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Kinetics of the Reaction of Some 3- and 5-Substituted 2-Furoyl and ortho- 
and para-Substituted Benzoyl Chlorides with m-Chloroaniline in Benzene 
By Salvatore Fisichella * and Gaetano Alberghina, Institute of Industrial Chemistry of the University, Viale 

The rate of the reactions of some 3- and 5-substituted 2-furoyl chlorides and corresponding ortho- and para- 
substituted benzoyl chlorides with rn-chloroaniline in benzene was measured. The log k values a t  25" were 
correlated with Brown's G+ constants and a slope greater than that for benzoylation was found. The results are in 
agreement with a two-step S,N mechanism where the rate-determining step is  the attack of the lone pair of the 
electrons of the amino-group on the carbonyl carbon atom. A variableo+ value for the 2-furyi group w a s  obtained. 
The substituent in the 3-position in the furan ring does not exert a steric effect on the rate. 
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THE Hammett equation has been applied to reactions of 
five-membered heteroaromatic rings by considering the 
2,4- and 2,5-positions as meta- and para-like, re- 
spectively, and then using cm and ap values, The 
differences between the resulting p values with those for 
the corresponding benzenoid side-chain reactions were 
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discussed in terms of ' intensity of transmission of sub- 
stituent effects.' The relative magnitudes of sub- 
stituent effects in five-membered heteroaromatic rings 
vary according to the type of reaction. For side-chain 
reactions the order of sensitivity was found to be 
pyrroie > furan > selenophen > thiophen > ben~ene. l -~ 
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Recently Tomasik and Johnson lo pointed out that  i t  
appears to be a more meaningful approach to consider 
the differences in the p values as representing non- 
additivity of substituent effects. The heteroatom was 
considered as a substituent replacing a vinyl group, 
-CH=CH-, in a benzene ring and able to interact via 
proximity effects with the side-chain, altering its 
susceptibility to substituent influences. 

Previously we have studied the reactions of some 
5- l1 and 3-substituted 2-thenoyl chlorides l2 with aniline 
in benzene. The results showed that the thiophen ring 
is more efficient than benzene in relaying the electronic 
effects of substituents to the reaction centre, and that 
3-substituents in the thiophen ring did not exert a steric 
effect on the rate. 

We now report a kinetic study of the reactions of 
some 3- and 5-substituted 2-furoyl chlorides and the 
corresponding ortho- and para-substituted benzoyl 
chlorides with wz-chloroaniline in benzene with the aim 

Dl 

I 
X = CH=CH ,O 
R'zH,R2=H,CH3 ,CH,O ,Br ,  or NO2 
R'zCH, or Br,R2=H 

of studying transmission of the electronic effects through 
the furan ring and the effect on the rate exerted by the 
3-substituents. 

RESULTS AND DISCUSSION 

Table 1 reports the rate constants for the reaction of 
acid chlorides with nz-chloroaniline in benzene. The 
reactions were followed kinetically as previously des- 
cribed l 3 9 I 4  and excellent second-order kinetics were 
always obtained. The results show that electron-with- 
drawing substituents in the acid chloride increase the 
rate, whereas electron-donating groups lead to a decrease. 
The rate constants of 5-substituted 2-furoyl chlorides 
are slower than those of para-substituted benzoyl 
chlorides for electron-donating substituents and faster 
for electron-withdrawing groups. The values of the 
activation parameters are similar to those for benzoyl- 
ation and show regular variation with the substituent 
in the acid chloride. The large negative entropies of 
activation are as expected for a highly polar transition 

1976, 20, 1. 

Gazzetta, 1973, 103, 319. 

lo P. Tomasik and C. D. Johnson, A h .  Heterocyclic Chem., 

l1 G. Alberghina, A. Arcoria, S. Fisichella, and G. Scarlata, 

12 G. Alberghina and S. Fisichella, J.C.S. Perkin 11, 1978, 81, 
l3 A. Arcoria and S. Fisichella, J .  Org. Chem., 1973, 38, 3774. 
l4 A. Arcoria, S. Fisichella, G. Scarlata, and D. Sciotto, J .  Org. 

Chem., 1974, 39, 3025. 

state and similar to those found for reactions of 
thenoyi l1, l3 and f uroyl chlorides.l2. l4 

TABLE 1 
Second-order rate constants and activation parameters 
for the reaction of acid chlorides with m-chloroaniline 

X-2-Furoyl 
chloride 
Hd 
3-CH 
5-CH, 
5-CH,O 
3-Br 
5-Br 

X-Benzoyl 
chloride 
He 
o - C H ~  

P-CH,O 
P-CH,  

c-Br 
p-Br 
P-NO2 

102Kl 1 mol-l s-l a 
15 "C 25 "C 40 "C 

0.74 
0.28 0.48 0.92 
0.12 0.19 0.43 
0.020 0.040 0.083 
1.58 2.71 4.77 
0.78 1.35 2.46 
9.91 15.9 25.2 

E A  ' 1  
kcal 

log A mol-1 
3.98 8.33 
3.86 8.44 
4.17 9.38 
4.01 10.15 
4.17 7.86 
4.08 8.14 
4.03 6.62 

A S  
cal mol-1 

K-1 
- 42.3 
- 42.8 
-41.4 
-42.2 
-41.4 
- 41.8 
- 42.1 

0.24 0.42 0.81 3.97 8.67 -42.3 
0.17 0.30 0.62 4.13 9.09 --41.6 
0.13 0.21 0.47 4.10 9.21 -41.7 
0.038 0.076 0.16 4.34 10.21 --40.6 

0.38 0.60 1.24 3.99 8.46 -42.2 
1.31 2.05 3.89 4.04 7.81 -42.0 

0.70 1.20 2.17 3.96 8.05 -42.4 

Rate constants are accurate to & 3%. The estimated pre- 
cision is ca. 1 0 . 8 5  kcal mol-l. At 25", the estimated pre- 
cision is ca . f3 cal mol-l K-l. F. J .  Stubbs and 
C. N. Hinshelwood, J .  Chem. SOC., 1949, S71, 102k2,/l mol-l s-l 
0.436, EA 9.27 kcal mol-l. 

See ref. 1. 

We applied the Hammett equation, assuming that 
the 2,5-positions in the furan ring correspond to the 
para-position in the benzene ring and using cp values.1 
The plots of log k a t  25" for the reactions of 5-substituted 
2-furoyl chlorides and para-substituted benzoyl chlorides 
with m-chloroaniline against the cp constants l5 are 
linear with a slope of 2.21 (Y 0.967) and 1.21 (r  0.951) 
respectively. 

Better relationships are obtained for Brown's G+ 

constants l6 with a slope of 1.68 (r 0.999) and 0.91 
(r 0.999) for reactions of furoyl and benzoyl chlorides, 
respectively (Figure 1). Previously log K a t  25" for the 
reactions of benzoyl 1 7 9 1 8  and 2-thenoyl chlorides l1 with 
anilines were plotted against 0 constants giving slopes of 
1.22 (Y 0.996) l7 and 1.42 (r 0.978) l8 for the reaction of 
benzoyl chlorides and 1.79 (Y 0.991) for the reaction of 
2-thenoyl chlorides.ll Good relationships were obtained 
by plotting log k at 25" for the reactions of benzoyl and 
2-thenoyl chlorides with aniline against a+ constants 
with slopes of 1.08 (Y 0.997) and 0.92 (r 0.987) for reactions 
of benzoyl chlorides and 1.29 (r 0.984) for those of 2- 
thenoyl chlorides. The slope for the reaction of benzoyl 
chlorides with m-chloroaniline is similar to that of the 
reaction of benzoyl chlorides with aniline. The greater 
value of the rate sensitivity of the substituents in the 
2-furoyl chloride reactions, by comparison with that for 
benzoylation and the 2-thenoyl chloride reactions 
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indicates that  the furan nucleus is more efficient than 
benzene and thiophen in relaying the electronic effects 
of the substituents to the reaction centre, The higher 
value of the constant for the reaction of 5-substituted 
2-furoyl chlorides with m-chloroaniline, compared with 
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FIGURE 1 Plots of log kz50 for the reactions of 5-substituted 

2-furoyl chlorides (empty circles) and corresponding 9ara- 
substituted benzoyl chlorides (full circles) with wz-chloroaniline 
against o+ constants 

that for benzoylation and the 2-thenoyl chloride reactions 
can be ascribed to the diminished aromatic character of 
furan, as shown by the calculated atom localization 
energy of 2.4p, compared with 3.5p for thiophen and 
4p for b e n ~ e n e . ~ ' ~ ~  The sequence of strength of trans- 
mission of substituent effects through five-membered 
heteroaromatic rings in the reactions of acid chlorides 
with anilines is furan > thiophen > benzene, similar to 
that found for other side-chain reaction~.l-~ 

The results show that the substituted 2-furoyl chlorides 
react with m-chloroaniline in benzene by the same 
mechanism as benzoylation involving attack of the lone 
pair electrons of the amino-group on the carbonyl carbon 
atom.20 Correlation with c+ constants shows that the 
electron deficiency is conjugated with the substituent 
in the 5- or para-position and the electron-donating 
character of the heteroatom in the ground state is 
different from that in the transition state. The positive 
p value shows that the conjugation is less important in 
the transition state.21 

These results are in agreement with a two-step S A N  
mechanism,22 where the rate-determining step is attack 
of the lone pair electrons of the amino-group on the 
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2o J .  G. Mather and J .  Shorter, J .  Chem. Soc., 1961, 4744. 
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carbonyl carbon atom. N-H bond-breaking cannot be 
rate determining in benzoylation, as proved by the 
observation of a kinetic isotope effect in the benzoylation 
of various de~terioanilines.~3 

By considering the heteroatom as a substituent re- 
placing CH=CH in the benzene ring, 5-substituted 2- 
furoyl chlorides can be regarded as disubstituted benzene 
derivatives and therefore the substituent constant for 
the oxygen atom in the furan ring (accpo) can be calcu- 
lated from equation (2) 24 assuming a constant p and 

additivity of substituent effects. Inserting into equation 
(2) a + ~  constants for the X substituents in the furan 
ring, p (0.91) and log k,  (--2.386), the slope and the 
intercept of the plot of log k at  25" against Q+ for the 
reaction of the benzoyl chlorides with m-chloroaniline, 
the oa-0 value is a c+ constant, which we indicate as 
o+,-o. The C+a-o values are -0.327 for 5-CH30, 0,063 
for 5-CH,, 0.280 for 5-H, 0.416 for 5-Br, and 0.949 for 
&NO,. The substituent constants for the oxygen atom 
in the furan ring have been calculated previously. The 
oor-o constants were obtained from the PKa of carboxylic 
a c i d ~ , l O > ~ ~  the hydrolysis of carboxylic esters,26 the 
solvolytic rearrangement of p-arylethyl t~sy la tes ,~ '  and 
the pKa of arenesulphonamides.28 The ofa-O constants 
were derived from solvolysis of l-arylethyl acetates,29 
protiodemerc~riation,~~ pyrolysis of l-arylethyl ace- 
t a t e ~ , ~ ~  protiode~ilylation,~~ electrophilic reactivity using 
the ' extended selectivity treatment ,' 33 solvolysis of 
alkyl chlorides,26 and from the reaction of arenesulphonyl 
chlorides with anil ine~.3~ The o + ~ - ~  value calculated 
from these reactions is approximately constant. The 
o + ~ . _ ~  value here reported is clearly variable indicating 
the possibility of proximity interactions between the 
heteroatom and the reaction centre and so altering the 
susceptibility of the side-chain to the influence of 
subs tituen ts. lo 

The rate constants for the reaction of 3-substituted 
2-furoyl chlorides are faster than those for ortho-sub- 
stituted benzoyl chloride reactions (Table 1). As 
observed in the reaction of 2-thenoyl chlorides with 
anilinel, the methyl group retards and the bromine 
substituent accelerates the reaction. The reactivity of 
3- and ortho-derivatives is faster than that of the 5- and 
para-analogues. The faster reaction rate of the 3- and 
o-methyl derivatives, by comparison with that of the 
5- and para-substituted compounds is due to the smaller 

27 D. S. Novce and R. L. Castenson, J .  Anzer. Chem. Soc., 1973, 
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Perkin.  I I ,  1976, 906. 



570 

conjugation between the negative charge on the reaction 
centre and the methyl group. The 3- and o-bromo- 
reactions are faster than those of the 5- and para- 
derivatives because the inductive effect of the bromine 

-1.5 

/ fi- and p-NO, 

p 5- and p- Br c 
P H  

-3 .51  
5- and p-CH30 i' 

-3.5 -2.5 -1.5 

FIGURE 2 Plot of log k,,o for the reactions of 3- and 5-substituted 
2-furoyl chlorides with m-chloroaniline (F) against log k,,. for 
the reactions of the corresponding ortho- and 9ara-substituted 
benzoyl chlorides with m-chloroaniline (B) 

atom in the 3- and ortho-positions is greater than that in 
the 5- and para-position.20 

A plot of log k at  25" for the reactions of 3- and 5- 
substituted 2-furoyl chlorides against log k at  25" for the 
reactions \ of the corresponding ortho- and para-sub- 
stituted benzoyl chlorides is linear with a slope of 1.73 
(r  0.989) (Figure 2). This value is similar to that 
calculated from the ratio p : p' = 1.83, where p is the 
reaction constant for reactions of 5-substituted 2-furoyl 
chlorides (1.67) and p' for those of para-substituted 
benzoyl chlorides (0.91). A value higher than unity 
with those for the reactions of 3- and &substituted 
2-thenoyl chlorides and of corresponding ortho- and 
$am-substituted benzoyl chlorides with aniline (1.27) lZ 
indicates that the furan ring is more efficient than 
benzene and thiophen in relaying the electronic effects 
of the substituents to the reaction centre. Also the 
points regarding the 3- and ortho-derivatives lie close 
to the line indicating that the same combination of 
factors is responsible for both the reactions of 5- and 
$am-substituted and 3- and ortho-substituted acid 
chlorides, and that the substituent in the 3- and ortho- 
positions, compared with the unsubstituted compounds 
and the 5- and para-derivatives, in the transition state, 

36 A. L. Mndzhoyan, V. G. Afrikyan, and M. T. Grigoryan, 

37 D. G. Manly and E. D. Amstutz, J .  Org. Chem., 1956, 21, 
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compared with the initial state, does not exert restrictions 
on rotation of the aromatic ring relative to the carbonyl 
group. 

EXPERIMENTAL 

Mate~iaZs.-3-Methyl-,~~ 5 - m e t h ~ l - , ~ ~  5-nieth0xy-,~' and 
3-bromo-2-furoic acids 38 were prepared as reported ; 
5-bromo- and 5-nitro-2-furoic acids were Aldrich products. 
The acid chlorides were prepared by treating the correspond- 
ing acids with thionyl chloride and purified by distillation 
or crystallization. 3-Methyl-2-furoyl chloride had m.p. 
18.5-19.5' (from light petroleum) ; 39 5-methyl-2-furoyl 
chloride, b.p. 91' a t  30 mmHg; 36 5-methoxy-2-furoyl 
chloride, b.p. 108" a t  18 mmHg; 37 3-bromo-2-furoyl chloride, 
m.p. 38-40' (from light petroleum) ; 40 5-bromo-2-furoyl 
chloride, b.p. 24-26' a t  0.2 mmHg; 41 5-nitro-2-furoyl 
chloride, m.p. 38" (from c h l o r ~ f o r m ) . ~ ~  ortho- and para- 
Substituted benzoyl chlorides (Aldrich) and un-chloro- 
aniline (Carlo Erba) were distilled twice at  reduced pressure. 
R. P. Carlo Erba benzene was used as solvent, no special 
purification being ~ n d e r t a k e n . ~ ~  

Kinetic Measurements.-The reaction was followed 
kinetically, as previously,12 by filtering the completely 
insoluble m-chloroaniline hydrochloride, dissolving it in 

TABLE 2 
Physical constants and analytical data of anilides a 

X-2-m-Chloro- N1.p 
anilidofuran ("C.) 

Hb 116 
3-CH3 74 

5-CH3 100 

5-CH3O 122 

3-Br 100 

5-Br 128 

116 

Found 
C1,Hl,C1NO2 requires 
Found 
Cl,HloCINO, requires 
Found 
C,,HloC1N03 requires 
Found 
Cl1H,BrC1NO2 requires 
Found 
C,,H,BrClNO, requires 
Found 
C,,H,C.lN204 requires 

C H N  

61.4 4.2 5.8 
61.2 4.3 5.9 
61.3 4.4 6.0 
61.2 4.3 5.9 
57.5 4.2 5.7 
57.3 4.0 5.6 
44.3 2.4 4.9 
44.0 2.3 4.7 
44.2 2.4 4.8 
44.0 2.3 4.7 
49.7 2.7 10.6 
49.5 2.6 10.5 

X C6H4- 
CONHC6H4C1-m 

H "  124 " 
o-CH, 156 

68.2 4.8 5.6 P-CH3 119 Found 
C,,H,,ClNO requires 68.4 4.9 5.7 

50.5 3.8 4.7 o-Br 153 Found 
C,,H,BrClNO requires 50.3 2.9 4.5 

p-Br 140 Found 50.4 2.8 4.7 
C13H,BrC1N0 requires 50.3 2.9 4.5 

P-NO, 167 

P-CH30 134" 

All compounds were recrystallized from aqueous ethanol. 
See ref. 14. H. Schwartz and J .  R. Skaptason, Be1g.P 

672,631 (1966) (Chem. A h . ,  1966, 65, 15 282). 

water, and estimating the chloride with O.OlN-mercury(I1) 
nitrate, using diphenylcarbazone as indicator, in the 
presence of Broniophenol Ulue. 

39 E. Sherman and E. D. Amstutz, J .  Amer. Chem. SOG., 1950, 

40 D. J. Chadwich, J .  Chambers, G. D. Meakins, and R. L. 

41 A. L. Mqdzhoyan, J .  Gen. Chem. (U.S.S.R.) ,  1946,16, 767. 
42 R. Marquis, Compt. rend., 1903, 137, 520. 
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The second-order rate constants were calculated for 

constant molar ratios of the reactants, acid chloride : m- 
chloroaniline 1 : 2, in agreement with equation (1). The 
initial concentration of the reactants after mixing were 
acid chloride 0 . 0 0 5 ~ ,  m-chloroaniline 0.0 IM, acid chloride 
0 . 0 0 2 5 ~ ,  and m-chloroaniline 0 . 0 0 5 ~  for the 5-nitro-2-furoyl 
chloride reaction. All compounds gave excellent second- 
order kinetics. All rates were run in duplicate to at least 
75--80% completion with < 3% deviation between the 
two rate constants. All rate constants were calculated by 
a least-squares computer program with a Hewlett-Packard 
9100 B instrument. The activation parameters were cal- 
culated from a least-squares treatment of log K against T I .  

Products A naZysis.-Standard solutions of the appropriate 
acid chloride ( 1 mol) and m-chloroaniline (2 mol) in benzene 
were placed in a glass-stoppered bottle and maintained a t  
the kinetic temperature until completion. After concen- 
tration of the solution, the precipitated anilides (95% yield) 
were filtered, washed free from m-chloroaniline hydro- 
chloride with water, dried, and recrystallized from aqueous 
ethanol. The physical constants and analytical data are 
reported in Table 2. 
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