7) A.  3Iaccol1, J .  Clrern. Soc.. 3398 (1958). 
(8) L. J. Bellamy, "Tlrr Infrared Spectra of Complex Slolecules," 2nd d., 

(9) G. G. Smith, IT. H. Wetzel, and B. Kosters, Analyst, 86, 480 (1961). 
(10) G. G. Smith and  F. D. Bagley, Rev. Sci. Instr.,  32, 703 (1961). 
(11) This correction v a s  neceasary as  equal volumes rather than equimolar 

.Iolin Wiley and Sons. Inc., New York, N. Y., 1958, chap. 11. 

guantities of esters were pyrolyzed. 

TABLE I 
RELATIVE RATE DATA FOR PYROLYSIS OF SUBSTITUTED ETHYL 

BENZOATES AT 515" 

Substituent Relative rate cm. - 1  

C-0 freriuency, 

p-NHZ 0.86 . . .  
p-OH .91 . . .  
p-OMe .96 1175 
m-OH I98 . . .  
H 1.00 I170 
in-NH2 1.01 1164 
p-;\le 1.03 1170 
m-OMe 1.07 1175 
m-Me 1.08 1162 
p-Br 1.25 1107 
m-Br 1.27 1117 
m-C1 1.28 1123 

In-I 1.32 1106 
p-I 1.32 1106 

p-c1 1.28 1117 

p-NO2 I .42 . . .  
m-NOz 1.50 . . .  

of the C-0 stretching vibrations in the 1100-1150- 
ern.-' region. The relative rates are mean values, as 
multiple samples were pyrolyzed to minimize errors in 
sampling and in integration of the curves and the refer- 
ence compound, ethyl benzoate, was pyrolyzed immedi- 
ately before and afterwards in each case to minimize 
errors due to slight changes in furnace temperature and 
to check reproducibility. For the relative rates the 
average deviation was within =k3% for all esters except 
ethyl m- and p-hydroxybenzoates and ethyl p-amino- 
benzoate ( h3.557,) which were injected in 1,4-dioxane 
so1ution,12 and ethyl m- and p-nitrobenzoates (k4ajc) 
which were injected as melts. 

I n  all cases the gas chromatograms showed additional 
peaks, indicating that the reaction was not entirely 
clean. Carbon dioxide, which presumably arises from 
decarboxylation of the substituted benzoic acid, was 
identified as a secondary decomposition product in all 
cases, a greater amount being formed when electron 
withdrawing substituents were present. Other second- 
ary decomposition products obtained in some cases 
where carbon monoxide and ethane, and oxides of nitro- 
gen in the case of the nitro esters. It should be em- 
phasized that these secondary reactions do not affect 
the validity of the relative rate data. 

In  the static method, although the pyrolysis tempera- 
ture was 100' lower, it was evident that  secondary de- 
composition was still occurring as the reaction con- 
tinued past the theoretical P,. The rate constants 
were therefore obtained from the initial slopes of the log 
(2P0-Pt) against time plots. Each ester was pyrolyzed 
several times, the mean values of the rate constants are 
given in Table I1 together with the "linearity," the 
percentage reaction for which the log (2P0 - P,) against 
time plot was linear. For the rate constants the average 
deviation was within h2c7, except for ethyl p-methyl- 
(AS%), and ethyl m-methyl benzoates ( h 5 7 0 ) .  The 
cause of the big deviation in the case of the p-methyl 
compound is riot known. However, the linearity is only 
5070, a lower figure than that for the other compounds. 
I t  was not possible to study all seventeen esters by this 
method. In the case of solid esters, the heated syringe 

(12) A small correction had  to be applied in there casts as, under tlie 
experimental conditions, l,&dioxane decomposed slightly t o  give ethylene. 
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TABLE I1 
RATES OF DECOMPOSITION OF SUBSTITUTED ETHYL BENZOATES 

AT 414” 
Substituent lOak, 8ec. -1 Linearity, % 
p-Me 1.74 -50 
H 1.07 68 
m-Me 2.12 58 
m-OMe 2.41 64 
p-c1 2.42 65 
p-Br 2.63 66 
m-C1 2.77 68 
m-Ur 2.95 75 

and needle technique used in the flow method was un- 
successful; in other cases, the secondary reaction was so 
fast that it was impossible to obtain the initial slope of 
the log (2Po-Pt) against time plot. 

Discussion 

The results from both studies show that the decom- 
position is accelerated by electronegative substituents 
attached to the carbonyl group and correspondingly re- 
tarded by electropositive substituents. The findings of 
Bailey and Hewitt,13 who measured the extent of pyroly- 
sis in several methylisobutylcarbinyl benzoates and of 
Smith and W e t ~ e l ’ ~  who determined the characteristic 
temperatures of pyrolysis for several cyclohesyl benzo- 
ates support this observation. DePuy and co-workers 
also noted recently15 that esters with electronegative 
groups attached to the carbonyl carbon atom tend to 
pyrolyze at  lower temperatures. 

The experimental evidence is in accord with the pre- 
viously proposed view of the transition state in which 
the alkoxy C-0 bond breakage is he te r~ ly t ic .~  Elec- 
tronegative substituents attached to the carbonyl group 
increase the rate because they stabilize the partially 
formed oxygen anion. 

Maccoll’s conclusion7 that the elimination is pseudo 
E2 involving nucleophilic attack of the carbonyl oxygen 
atom on the p-hydrogen atom is questionable as the ob- 
served effects of substituents are exactly opposite to 
what his mechanism predicts. Electronegative sub- 
stituents will decrease the basicity of the carbonyl osy- 
gen and should reduce the rate according to Rfaccoll’s 
mechanism, whereas these studies show that they in- 
crease the rate. 

The results in Table I show that the C-0 absorption 
in the 1100-1200-cm.-1 region tends to occur a t  pro- 
gressively lower frequencies as the rate of reaction in- 

(13) Tv. J. Bailey and J. .J .  Henitt.  J Ore. Chem., 21, 513 (1956). 
(14) G C, Smith and W. H. Wetzel, J. Am. Chem. Soe., 79, 875 (1957). 
(1.5) C H. DePuy, C. A Bishop, and C. N. Goeders, zbad., 88, 2151 

(1961). 
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Fig. 1.-Hammett u plot (top) and Taft uo plot (bottom) for 
pyrolysis of substituted ethyl benzoates a t  515°.18 

creases.16 This is in good agreement with the proposed 
relationship6 between the stability of the ester and the 
strength of the alkoxy C-0 bond, for although the 
1100-1250-~m.-~ absorption is not a pure C-0 stretch- 
ing band8 its position will be influenced by changes in 
the stability of the alkoxy C-0 bond and it is likely to 
occur a t  a lower frequency if this bond is weakened. 

It is of interest to correlate relat’ive rates of this type 
with the acidity of the eliminated acid. In  previous 
studies Smith and Ret8zel14 related pK, to the char- 
acteristic temperature and Bailey and Hewitt13 related 
pK, to the extent of pyrolysis. Both groups of workers 
not’ed that esters of strong acids decomposed more 
readily, acidit,y and ease of pyrolysis being enhanced by 
electronegative substituents attached to the carbonyl 
group. With relative rate data for esters of aromatic 
acids it is possible to use the well known Hammett 
substituent constants. Fig. 1 shows a plot of log 
relative rate against u and also against Taft’s uo for 
pyrolysis of substituted ethyl benzoates a t  515°.17 It 
is noticeable that the linearity is improved if the u0 
values are used. Such relations are observed when the 
resonance stabilization of the reaction site by the aryl 
groups in the initial and transition states is ~imilar.I8b,1~ 
A uo correlation rather than the usual u correlation is 
not unexpected as the difference in negative charge 011 

the alkoxy C-0 oxygen atoms in the init’ial and transi- 
tion states in ester pyrolysis will be much less than the 
corresponding charge difference in the ionization of 
benzoic acids. This and ot’her ro relations will be dis- 
cussed in more detail in Paper VI11 of this series, 

(16) Smith and Wetzeli4 observed a similar relationship bctween C-0 
frequency and chsracteristic temperature in the cyclohexyl benzoate series. 

(17) The rate dats, a t  414’ are not plotted because relatively few substit- 
uents were studied and none for which the u and uo values are radically 
different. 
(18) (a) u values are from D. H. MeDaniel and H. C. Brown, J .  0 ~ g .  

Chem..2S, 420 (1958); (b) ~ ~ v a l u e s a r e f r o m  R W. Taft ,  Jr., J .  Phys. Chem., 
64, 1806 (1960). 

(19) (a) H. van Bekkum. P. E. Verkade, and B. M. Wepster. Rec. traw. 
chim., 78, 815 (1959); (b) J. Hine, “Physical Organic Chemistry.” 2nd ed., 
McGraw-Hill Book Co.. Inc., New York, N. Y., 19132, p. 91. 


