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Additivity of Substituent Effects in the Alkaline Hydrolysis of Alkyl 
Bennoates 
By Jameel Farooqi. Peter H. Gore,* and Abdur Rahim, School of Chemistry, Brunei University, Kingston Lane, 

Uxbridge, Middlesex UB8 3PH 

The kinetics of hydrolysis of some methyl, ethyl, isopropyl, and t-butyl esters of substituted benzoic acids were 
studied in 70%v/v dioxan-water. The substituent effects and their additivity were examined. The hydrolysis of the 
methyl benzoates follows the sequence of relative rates (at 40") 4-nitro 71,2-methyl-4-nitro 11, parent 1 .O, 3-methyl 
0.71, 4-methyl 0.51, 2-methyl 0.1 4, 2.5-dimethyl 0.090, 2.3-dimethyl 0.065, 2,4-dimethyl 0.055, 2-ethyl 0.046. 

THE factors, steric and electronic, which govern the rates 
of alkaline hydrolysis of carboxylic esters are now well 
understood.lY2 This is a good system, therefore, for 
studying the cumulative effect of substituents. The 
present work describes our results on the effect of methyl 
substitution on the hydrolysis of methyl, ethyl, iso- 
propyl, and t-butyl esters of benzoic and 9-nitrobenzoic 
acids. 

The Ester AZkyZ Groz@.-For each of the ten acids 
given in Table 1 the kinetics of alkaline hydrolysis were 
obtained for at least two esters (Me and Et). Compari- 
son of the data for different alkyl esters proved instruc- 
tive. As for the corresponding benzoic acid esters the 
rate sequence was Me > Et > Pri > But, as anticipated 
from the general electron release by alkyl groups. Each 
step in this sequence corresponds to larger increases in 
AGS: the first substitution (Me- Et) involves an 
increase (standard deviation in parentheses) of 2.7 
(&0.47), the second (Et + Pri) of 5.4 (&0.9), and the 
third (Pri --t But) of 8.0 (&0.06) kJ mol-l. In most 
cases this lowering of rate constant is due more to increases 
in AH$ rather than to decreases in AS$.la 

The Taft linear free energy relationship log (Klh,) = 
f A ,  to which hydrolytic reactions have been shown to 
conf~rrn,~ can be applied using the reaction constant 
f = 0.953,2 together with known values of A ,  vix. 
Me 0.00, Et -0.49, Pri --P.29, and But -2.83. This 
gives us predicted values of relative rate constants, 
whatever the nature of the acid, for the esters: Me 100, 
Et 34.1, Pri 5.90, and But 0.201. For the rate data, 
computed for 40 O C ,  given in Table 1 we observe regular 
decreases in relative rate constants (M -+ Et Pri 
--t But), in good agreement with those predicted. 
Mean values found for the present data and some data 
published previously,2 with standard deviations, were 
Me 100, Et 36.7 (&7.9), Pri 5.1 (&1.8), and But 0.27 
(50.05). This shows that even for acids for which one 
might expect anomalies due to steric interactions the 
progressive behaviour of alkyl esters is near normal; 
certainly, no regular pattern could be recognised for 
departures from the mean. 

Esters of the Toluic Acids and o-EthyZbenxoic Acid.-- 

(a) N. B. Chapman, J. Shorter, and J. H. P. Utley, J .  Chem. 
SOC., 1963, 1291; K. Bowden, N. B. Chapman, and J. Shorter, 
ibid., 1964, 3370; (b) J. Packer, J. Vaughan, and E. ibid., Wong, 
J .  Org. Chem., 1958,23, 1373. 

J. F. Corbett, A. Feinstein, P. H. Gore, G. L. Reed, and 
E. C. Vignes, J .  C h e w  SOC. (B) ,  1969, 974. 

Esters of the monosubstituted acids undergo saponifi- 
cation with rates which follow the sequence benzoic > 
m-toluic > $-toluic > o-toluic > o-ethylbenzoic. This 
represents the sequence of electron release by alkyl 
groups from the appropriate nuclear positions arising 
from a general increase in the enthalpies of activation 
AH$, with additional steric hindrance in the case of 
o-alkyl substitution. The decrease in rate constants 
(increase in AH$) of o-methyl or -ethyl esters, relative to 
the corresponding benzoates, may be due in part to a 

primary steric effect ',la in which ortho-substituents 
cause an increase in non-bonded interactions in the 
tetrahedral transition state.4 A bulky ortho-substituent 
may also hinder the orientation of solvent molecules at  
the reaction site more in the transition state than in the 
initial state.lay2 This ' steric inhibition of solvation ' 
would result in an increase in AH$ as well as an increase 
in the entropy of activation AS#.1a This effect has been 
observed for a series of methyl esters of o-alkyl benzo- 
ates l a  and for cc-type esters of the naphthalene, anthra- 
cene, and phenanthrene series2 It would appear also 
to be important for several esters in Tables 1 and 2, in 
particular ethyl o-toluate and methyl o-ethylbenzoate, 
which exhibit substantial increases in the entropy of 
activation (AASZ +34 and +30 J K-l mol-l, respectively). 

This analysis of our results clearly recognises the 
presence of steric effects; Charton has, however, 
concluded that ' in general the alkaline hydrolysis of 
o-substituted benzoate esters is subject only to electrical 
substituent effects and is independent of steric effects '. 

Additive Efect of Two Methyl SzdstitGents.-From the 
known effect on the rate constants of o-, m-, and$-methyl 
substituents one can predict those for the dimethyl 
derivatives (Table 3). Alternatively one can employ 
the Hammett equation,6 by assuming that p values for 
benzoates apply equally well to o-toluates. The predic- 
ted values for rate constants of ester hydrolysis are 
invariably too high, the rates for methyl 2,4- and 2,5- 
dimethylbenzoates being predicted with some success. 
Not surprisingly for methyl 2,6-dimethylbenzoate, an 
ester where a second methyl substituent produces a 
major change in geometry, a rate is predicted ca. 600 

R. W. Taft, jun., J .  Amer. Chem. SOC., 1952, 74, 2729, 3120. 
M. L. Bender, J .  Amer. Chem. SOC., 1951, 73, 1626; M. L. 

M. Charton, J .  ATer .  Chem. SOC., 1969, $1, 624. 
Bender and R. J. Thomas, ibid., 1961, 83, 4189. 

Hill, New York, 2nd edn., 1970. 
6 L. P. Hammett, Physical Organic Chemistry,' McGraw- 
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TABLE 1 

Rate constants of the alkaline hydrolysis of esters of substituted benzoic acids in 70% v/v dioxan-water 

A 
c - 

ArC0,R 

Ar 
Ph  

2-MeC,H4 

4-MeC,H4 

2-Me-4-O2NC,1-I, 

-- 

R- 
Me a 

Et. a 
Prl a 

But @ 

Me 
Et 
Pri 
Me 
Et 
Pri 
Me 
Et 
Pri 
Me 
Et 
Me 
Et 
Me 
E t  
Me 
Et 
Me 
Et 
Pri 
But 
Me 
E t  
Pri 
But 

103k, (313.2 I< 
computed)/ 

dm3 m o 1 - l ~ ~  

27.9 
10.2 
1.77 
0.080 
3.90 
1.85 
0.112 

5.65 
0.566 

4.14 
0.51 
1.27 
0.39 
1.82 
0.64 
1.53 
0.46 
2.50 
0.732 

1.87 (30), 2.73 (35), 4.00 (40), 5.48 (45), 8.02 (50) 
0.70 (30), 1.32 (35), 1.70 (40), 2.92 (45,) 4.32 (50) 

3.92 (20), 6.00 (25), 8.38 (30), 13.2 (35), 19.9 (40), 29.3 (45) 
8.4 (30), 3.8 (35), 5.8 (40), 8.2 (45) 
0.98 (45), 2.5 (55), 4.4 (60) 
4.17 (25), 6.23 (30), 9.53 (35), 14.3 (40) 
2.67 (35), 4.23 (40), 6.3 (45), 9.1 (50) 
0.81 (45), 1.23 (50),  2.05 (55), 2.90 (60) 
1.98 (45), 2.88 (50), 4.58 (55), 6.63 (60) 
0.58 (45), 0.875 (50), 1.28 (55) 
0.638 (25), 0.818 (30), 1.26 (35), 1.92 (40), 2.56 (45), 3.59 (50) 
0.280 (30), 0.408 (35), 0.673 (40), 0.887 (45), 1.46 (50) 
1.00 (35), 1.52 (40), 2.36 (45), 3.35 (50) 
0.68 (45), 0.95 (52), 1.30 (55), 1.77 (60) 
1.24 (30), 1.78 (35), 2.39 (40), 3.66 (45), 4.82 (50) 
0.320 (30), 0.488 (35), 0.742 (40), 1.10 (45), 1.55 (50) 
109 (0), 131 (2), 147 (a), 178 (6), 211 (8), 230 (lo),  289 (12) 
41.1 (0), 65.0 (5), 102 (lo), 155 (15), 236 (20) 
22.8 (15), 35.6 (20), 50.0 (25), 75.7 (30), 104 (35), 148 (40) 
2.1 (25), 2.9 (30), 4.2 (35), 6.6 (40), 9.0 (45), 13.3 (50) 

10.6 (lo), 17.0 (15), 26.2 (20), 37.3 (25), 54.1 (30) 
4.92 (25), 7.08 (30), 10.5 (35), 16.1 (40), 21.8 (45) 
0.18 (25), 0.31 (30), 0.39 (35), 0.63 (40), 1.07 (45), 1.42 (50) 

0.16 (45), 0.26 (50), 0.37 (55), 0.50 (60) 
19.7 

14.2 

1990 
1080 

149 

311 
114 

6.17 
33.1 (lo), 49.7 (15), 71.6 (20), 107 (25), 156 (30) 

15.5 
0.65 

a Data from ref. 2. 

TABLE 2 
Derived data for the alkaline hydrolysis of esters of 
substituted benzoic acids in 70% v/v dioxan-water 

N O .  (298.2 I<) (298.2 K) (298.2 I<) 
1 51.9 - 109 84.5 
2 54.4 - 109 87.0 
3 57.7 -113 91.6 
4 65.7 - 113 99.6 
5 56.9 - 109 89.4 
6 69.7 - 75 92.0 

64.2 -115 98.6 
8 57.9 -93 85.6 
9 63.0 - 87 88.8 

10 82.2 - 45 95.6 
11 61.5 - 84 86.5 
12 66.1 - 83 89.7 
13 75,2 - 68 95.5 
14 69.5 - 79 93.0 
15 65.6 - 101 95.7 
16 54.6 - 123 91.2 
17 63.9 - 102 94.3 
18 64.9 -91 92.2 
19 54.9 - 133 94.6 
20 53.3 -- 124 90.3 
21 62.2 - 106 93.5 
22 49.2 - 82 73.7 
23 55.7 - 67 75.5 
24 53.2 -91 80.3 
25 57.7 - 103 88.3 
26 52.8 - 86 78.4 
27 55.2 - 87 81.0 
28 57.2 - 97 86.1 
29 64.2 - 100 94.2 

AH$/k J rno1-l A S /  J K-l mol-1 AGtlk J mol-1 

" 

J. G. Mather and J. Shorter, J. Chem. SOC., 1961, 4744. 
J. F. J. Dippy, S. R. C. Hughes, and J. Laxton, J. Ckmt .  

SOC., 1954, 1470. 

tinies faster than the experimental. Similarly, the rate 
for methyl 2,4,6-trimethylbenzoate is predicted too high 
by a factor of ca. 300. 

The method using the Hammett equation gives smaller 
errors for the methyl esters, whilst both methods give 
equally poor predictions for the ethyl esters. The data 
in Table 3 suggest that a second methyl substituent 
exerts a stronger than expected deactivating effect on 
ester hydrolysis. The greatest departures occur with 
the esters of 2,3-dimethylbenzoic acid. A similar de- 
parture from additivity was observed for the hydrolysis 
of ethyl 2,3-dichlorobenzoate in an aqueous ethanol 
solvent.' Our data is in line with the observation that 
2,3-dimethylbenzoic acid is an appreciably stronger acid 
than predicted.8 It is apparent that the ' buttressing 
effect ' of contiguous methyl groups exerts an additional 
rate-lowering effect on the ester hydrolysis. The methyl 
substituents will promote rotation of the ester side chain 
away from a coplanar conformation, and hinder access 
of hydroxy-ions from either side of the ester group. For 
more highly hindered esters, as for methyl 2,4,6-tri- 
methylbenzoate,1° methyl o-t-butylbenzoate,l@ or methyl 
9-anthroate,2 a marked increase in steric inhibition of 
solvation (affecting niainly the transition state) is expec- 

9 F. H. Westheimer, in ' Steric Effects in Organic Chemistry,' 
ed. M. S. Newman, Wiley, 1956, 552; W. Theilacker and H. 
Bohm, A N g e w .  Chem., 1967, 79, 232; H. A. Karnes, M. L. Rose, 
J. W. Collat, and M. S. Ne~vinan, J. Awzer. Chem. SOC., 1968, 90, 
458. 

lo H. Goering, T. Rubin, and M. S .  Newman, J .  Amer. Cheru. 
SOG., 1954, 76, 787. 
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ted.ln A sharp increase in AS$ la and, usually, an increase 
in AHtJ1ap2 are then observed. For the esters of 2,3- 
dimethylbenzoic acid, however, increases in A S  were 
not observed: the diminution of rate evidently results 
from an increase in AH$. 

Tests for additivity (cf. ref. 11) for the hydrolysis of 
methyl-substituted benzoates were performed using, 
separately, differences in AH$ (cf. analysis of activation 

o-toluate, k, ca. 1 x Since a +-nitro- 
group is known strongly to activate the alkaline hydroly- 
sis of alkyl benzoates,12 we examined instead the hydroly- 
sis of alkyl 2-methyl-4-nitrobenzoates (Tables 1 and 2). 
The most sterically hindered ester, t-butyl 2-methyl-4- 
nitrobenzoate, underwent hydrolysis at a rate relative to 
the methyl ester (ca. 0.2%) not significantly lower than 
for the $-nitrobenzoates (ratio ca. 0.3%) which undergo 

dm3 mol-l s-l). 

TABLE 3 
Experimental and predicted rate constants of alltaline hydrolysis of alkyl dimethylbenzoates in 70% VJV dioxan-water 

ArC0,R 
Methyl 

substituents 
in Ar 
2,3 
2,4 
2,5 
2.6 
2 A 6  
2 3  
2,4 
2,s 

R 
iMe 
Me 
Me 
Me 
Me 
E t  
E t  
Et 

Rate constants 

103Fz,/dm3 mol-l s-l (40 "C) 

Predicted, Prediction 
Exp . method A a error (%) b 

1.82 2.75 + 34 
1.53 1.99 + 23 
2.50 2.75 +9  

8.9 x 10-4e 0.55 +99.8 
8.6 x 0.28 +99.7 

0.64 1.02 + 37 
0.46 0.75 + 39 

A 
7 _____ r 

0.732 1.02 + 28 

1 

103k,/d1n3 mol-1 s-1 (30 "C) 

Predicted, Prediction ' 
Exp.C method €3 d error (yo) 6 
0.885 1.29 + 31 
0.711 0.775 + 8  
1.24 1.29 4- 4 

0.182 0.314 4- 42 
0.143 0.172 + 17 
0.212 0.314 + 32 

l0"k,/dm3 mol-l s-1 (25 "C) 

"Calculated from rates of o-toluate, on appropriate substitution by a second methyl group; for Me esters: o-Me 0.140, m-Me 
0.706, $-Me 0.509; for Et esters: m-Me 0.554, $-Me 0.406. (Predicted - experimental)/predicted. Extrapolated. Cal- 
culated from rates of o-toluate using the Hammett equation, and p 2.20 for hydrolysis of methyl benzoates at 30" [K. Bowden and 
G. R. Taylor, J .  Chevz. SOC. (B) ,  1971, 1451, or p 2.58 for hydrolysis of ethyl benzoates a t  25", calculated (method of least squares) 
from available rate data (C. C. Price and R. H. Michel, J .  Arne?.. Chem. Soc., 1952, 74, 3652, ref. 2, and Table 1) .  0 values used 
were -0.060 (m-Me) and -0.170 ($-Me) (D. H. McDaniel and H. C. Brown, J .  Amer. Chem. Soc., 1958, 23, 420). Rate constants 
extrapolated to 40" (method of least squares) from rate data in the temperature range 100-150 "C, obtained for 60% v/v dioxan- 
water;lO the solvent correction is based on rate constants (103K,) for hydrolysis of methyl benzoate a t  20" in 70% v/v dioxan-water 
= 8.50 dm3 mol-1 s-1, and in 6006 v/v dioxan-water = 9.38 dm3 mol-l s-l [K. Bowden and G. R. Taylor, J .  Chew. Soc. (B) ,  1971, 1451 
giving a ratio of 0.906. 

energy differences ') or differences in A S .  In every case 
the experimental data were very poorly predicted; in 
part, the reason may be insufficient accuracy of the 
parameters used. However, using differences in the 
free energies of activation (Table 4) reasonable predic- 
tions could be obtained. 

Nitro-substituted Esters.-We wished to study a series 
of alkyl esters (Me, Et, Pr', and But) for a benzoic acid 
substituted in the ortho-position. The data for the 

T A B L E  4 
Experimental and predicted frec energy differences 

(AAGt) for alkyl dimethylbenzoates 
ArC0,R 
Mct h yl AAG: AAGS 

substituents (observed) / (predicted) "1 Error 
in Ar R Ir J mol-l kJ mol-1 (yo) b 

2,3 Me $6.7 + 6.0 - 12 
E t  -+- 7 . 3  + 6.8 -7 

3,4 Me +7.7 + 6.9 - 12 
E t  $- 7.6 + 7.7 -1- 1 

2,5 Me +5.8 + 6.0 $ 3  
E t  -t 6.8 + 6.8 0 

aIncrements are: o-Me -1-4.9 (or f5.0), m-Me Sl .1  (or 
+1.8), p-Me +2.0 (oi- 2.7), for methyl (or ethyl), respectively. 

(Predicted - experimental) /predicted. 

esters of o-toluic acid itself were not appropriate, since 
our experimental method does not give sufficiently 
precise rate constants for slow reactions, viz. where 
k,  < 2 x lo-* dm3 mol-1 s-1 (estimated for t-butyl 

l1 R. Dameli, A. Ricci, H. 711. Gilow, and J. H. Ridd, J.C.S. 
Pukin 11, 1974, 1477. 

reaction much more rapidly. This suggests that for the 
series of esters Me, Et, Pri, and But there is no sudden 
change of mechanism, as, for example, from BA,2 to BA12. 
In contrast , the acid hydrolysis of t-butyl benzoate 

TABLE 5 

Effect of o-methyl and p-nitro-substitution on the rate 
constants of hydrolysis of allryl esters of benzoic acids 

Rate ratio (at 40 " C )  
Effect of $-NO, 

Effect of o-Me substitution substitution 

nre 1.2 6.4 71 80 
E t  5.5 9.5 106 62 
Pri 16 9.6 84 140 
But 9.5 77 

Ester Benzoate $-Nitrobenzoate Benzoate o-Toluatc 

follows an alkyl-oxygen fission mode, AAll.13 For the 
series of esters of 2-methyl-4-nitrobenzoic acid there is a 
progressive and regular increase in AH1 (by steps of 
2.4, 3.0, and 7.0 kJ mol-l, respectively), and a small 
decrease in A S  (from -86 to -100 J K-l mol-l), whereas 
in the series of $-nitrobenzoates the ethyl ester appears 
to be anomalous, and whereas the hydrolyses of the 
esters of the benzoate series are essentially isoentropic. 
The sharp increase in A S  usually obtained for very 

l2 E. Tommila, Ann. Acad. Sci. Fennicae, 1941, A57, 3; Y. 
Iskander, R. Tawfik, and S. Wassif. J .  Chem. SOC. (B) ,  1966, 424; 
A. M. G. Nassar and R. Tewfik, Egypt. J .  Chem., 1973, 16, 361. 

S. G. Cohen and A. Schneider, J .  Amer. Chenz. Soc., 1941, 63, 
3382. 
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bulky ortko-substituents,lu,l* seems not to take place 
with our t-butyl esters. 

Table 5 summarises the effect on rate constants of 
hydrolysis on o-methyl and j5-nitro-substitution in alkyl 
benzoates. Again, the ethyl esters appear to be out of 
step with the other alkyl esters. 

EXPERIMENTAL 

Esters .-Methyl, ethyl, and isopropyl esters were prepared 
by the Fischer-Speier procedure, t-butyl esters by a modifi- 
cation of the method of Brewster and Ciotti.14 The esters 
were carefully purified and had physical constants very close 
to those in the literature. New compounds were ethyl 
2,3-dimethyZbenzoate, an oil, b.p. 84-87' a t  0.8 mmHg, 
n2,25 1.512 9 (Found: C ,  74 .0 ;  H, 7 .8 .  CllH1,O, requires 

lJ, J. H. Brewster and C. J .  Ciotti, jun., J .  Amer. Chem. Soc., 
1965, 77, 6214. 

C ,  74.1 ; H, 7.9%) ; ethyl 2-~nethyl-4-nitrobennoate, crystals, 
m.p. 69" (Found: C, 57.7; H, 5.2;  N, 6.8.  C1,Hl1NO4 
requires C, 57.4; H, 5 .3 ;  N, 6.7%);  isopropyl 2-methyl- 
.l-nitrobertzoate, crystals, m.p. 25' (Found: C, 59.5; H, 6 .0 ;  
N, 6.4.  CllH,,N04 requires C, 59.2;  H, 5.9; N, 6.3%); 
and t-butyl S-methyl-4-nitvobenzoate, crystals, m.p. 50.5' 
(Found: C ,  70.0;  H, 6 .4 ;  N, 6.0.  C,,H,,NO, requires 
C, 60.8; H, 6 .4 ;  N, 5.9%). 

Kinetic Procedure.-The kinetic procedure used has been 
described in detail in an earlier paper.l5 The coefficient of 
cubical expansion of 70% v/v dioxan-water used was 
calculated as 8.56 x K-l from published data of den- 
sities of dioxan and of water a t  various temperatures. 

We thank Dr. G. L. Reed for advice with the computing. 
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15 P. H. Gore, A. Rahim, and D. K. Waters, J .  Chem. SOC. (B) ,  
1971,202. 
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