
CAUTIONS REGARDING THE PHYSICAL INTERPRETATION OF 
STATISTICALLY BASED SEPARATION OF THE ORTHO 

SUBSTITUENT EFFECT INTO INDUCTIVE, MESOMERIC, 
AND STERIC COMPONENTS--II 

ACID CATALYSED ESTERIFICATION OF BENZOIC ACIDS 
BY METHANOL AND CYCLOHEXANOL 

H. MAGER 
Academy of Sciences of the GDK. lnstltutc of Plant Biochcmlstry. DDR-401 Hallc:Weinberg, 

East Germany 

Abstract In order to attain a better inslght mto the composition of Taft E:’ constants. the rate data of 
hydrion catalyscd eslcrification of both nr,p-substituted and o-substituted bcnzoic acids by cyclohcxanol and 
methanol were submltted to astatrstical analysis using inductive. mesomeric,and sterlcsubstitucnt constants 
and various dummy variables differently structured. Furthermore, a principal component analysis with 
subsequent identification of the first principal component rio multiple regresslon analysis was applied. It has 
been demonstrated that in the reactions ofnt.p-substituted compounds some substitucnts capable ofexerting 
strong mesomeric effects show peculiar characteristics deviating from the gcncral trend. Smcc the same result 
wasobtained in the correlations ofortho substituted bcnzoicacids thiscffect was taken intoaccount using an 
appropriate dummy variable, which in all cases improved the multiple cocffrcicnt of determination. It 1s 

concluded that thecqterification rates ofthe ortho substituted compoundsdcpcnd essentially upon mductlvc 
and sterlceffccts (taken away OMc. OEt and NOz) as proposed by Taft. While generally the E:‘values may be 
rcgardcd as some mcasurc of a stcric e&cl. this IS not [rut’ for the mcthoxy and ethoxy groups. 

In the foregoing paper’ it was demonstrated that the 
interpretation of Taft E:’ constank’ in terms of 
predominatmg Inductive. mesomeric, and stcric 
contributions dcpctlds at feast partly upon the sample 
size, although in nearly all cases about 80 “,, of the 
variability of E; could be accounted for by the van der 
Waals radius r,. After consideration of the 
corresponding i values for testing the significance of 
the regresslon coefficients of the equation based on the 
largest sample size [eqn (7) in part I!. one might 
conclude that EP are composite constants which arc 
50 I’,) mesomeric in nature. This would be in 
accordance with some recent results of Charton.’ II 
has been shown. however. that the regressors 
themselves are multicollinearly related, a fact from 
which arises some problems if an interpretation is 
intended. 

The classical quantitative evaluation of steric effects 
is based on Taft’s treatment’ of acid catalysed 
hydrolysis and estcrification. Since for the acidic 
hydrolysis or the related estcrification reactions of m. 
p-substituted benzoic acids /I values are relatively close 
to zero. in the range of -04 to + O-5. it was supposed’ 
that the corresponding reactions of o-substituted 
benzoic acids/benzoates are mainly subject to steric 
effects whereas the basic hydrolysis should bc 
governed by both the steric and the elcctromc proper- 
ties of the substituents. In other words the fact that the 
rate data of o-substituted compounds show a greater 
variability than those of the m,p-substituted com- 
pounds was attributed to steric effects. The occurrence 
of small JJ values may have at least two reasons: 

(i) the reaction under investigation does not obey 
the usual Hammett equation (1) in form of 

log k = log k0 + (UT 

or more generally written 

(1) 

y = b,, + b,a 

(ii) the reaction obeys the Hammett equation but 
the reactivity constants exhibit nogreat variability (the 
rate differences are small ). 

In the first case the question arises which factors other 
than polar detcrminc the reactivity, while in the 
second case evidence should be provided that at least 
in a rough approximation an extension of this result to 
the reactlons of corresponding o-substituted com- 
pounds is reasonable. 

The E:‘constants evaluated by Taft’+ areessentially 
based on the hydrion catalysod estcrification of o- 
substituted benzoic acids with cyclohexanol and 
methanol, respectively. Therefore, the first point of 
interest is a more detailed investigation of the factors 
most probably affecting the reactivity differences in 
similar reactions of ,n,p-substituted benzoic acids. To 
this end, not only the Hammett equation (1) was used 
but multiple regrcsslons were applied, too, e.g. the 
equation of Swain and Lupton5 

Y = b. + b,.F + b,.R (2) 

where .F is an inductive substltuent constant and .;3e a 
mesomeric substituent constant, etc. The 0 constants 
required were taken from the tabulation of McDaniel 

509 



510 H. MAGER 

S+log k 

0.5 
t 

m-l 
a 

I , , I I , 1 I * , I I t 

0.3 OS 0.1 a.1 0.2 0.3 9.4 0.5 0.6 a7 oa OS 1.0 
c 
eY 

p_bEt 

-0.1 - 

p:O Me 

-0.2 - 

Fig. 1. Rateconstants (5 + logk)fortheesterificationofm,p-substitutedbenzoicacidswithcyclohexanol/HCl 
at 55°C vs G. Straight line drawn in order to represent the assumed general trend, no least squares fit. 

and Brown,6 .P and .X values are those of Swain and 
Lupton as given in their original paper,” and the van 
der Waals radii are the same as used in part I.’ 

Figure 1 represents 14 observations relating the rate 
constants (given in y = 5 + log k) to (T. These results 
show that only a moderate fit should be expected 
which is confirmed by means of regression analysis (see 
Table 1, set 1). Although set 1 is significant at the 5”,, 
level the quality of fit is outside the range usually 
accepted. Exclusion of substituents having the largest 
residuals leads to an improvement over set 1. However, 
since the residuals are not large enough to IX 
considered as outlicrs on a statistical basis (cp Mager’ 
for the problem of testing outliers in regressions), such 
a procedure remains unsatisfactorily because the 
arbitrary actions Introduced in this way may disturb 
the symmetry of the system and give rise to a loss of 
information. Setting aside all m-substituents gives no 

twhereas the statistical significance of a dummy variable is 
lo LX checked using the standard t test, the physical meanmg 
may be only Judged comparing the different sets obtained 
and, if possible, using prior Information concerning the 
substituents for which a value of 0 was assigned. 

significant and in both cases the weighting factors 
(estimated using the i values) differ from those 
obtained from the dissociation of benzoic acids. The 
contribution of the mesomeric effect is in the latter 
reaction more important regarding the m-position and 
is of lesser importance with respect to the p-position. 
From Fig. 1 it may be seen that essentially those 
substituents display serious deviations which have 
strong donor capacities (large (aipI values: p-F, @Me, 
p-OEt). The addition of a so-called dummy variable? 
(xq) to which for p-F. p-OEt, p-OMe the value + 1 was 
assigned and 0 otherwise, should facilitate a 
description of the whole data material using only one 
equation. Set 6 confirms this assumption and may be 
regarded as an indication that the significance of the 
resonance term in set 3 could be mainly due to the 
special characteristics of the three substituents 
mentioned above, decreasing the rate of esterification 
more than it could have been expected from the 
general trend. Such effects are to be taken into 
consideration in all cases where reactions are 
significant correlation and it was necessary, therefore. 
to fall back upon eqn (2). The sets 4, 5 and 3, 
respectively, indicate the cause responsible for the 
dispersion of observations about the straight line in set 
1. Whereas from the position meta to the reaction 
center essentially the inductive effect predominates, in 
the p-position the resonance effect also proved 
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Table 1. J?stenfication of m.p-substituted bentoic acids with cyclohexanol:‘HCI at 55°C’ 

Set Regreeeandb’ ’ Regression equation and parametered’ ’ 
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1 all substituenti 

2 p-OMe, p-OEt, 

m-1 omitted 

3 p-subetituents 

4 m-subetituents y = 0.227 + 0.221 x2 + 0,007 x3 

5 m-substituents, 

m-X omitted 

5a 

6 all eubstituente 

y = 0.175 + 0.554 x, 

R2 = 0.7587 ^F = 37.72 F,;,2;0 P5 = 4.75 . 
y - 0.227 + 0.338 x, 

R2 = 0,829O F* = 43.63 F,.V.0,v5 = 5~~2 t 3 
y = 0.246 + 0.287 x2 + 0.920 x3 

R2 = 0.9271 9 = 19.08 F2i3io.P5 = 9.55 

?t 3.19; 6.16 t3;o . v5 = 3.18 

R2 = 0.6930 P* = 6.77 F2;6;0,95 = 5.14 

:: 3.58; 0.06 t6;O . v5 = 2.45 

y - 0.224 + 0.200 x2 + 0.016 x3 

R2 = 0.8819 F* = 18.68 F2;jio.g5 = 5.79 

?: 5.90; 0.27 t5;O g5 = 2.57 . 
y = 0.219 + 0.202 x2 

R2 = 0.8802 ? = 44.08 F,i6io v5 = 5.99 
l 

Y’ 0.235 t 0.400 x, - 0.181 x4 

R2 = 0.8886 p^ = 43.88 F2;,,;0 g5 = 3.98 . 

z: 5.19; 3.58 t,,;O v5 = 2.20 . 

.’ taken from R. J. Hartman. H. M. Hoogsteen and J. A Moedc. J. Anrrr. Chem. Ser. 66, 1714 (1944); 
hbasls set: H. m-F, P-F, m-l, m-OMe. p-OMe, m-OEt, p-OEt, m-Me. ~-MC, m-NO,. m-Br. m-Cl. p-Cl; ‘y 
= 5 T logk; dfor the statistical notations cp part I’; ‘x, = n, x2 = .J7. x3 = d. x4 = dummy variable IO 
which for p-F, p-OMe. p-OEt the value + I and for p-NO, the value - 1 was asslgncd. 

investigated of which the measured overall rate 
constant is a composite quantity depending itself on 
the rate and equilibrium constants of several reaction 
steps on which the substituents exert different effects 
yielding small ~1 values for the reaction as a whole 
(p, -=z 0. /Jo z 0. CJ, + /j2 T 0). If in such a case 
substituents having some “extremal” properties 
(strong ( -I )-M or ( - f-M effect, etc.) are present then 
under certain circumstances a “tip over” should easily 
take place. 

While in the foregoing case a poor but significant 
correlation with d has been obtained, the rate 
constants for the esterification with methanol show 
such a disturbing scattering that thecorrelation proves 
non-significant (cp Fig. 2 and Table 2, set 7). The 
peculiar behaviour of strong electron donors is much 
enhanced and it seems that they act against the general 
trend. Exclusion of most of the p-substituents Ieads to a 
considerable improvement of the fit (set 8). Contrary 

tThe terms “extraordinary” or “special” resonance are 
used throughout this paper with respect to 6. 

to the esterification with cyclohcxanol where electron 
acceptors are rate-accelerating in the present case m- 
and p-substituents seem to produce different mode of 
actions. In the position meta to the reaction center, 
substituents exerting small ( - )-I and strong ( + )-M 
effects accelerate the rate whereas in the p-position the 
inductive cH‘ect actually acts m the same dlrection, the 
mesomericeffect, however, has changed his sign (sets 9 
and 10). Since the latter observation might be due to 

the peculiar behaviour of some substituents, especially 
of strong donors (cp Fig. 2) lowering the rate contrary 
to the general trend (they should exert an accelerating 
action), a dummy variable xs was introduced by virtue 
of Ihe same arguments that were applied in the 
previous section (x,: p-F. p-OMc. p-OEt, p-Br = + 1; 
p-NO2 = - I ). 

It can be seen that xs IS capable to replace .%’ and 
simultaneously the resultmg fit is much improved 
when compared to set 10 (Table 2, set I la). However. 
the variable x5 will not reflect the extraordinary+ 
resonance effects in a correct manner. since there is no 
significant correlation between all rate data ofthc total 
sample size and the linear combination of u and x5 (set 
12). After setting aside all p-subslituents the m- 
substiruents obey the Hammett equation m a 
reasonable manner (set 13) yielding as expected a 
negative value for p. whereas the p-substituted 
compounds alone show no significant correlation with 
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Table 2. Esterifiuation of ~~,~-sub~~itutcd bcnzolc acids with mcthanol:HCl at 25°C 

set Regresaand b, c Regression equation and parametersd 

7 all substituents y = 1.159 - 0.233 xl 

R2 x 0.2150 2 = 3983 7-t;14;o 95 = 4.60 
l 

8 y = 1 .,287 - 0,536 x1 

R2 = 0‘8420 ?’ = 47.95 F,;9;0.95 = 5*12 

9 

m-substituents 

and p-w, p-c1 

m-substituents Y= 1.288 - 0.341 x2 - 0.293 x3 

R2 = 0.9874 G = 235.94 F2;6;0.Y5 = 5.14 

& 17.7?; 8.47 

y e 7.311 - 0.354 x2 + 0.299 x3 

11 p-substituents 

Ila p-8ubstituents 

:: 6.16; 2.94 $0 95 = 2.51 * 

y I 1.271 - 0.390 x2 - 0,216 x3 - 0.175 X5d 

R2 = 0.9462 $ = 23.44 F3;4;0 95 = 6.59 

;: 8.06; 0.82; 2.04 "4.0 Y5 ='2.7f3 
t l 

Y’ 3.291 - 0,378 x2 - 0. fOEI x5 

R2 = 0.9372 ; = 37.33 F2;5;0.95 = 5*79 
* 
t‘: 8.06; 4.34 t5.0 95 = 2.57 

y = 1.206 - 0*3*4’x; - 0,149 x5 

RZ = 0.3600 G = 3.66 F2;,3;o 95 = 3.80 
. 

13 m-substituents 

74 p-~ubstitue~ts 

15 p-substituents 

y = 7.330 - 0,619 x1 

A2 = 0.9551 : f 148.913 Fl;7;*.95 = 5159 

y = 1.090 - 0.165 Xl 

R2 = 0.1458 ^F = 1.02 F1;6;Q,95 = 5.99 

y = 1.209 - 0,689 x, - 0.314 ~6~ 

R2 = 0.8980 F^ = 22.00 F2;5;0,95 = 5.99 

E: 6.49; 6.07 t5;o 95 = 2.57 . 

16 p-substituents 

77 p-substituents 

y z 1.222 - 0.413 x1 - 0.301 x4 

R* = 0.9716 ; = 25.77 F2;5;0.YT = 5.79 

y 1 1.282 - 0,308 x2 - 0.077 x3 - 0.179 X4 

R2 = 0.9808 p^ 
A 

= 68.02 F3;4;o,Y5 = 6.59 

t: 10.67; 0.78; 4.34 

17a p-substituents 

38 

19 

20 

all substituenta 

p-NO2 omitted 

p-NO2 and m-OEt 

emit ted 

y = 1.291 - 0.317 x2 - 0,151 x4 

R2 = 0.9779 p^ = 110.54 F2;5;0,35 = 5.79 
* 
t: 12.62; 7.91 t 5;0.95 = 2.57 

y -_ I.262 - 0,583 x7 - 0.307 ~6~ 

R2 = 0.7327 g = 17.82 F2i,3;o,g5 - 3do 

T: 5.82; 5.02 tj3;o 95 = 2.16 * 
y t 1.280 - 0.533 xl - 0.377 x6 

R2 I 0.8726 $ = 41.09 *2;12;0,95 = 3’s’ 

y = 1.267 - 0.515 x, - 0.362 x6 

R2 = 0.8Y?8 f = 45.32 %;ll;O.95 - 3*g8 
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Table 2. (Conrd.) 

Set Regreeesndb’= Regression equation and parametersd 

21 all substituente y 3. 1.276 - 0.494 x, - 0.367 x4 

R2 = 0.8749 F = 45.46 J?2;,3;* 
l 

Y5 = 3.80 

?: 8.45; 8.28 = 2.16 t,3;o 95 

22 m-OEt omitted y = 1.263 - 0.477 xt’- 0.352 x4 

R2 = 0.8909 F^ = 49.01 p2;12;0.95 = 3*88 

“rate constants taken from R. J. Hartman and A. G. Gassman, J. Amer. C/wm. SW. 62.1559 ( 1940): R. J. 
Hartman and A. M. Borders. i&f., 59,2107 (1937); “basis set: see Table 1. footnote band in addition p- 
NO,. pBr; ‘y = 5 + log k; d~5 = dummy variable with + 1 for p-F. p-OMe, p-OEt, pBr and - 1 for p- 
NO,, x6 = dummy variable with + I for p-F, p-OMe. p-OEt and - I for p-NOz. for other notattons cp 
Table 1. footnotes d and e. 

I (set 14). Inclusion ofthe dummy variable x6 (x,: p-F, 
*OMe, @Et = + 1; p-NO2 = - 1. set 15) or x4 (set 
16) gives a decisive improvement over set 14. From the 
:orrelations the following conclusions may be drawn: 

(i) the signs of the regression coefficients of x6 and 
K~, respectively, clearly indicate that the (+ )-M effect 
ofp_F, p-OMe, and p-OEt gives rise to a much more 
accentuated decreaseofthe reaction rates than it might 
have been expected on the basis of the general trend 
according to the (I values: 

(ii) the particular mesomeric effect which the nitro 
group is able to exert should probably be of minor 
importance. These conclusions atso rested on sets 17 
and 17a which show that in the position para to the 
reaction center essentially the inductive effect acts, 
with the exception of p-F. p-OMe, and p-OEt. 
Therefore, the whole data material is not described in 
the best way using the linear combination 5 and x6 [cp 
sets IX, 19,20; in set 18 the residual ofp-NO2 examined 
after computation of the standardized residuals (see 
Maget] ‘) is significant at the 5 ‘16 level ! but if 0 and x, 

J 

Fig. 2. Hammett plot for the reactton of m,p-substituted benzoic 
representing the general trend. 

acids with methanol/HCI at 25°C 
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were included (sets 20 and 21). In conclusion, we have 
found that the esterification reactions of m,p- 
substituted benzoic acids with cyclohcxanol and with 
methanol, respectively, can be described with satis- 
factory precision by applying a Hammett type 
relationship where t hc resonance effects connected 
with such groups as p-F, p-OMe. and p-OEt in a 
particular manner are accounted for by USC of a 
dummy variable. These special resonance 
affectuations are much more accentuated in the 
esterification reaction with methanol, leading in this 
case to an overwhelming retardation. It should be 
noted that a principal component analysis (see below) 
based on the rate data of: (i) the csterification with 
cyclohexanol at 55°C and 65°C and (ii) the 
esterification wtth methanol at 25°C and 40°C. and 
subsequent identification of the first principal com- 
ponent (eigenvalues: I, = 61,93; 12 = 0.74; ],,I, 2 0) 
is in keeping with the previously cited results. The large 
eigenvaluc of the first eigrn vector indicates that an 
investigation of the esterification reactlons at other 
temperatures should not reveal any new aspects. 

Esterijication oj’ ortho suhstitufed hertzoic acids with 

cyclohrxanol at 55°C 
Recently, it was demonstrated’ that the separation 

of inductive, mesomeric, and steric contributions to Et 
depends at least partly upon the sample size. This 
renders more difficult the investigation of many 
reactions of o-substituted compounds and is for 
example very conspicuous. if the correlation bctw-ecn 
EP and a$ is regarded (Table 3). Assuming that U: 
actually represents a pure polar effect, then with set 26 
one could conclude that E:’ is also purely polar m 
nature. Furthermore, the statistical analysis of the 
reactions of o-substituted compounds generally 
implies that the steric parameter used as one of the 
regressors (in most cases the van der Waals radius r, 
and other measures deduced from it) actually may be 
regarded as a measure of the stcric contribution to the 

so-c&d ortho cRcct. It is in the nature of matter that 
such an assumption could not have been verified up to 
now. Additionally, the variability of the van der Waals 
radii depending upon the method of determination is a 
well established fact.“.” Correlating the reactivity data 
of o-substituted bcnzoic acids we used the same values 
for r, as in parts I.’ However, it should be emphasized 
from the beginning that the use of the van der Waals 
radius of oxygen (I .52) for OMe and OEt is surely not 
entirely justified (cp Fiirster and Viigtle’ and the 
literature cited therein), although we can find many 
papers in which the van der Waals radii for 
heteroatoms have been extended to theprrcsponding 
alkylated hcteroatoms (cp Charton. ’ Fujita and 
Nishioka” ). One of the many indications that such an 
extension should be somewhat questionable results 
from the comparison among the dipole moments of 
corresponding benzene and mesitylenc derivativcs.12 
Especially in the case of strong donors and acceptors 
the ranking of substitucnts according to their “size” 
may be very different. So there is no correlation 
between the n values which have been regarded as a 
measure of the size of the substituents“ and r, (Fig. 3 
and Table 4, set 28). Only after elimination of the nitro 
and methoxy groups dots the correlation become 
acceptable (sets 29 and 30). 

In this connection the relationship between rv and 
the linear combination ofa and n is of interest (set 3 I ), 
finally leading to a significant correlation between rv 
and .# (set 3 la). From the correlations given above and 
by inspection of Figs. 3 and 4, evidence is accumulated 
that a reasonable discrimination among inductive, 
mesomeric. and steric effects is generally not possible if 
only substituents such as H. Me, Cl, Br. and I are 
included. 

If the experimentalist seeks to distinguish between 
rival models, many benefits can be derived from an 
examination of linear relationships (multicollineari- 
ties) among independent variables and their influence 
on the estimated regression coefficients. Such multi- 
collincaritics often are present if the ob.jective is a 

Table 3. The dependence of the correlation between E’: and a: upon the sample size 

Set Regressanda Regression equation and paraqeters 

23 all substituents Ez = 0.335 - 1.276 6; 

R2 = 0.7248 “F = 18.43 

24 lrle dropped E; = 0.422 - 1,434 do’ 

R2 = 0.8753 f; = 42.11 

25 Lie and P dropped Ez - 0.369 - 1.494 d*o 

R2 = 0.9586 $ = 115.81 

26 hle, F, and I fi”B = 0.409 - 1.459 d;t 

dropped R2 = 0.9919 $ = 489.21 

27 ke , F, I, and EO, = 0.401 - l,455d:, 

NO2 dropped R2 = 0.9928 F^ = 411.24 

“basis set: OMe, OEt, F. Cl, Br, Me, I, NOL, H. 



Acid catalysed estcrification of benzoic acids by methanol and cyclohexanol 
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Fig. 3. Relationship between the n values and the van der Waals radii. 

Fig. 4. Plot of the resonance constant .Ldp(xR) vs r,. 
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Table 4. Some simple relationships between the steric measures n and rv 

Set Regreasand’( b Regression equation and parameters 

28 all substituents 

29 NO2 omitted 

30 

31 

NO2 and OMe 

omit ted 

all substituents 

318 all substituenta 

II = 4.045 + 2.397 rv 

R2 = 0.1405 “F = 0.82 71;5;o.g5 = 6*61 

n = -1.560 + 5.801 rv 

R2 = 0.4186 ; = 2.88 F,;4;0 = 7.71 . 95 

n = -8.439 + 9.469 r,, 

R2 = 0.9398 p” = 46.86 F,;3;o g5 - 10.13 
. 

r” = 1.476 + 1.070 x3 + 0.061 n 

R2 P 0.8942 G = 16.90 F2i4io . g5 

;: 5.34; 2.41 t4;0 . g5 - 2.70 

= 1.984 + 1.060 x3 

= 0.7404 F^ = 14.26 F,i5io . g5 

= 6.94 

- 6.61 

‘11 values taken from H. fiirsler and F. Viigtle, Ar~gc~. C‘h~tn. 89,443 (1977); hbasis set: F, I, OMc, Me, 
N02. Br. Cl. 

statistical examination of the ortho effect. In the same possible that in the case of regressors having negligible 
way as in the case of independent variables subject to 
measurement error where the error involved in Xj can 

measurement errors certain values of the regressor xl 
exert an important influence on both the size and the 

influence the magnitude and even the sign of the 
regression coefficient big (i’ # j)‘.“.” it is also 

significance of the regression coefficient bj*. In order to 
get a corresponding measure, especially which values 

F 
O1 

a l 

t 

Fig. 5. “ET” values estimated using the esterlfication ofo-substituted benzoic acids with cyclohexanol/HCI at 
55°C as the basis reactlon vs u,. 
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Table 5. Esterificatlon of o-substituted benzoic acids with cyclohexanol:HCl at 55°C’ 

Set RegreaSandb’ ’ Regrt?S8iOn equation and parametersd 

32 all substituents 

32a Me omitted 

33 

34 

all substituents 

Me omitted 

3& Me omitted 

35 

3% H and OEt 

omitted 

36 all substituents 

H and OEt 

omitted 

368 all Substituents 

y = 0.238 - 1.016 x, 

Ri = 0.6742 ? = 14.49 F,;7;o,g5 = 5.59 

y = 0.331 - 1,220 x1 

R2 = 0.93tz G = 81.17 Fl;6;0.S”, = 5.99 

y = 1.163 + 0.188 x2 - 1.277 x3 - 0.814 F,, 

R2 = 0.9451 $ 
/+ 

= 28.71 P3.5.0 95 = 5.41 

t: 1.16; 5.59; 3.70 tj.o ;5’=‘2.57 
l 

Y = 0.975 - 0.010 x2 - Lr, x3 - 0.631 rv 

RZ = 0.9496 s = 25.12 
F3;4;0.95 = 6*5g 

& 0.03; 5.38; 1.92 t4G0,95 = 2.78 

y = 0.985 - 1.280 x3 - 0.640 rv 

R2 = 0.9496 “p = 47.09 “2;5;o.95 = 5.79 

g: 6.03; 4.32 t5;o,g5 = 2.57 

y = 2.704 + 0.529 x2 + 0.702 x3 + 0.127 n 

- 2,250 rv 

R2 = 0.9862 ? = 35.62 “4;2;o.95 = 19.25 

% 3.04; 0.16; 2.46; 3.38 t2;0,95 = 4.30 

y =I 2.574 + 0.510 x2 + 0.120 n - 2.148 r 
V 

R2 P 0.9860 $ = 70.32 F3;3;o.95 = g*28 

‘i: 4.76; 5.47; 13.37 t3;o 95 = 3.19 . 

y = 1,169 + 0.376 x2 - 0.244 x3 - 0.783 rv 

+ 0.430 x7e 

R2 = 0.9848 2 = 64.67 
A 

?4;4;o,95 = 6.39 

t: 3.36; 0.70; 6.02; 3.23 t4.0,95 = 2.78 
I 

y = 1.200 + 0,417 x2 - 0.790 rv +- 0.516 ~7~ 

R2 = 0.5829 F = 95.79 Pj;5.0 95 = 5.47 

%: 4.62; 6.43; IO.54 t5;o 4; 
. 
= 2.57 * 
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,‘taken from R. J. Hartman, H. iM. Hoog3toen and J. A. Mocde, J. Amer. C/WI. SW. 66, 1714 (1944): 
“basis set: H. F, 1,OMe. OEt, F&z, NO,, Br. CI:‘y = 5 + lop kLJfor Ihenotations used cp footnotcsd and 
e of Tahie 1 : ‘x7 z dummy kariablc with -t I for OMc, OEt and,- 1 for NC12. 

Xij (which substitucnts) C~USC such eITect~. the 
computation of the partial derivatives 

ibk 
-_ .- = c,,e, - 
( xtj 

(3) 

can have advantages.’ The differential quotients ofeqn 
(3) reflect the scnsitivityofthe ith valueofthe regressor 
Xj with respect to the regression coeficient bk. where 

(Ckjf = (X’X)_’ 

and 

ei = Yi - gi = Y, - i bjxij - b,,. 
J-I 

These sensitivities may be surprisingly diiTerent, both 
in value and ranking, from the sensitivities to change m 
the dependent variable. They will in particular give 
details of those observations most liable to cause 
estimation error, which is especially important where it 
is hoped to interpret and use the estimated regression 
equation directly. 

Plotting *‘Ey values from the csterification with 
cyc~ohexanol at 55°C against G,, displays that only the 
methyl group shows a marked deviation (Fig. 5). The 
methyl group is of essential significance in all 
investigations concerning the ortho effect and should 
in no case be omitted from the analyses. The same 
assertion holds for the hydrogen substituent: the 



518 H. MAC;ER 

special role which it plays following already from the 
consideration of the so-called “weighted squared 
distances”computcd for multiple regressions concern- 
ing the reactions of o-substituted compounds.” The 
correlation ofall data points with .E.& and r,. supplies 
as expected a subset. which is significant in .# and r, (cp 
set 33). This result is not altered by dropping the 
methyl group (sets 34 and 34a). By inspection of the 
partial derivatives according to eqn (3) the effects of 
the elimination of Me can be roughly predicted. (Table 
6). According to these values the elimination of Me 
from the correlation should yteld a change of the 
regression coefficients for the inductive and the steric 
terms with bz remaining approximately constant. This 
forecasting is confirmed by the equation obtained (set 
34). The computed ib,/?x,j reveal the interesting fact 
that the van der Waals radii of the methoxy and the 
ethoxy groups exert an important influence on bz. the 
regression coefficient for the resonance term .&, This 
might be due to at least two different reasons: (i) the van 
der Waals radii ofOMeand OEt are inappropriateand 
therefore. the steric information has partly to be 
governed by the resonance term, or, more probably; (ii) 
the rate constants of these groups do not represent a 
pure stericeffect but some kind of resonance action or a 
mixture of both. 

A very interesting phcnomcnon resulted from the 
correlation with ;F. .%, n, and r,. where .# lost its 
significance (set 35, cp also sets 3 1 and 3la ). An 
interpretation of the subset obtained in this way is not 
possible m a simple manner. but there is some 
indication that ranking the substituents according to 
their “sizes” may not lead in all cases to the same result, 
in other words, the overall steric effect is composite 
in nature (similar to the resonance effect) and exhibus 
some variation depending upon the reaction or 
physical property investigated. The linear combina- 
tion of n and r, can replace the resonance constant .d. 
but it is clear by inspection of the signs of the regression 
coefficients that it does not represent a uniform effect. 

From the statistically based examination of the rate 
data for the esterifications of m.p-substituted benzoic 
acids. the conclusion was drawn that such substituents 
as p-F, p-Olvle, and p-OEt exert special resonance 
effects whrch were taken into account using the 
dummy variable x4, For t hc different structurations of 
the dummy variable possible from the physico- 
chemical viewpoint. multiple regression equations 
with ,K .R, and r, have been computed (backward 
chmination procedure, ordinary least squares). The 
best subsets were obtained using the dummy variable 
x7 (structuratlon: OMe. OEt = + I : NO2 = - 1) as it 
can be seen from sets 36 and 36a. The comparison 
between sets 36a and 3 shows that the inductive effect is 
m the same order in both cases (being very particular 
about this. only a comparison of the standardized 
regression coefficicnts’h should be made). 

The corresponding correlations of the rate constants 
for the estcrification of o-substituted benzoic acids 
wrth methanoliHC1 gave essentially results compar- 
able with those obtained previously. In the present 
case also the correlation with o,, proved significant at 
the 5 ‘(, level (Table 7. set 37) and the goodness of fit is 
considerably improved by dropping the methyl group 
(set 38). Correlation of the reactivity data with ,“2, d, 
and r, would give rise to the assumption that 
resonance and steric effects are predominant (set 39) 
and after deleting the mcthoxy, ethoxy. and hydrogen 
substituents only r, remains significant (sets 40 and 
40a). the latter result is not changed after resumption 
of H. The differential quotients of cqn (3) display 
essentially the same structure as in the esterificatlon 
reaction with cyclohexanol. Introduction of the 
dummy variable x7 yields a nonsignificant regression 
coefficient for .# (set 41) and thus to a subset consisting 
of .F. r,, and x, (41a). 

Table 6. Selected partial derivatives according to cqn (3) of the regression cocfhcients computed for set 
34” 

abl 

ax 
i2, 

3% 

aXi3 

ab2 I 

a xi3 

a b3 

3 
xi2 

-2.611887 -1.680011 -1.355786 5.127215 

-1.760319 -0.811362 -2.231075 5.567689 

-2.887278 -1.626154 -2.471044 7.523198 

-2.551133 -1.776460 -3.170020 6.386158 

-2.630332 -1.888681 -3.051481 6.345332 

-3.929002 -2.40784 2 -2.278171 7.767551 

-2.091566 -1.461279 -1.762193 6.542253 

-2.427678 -1.499503 -2.369463 6.681384 

-2.247398 -1.601202 -2.306018 6.114679 

3.301430 II 

2.864598 F 
. 

4.323512 I 

4.402083 OMe 

4.512070 OEt 

4.738165 Me 

4.452802 NO2 

4.153458 Br 

4.269556 cl 

“The partial 
weighted). 

derivatives not included can be rcgardcd as bemg nearly constant in this context (equally 
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Table 7. Estcrificatlon of n-substituted benzoic acids with methanokHC1 at ZS”C 

Set Regressandb’ = Regreseion equation and paremetered 

37 811 subetituentB 

38 Me omitted 

39 all substituents 

40 H, OMe, OEt 

omitted 

4Oa 

41 

Ii, OMe, OEt 

omit ted 

all substitueats 

418 all substituents 

y = 7,186 - 7.850 x1 

R2 = 0.8131 $ = 30.45 F,;7;o.95 * 5.59 

y L 1.308 - 2.119 x, 

R2 = 0.9776 G = 261.45 P 1;6;0.95 - 5*g9 

Y = 2,733 - 0.073 x2 - 1.938 x3 - I.230 q, 

R2 = 0.9663 G - 47.77 F3;5*o 95 - 5.41 

t: 0.35; 6.52; 4.30 c5;o,9; 

l 

- 2.57 

Y c 2.802 - 0.045 x2 - 7.358 x3 - 1.259 rv 

R2 = 0.9755 p^ = 26.55 F3i2;o 95 = 19.16 

?: 0.26; 2.11; 2.75 t2;o,g5 m’4.30 

y s 4.432 - 2.064 rv 

R2 = 0.9206 G = 46.35 F1;4;o,g5 - 7.7’ 

y E: 2.744 i. 0.193 xa - 0.483 x3 - 1.187 rV 

R2 = 0.9945 3 

+ 0.604 XT8 

- 180.89 F4;4;o.95 - 6.39 
A 
t: I-73; 1.40; 9.15; 4.55 t4.0 95 * 2-78 

Y = 2.804 J 0.275 x2 - 1.202 :,‘+ 0.775 x7 

R2 - 0.9918 ? = 202.13 F3.5.0 95 = 5.41 I 1 l 

t: 2.66: 8.53; 13.82 t5;o,g5 - 2,57 

*‘ratecon&mts taken from R. J. Hartman and A. G. Gassman. J. .4n~r. (‘hcn~. .%x.62, 1559 (1940); R. 1. 
Hartman and A. M. Botdcrs, ibid., 59.2107 11937): “basis set: cp Table 5, f(~o~notc b; ‘4 = 5 + log k ,dfor 
the notations u5rd cp footnotes d and L’ of table I; ‘cp Table 5 footnote e 

Prirtcipal cfmporir~~t nnairsis 

The principal component analysis IS suitable for 
~nalysin~ dependence structures if one attempts to 
dcory those hidden factors which have generated the 
depcndcncies. Thai is. the observable variables are 
represented as functions of a bmaller number of latent 
factor variables, which can be used to pcnerare the 
covariances among the variables from which we 
started. If that form is simple. and if the lalcnt variables 
arc few in number, 21 more economical description of 
the dependence structure can be ~bt~in~~. By means of 
this method the data material can bc concentrated and 
to this end the rate constants of the following 
esterification reactions were used : (i) csterification by 
cyclohexanoI~HC1 at 55 and 65°C: and (ii} 
esterificatmn by methanol/HCl at 25 and 40°C. We 
denote the rate constants in the following way: 

5 + iog k (cstcrificatinn by 
~y~iohexanol~~C1 at 55°C) = y, , 

5 + log k (csterification by 
cyclohcxanol!IKI at 65°C) = yz. 

etc., and form the “covariancc” matrix Y’Y with 

Y = (!‘*y?y,y,l. 

w hcrc y , IO y4 arc the vectors oft he rate constants. The 
dclerminantel equation to bc solved for each eigen 
value IL then becomes 

det (Y’Y - &I) = 0 
[I = unit matrix of dimension (4.41.1 

After having computed the cigenvalucs the eigcn 
vectors vk were extracted from 

{Y’Y - i,l)v, = 0. 

WC obtained the followmg cigenvalues: 1, = 40.30; lz 
= 1~14;l,,i,closetozcro,Thustbout97”,,ofthetotal 
“variance” of the rate constants in all reactions 
investigated can be accounted for by the first principal 
component z1 with 

z, = j’v, 

(for an introdu~~ic~n to prin~ipai component analysis 
cp Morrison”). The correlation of z, versus the 
corresponding physicochcmical parameters yields 
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entirely similar results as obtained using the primary 
data: 

1. Correlation vs .‘7, 2, rV 

z1 = 4.575 - 0.009.F - 3.029.# - 1.935r, 

RZ = 0.9520, F = 33.09, F,:,:, = 5.41 9i 

i(b,) = 0.02, i(b,) = 5.52, r(b,) = 3.66 

backward elimination 

z, = 4.585 - 3.027W - 1.944r, 

R* = 0.9520, E = 59.55, F2:6,0 = 5.14 95 

i(b,) = 6.10, i(b,) = 5.59, th;O,yg = 2.45. 

2. Correlation with 9, 3. r,. x7 

z, = 4.592 + 0.484.P - 0.3249 - I .853r, + 1.124x,. 

R2 = 0.9933. F = 148.38 > F4,4:,,q5 = 6.39, 

r(b,) = 2.54, i(b,) = 0.55, t(b,) = 8.37, i(b,) = 4.97 

backward elimination 

z, = 4.632 + 0.538.P - 1.863r, + 1.239~7, 

R2 = 0.9928, e = 229.90 > F3;5:,,.9s = 5.41, 

i(b,) = 3.58, i(b,) = 9.11, i(b,) = 15.22, tS.o 9., = 2.57. 

(4) 

From the equations presented the following con- 
clusions can be drawn. 

1. In both the reactions of m,p-substituted and o- 
substituted benzoic acids strong donor and/or 
acceptor substltuents may exert special resonance 
effects which can be accounted for by use of various 
dummy variables. 

2. The esterificatlon rates of o-substituted benzoic 
acids depend upon inductive, mesomeric, and steric 
effects. 

3. The appearance of the resonance term is mainly a 
result of peculiar resonance contributions performed 
by such substituents as methoxy, ethoxy, and nitro. If 
this fact is taken into account using an appropriate 
structured dummy variable, the resonance term can be 
dropped from the regression equations. 

4. Taking away the special resonance effects 
connected with the above mentioned groups. the rate 
of estcrification of o-substituted benzoic acids is 
essentially influenced by inductive and steric effects, 
where the influence of the former is of minor 
importance. 

Table 8. Comparison among Tome measures of the steric substituent effect 

Substituent na rvb 
oc 
% Ei(corr.Jd 

H 1.20 0.79 

F 5.1 1.47 0.49 0.42 

OEt 1.52 0.90 0.29 

0Me 9.5 1.52 0.99 0.34 

Me 8.5 1.715 0.00 0.00 

Cl 8.1 1.75 0.18 -0.17 

Br 9.2 1.85 0.00 -0.42 

I 9.9 1.98 -0.20 -0.74 

NO2 7.9 2.18 -0.75 -0.87 

“taken from reference 9; htakcn from reference I; ‘taken from reference 2; “this paper. 
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5. The E: values of the ethoxy and the methoxy 
groups as given by Taft are actually composite in 
nature and should not be regarded as a measure of the 
steric effect. 

These conclusions are somewhat contrary to those 
drawn previously. ’ However, the most important 
conclusion, namely that Ez should generally represent 
a predominant steric effect, has not been affected and 
could be maintained. Since it has been demonstrated 
that the correlations of the esterification rates exhibit 
no uniform pattern, these reactions and the 
corresponding hydrolyses should not further be used 
for the estimation of steric substituent constants. 
Basing on eqn (4) modified steric substituent 
“constants” may be derived which are “corrected” for 
inductive effects and particular mesomeric contribu- 
tions (Table 8). 

Finally, it is our objective to emphasize vigorously 
that the values displayed in Table 8 arc essentially 
based on the supposition that all regressors used in the 
correlations truly measure what they purport to 
measure, a supposition which is by no means self- 
evident (cp the discussion concerning the van der 
Waals radii). 
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