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Various steric parameters used for the analysis of quantitative structure-activity
relationships (QSAR) were examined in relation to CNDO/2 molecular orbital calculations.
The through-space interaction energies ey and % (see text for physical significance) among
the atoms consisting of the outside part of [C(R,R,R;)-C(OH)(OH,)(OC,H;)]* were cal-
culated and employed as an index describing the steric effect. The structure was con-
sidered to be the transition state intermediate in the acid hydrolysis of C(R;R,Rj)-COO-
C,H;. The correlation of e} or sz with steric parameters commonly used in QSAR studies
was examined in detail. The characteristics of such steric parameters as E§, Es, molar
volume, molar refractivity, parachor, ¢ and & are discussed in relation to their usefulness
for QSAR studies.
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It is well known that steric effects play an important role in studies of quanti-
tative structure-activity relationships (QSAR). Various kinds of steric parameters such as
E¢ and its modification,»® which were derived from considerations of the acid hydrolysis of
R.COOR’,» molar volume (MV),5® molar refractivity (MR),>® parachor (P,),>® van der
Waals volume (V,,),%7 etc. were proposed for describing steric effects in the field of QSAR
studies. Since the derivations of these steric parameters are based on different kinds of physico-
chemical data, examination of the characteristics and interrelationships of the parameters
is very important. For this purpose we have carried out quantum chemical calculations to
evaluate the steric effect corresponding to the E§ or Eg value (vide infra) as an ideal model.
The calculated values were compared with other steric parameters as well as Eg and modified
forms.?

Calculation

The acid hydrolysis of C(R;R,R,)-COOC,H; is thought to occur through the transition
state [I] produced by the attack of H;O+ on C(R, R2R3) .COOC,H;.2:32:8  The larger the steric
hindrance, the greater the energy at the transition state [I], so that the acid hydrolysis rate
of R-COOC,H; becomes slower compared to that of the standard compound CH;COOC,Hj.
The Eg value,'® defined as Eg=log(kg/kcu,)s, therefore
takes a larger negative value with increasing steric r 1+
hindrance. We have now tried to calculate the degree H R,
of the steric hindrance at the transition state [I], in 0 O-H
order to compare the results with such steric para- H
meters as Eg, ES, MR MV, etc. (see below). When R: R.
the CPK molecular models of [C(R;R,;R;)-C(OH)- OC.Hs
(OH,)(OC,H;)]* (see Form I) with various kinds of L ]
alkyl groups for R;, R,, and R; are constructed, I
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it is clear that the outside of the molecules is almost completely covered with hydrogen
atoms. As an approximation of the steric factor mentioned above, we have now calculated
the through-space interaction (TSI) energies among the hydrogen atoms, which were defined
as ef=ef..x+ek k. The term of &}..., means the hydrogen-hydrogen interaction (repul-
sion) energies among the H atoms belonging to the substituents R;, R,, and R;. The term
&}k means those between the H atoms inside R;, R,, and R, and the H atoms belonging
to the protonated ester group, C(OH)(OH,)(OC,H;). The calculation was also made for
substituents with such heteroatoms as O, F, and Cl. In this case TSI energies are obtained
from the equation &} =1 ST & +ekiE. The term 31 8.4 stands for the sum
2 xx&xn X Xx (Xx")

of the TSI energies between any two atoms among hetero- and hydrogen atoms, which
cover the outside of substituents R;, R,, and R;. The second term on the right-hand side
of the equation expresses the TSI energies between the outside hetero- and hydrogen
atoms in the substituents and the hydrogen atoms belonging to the protonated ester group.
The calculation was carried out with a FACOM M-140 computer using the CNDO/2 program ;
in this approximation, the binding energy between the two atoms A and B is given by :

AB .
cas = >0 2P0 — %Pi» 7as) + [Paa+ P 7as+ ZaZsRi5— PaaVas— PeaVaal:
R .

' cC
Here, each notation has its usual physical meaning in this field,'V i.e. P,, =20§_} CiuCiys

Vis=ZgVan, Vea=Z4sVan; P25 =%S,w (B3+B3) K, and R,y is the atomic distance.!®.1® The

TaBLe I. The Through-space Interaction Energy ¢ and E§ Values for
Various Kinds of Alkyl Substituents

Component®)
3 T
Groups « substituents ES kca?/{mol
1 2 3

Me H H H 0.0 28.73
Et Me - H H -0.38 30.05
Pr Et H H —0.67 31.30
Bu Pr H H —0.70 32.88
Pent Bu H H —0.71 34.63
Hex Pent H H —0.61 36,65
Hept Hex H H (=0.64)» 38.84
Oct Hept H H —0.64 41.10
Iso-Pr Me Me H —1.08 34.32
sec-Bu ' Et H Me —1.74 34.61
Iso-Bu Iso-Pr H H —~1.24 39.43
Iso-Pent Iso-Bu H H -0.66 39.27
tert-Bu Me Me Me —2.46 40.76

Neo-Hex Neo-Pent H H —0.65 49.56
: Iso-Pent H H o 41.45
sec-Bu H H 40.83
Neo-Pent tert-Bu H H —2.05 52.06
Pr H Me 36.63
tert-Bu H Me -3.90 55.31
tert-Bu Me Me —4.82 60.12
) Et Me Me 43,02
sec-Pent Et H Et —2.59 26.95
sec-Hept Pr H Pr —2.72 22.63
Neo-Pent H Me —2.46 106.37
C(Me),(Et) H Me 57.23
C(Me),(Et) Me Me 65.46

a) The substituents at 1, 2, and 3 correspond to positions 1, 2, and 3 in Form [II] in the text, respectively.
b) This is the assumed value, since the E§ and Eg values for this substituent were not found in the literature.
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geometries used for the calculation were assumed to be as follows.!® In the protonated

ester group (Form I) the bond lengths are: #(C-0) =1.48 A, 7(0-H)=0.96 A, »(H,C-0)=1.43 A,

7(C-C)=1.54 A, and #(C-H) =1.09 A. The bond angles are 110° and 109°28’ for «(H,C-0-C)=

£(C-0-H) and the other angles,'® respectively. For substituents R the bond lengths and

bond angles are: 7(C~C1) =1.80 A, 7(C—F) =1.36 A, 7(C-0)=1.43 A,7(C-H) =1.09 4, £ (C-0-C) =

110°, and the other angle is 109°28’. The conforma-

H\ O/H tion of alkyl group carbons was assumed to be stag-

gered, as in Form [I1], and such substituents as linear

3 ) alkyl groups from CHj to #-Oct are put at position 1 of

Form [II]. In the case of branched alkyl groups such

' as iso-Pr and sec-Bu, there are several possibilities

HO 0C.Hs with the alkyl group at the positions 1, 2, and 38 in

Form [II]. Therefore the calculations of the total

1 energy (TE) and ¢} were made by using the CNDO/2

ha method on the various configurations of typical

substituents mentioned above. Referring to these

results, we have adopted the configurations given in Tables T and II for various kinds of

substituents'® which were employed for the present analysis. All of the calculation results
are listed in Tables I and II.

TaBLE II. The Through-space Interaction Energy ex and E Values
for Various Kinds of Heteroatom-substituted Groups

Component® ]
Groups « substituents ES kcaj?mol
1 2 3

CCl4 ‘ Cl Cl Cl —2.98 —65.83
CHCI, Cl Cl H -2.15 —-20.21
CH,Cl1 Cl H H —0.55 7.22
CF, F F F —2.08 ~21.84
CHF, F F H —1.28 —7.03
CH,F F H H —0.55 10.23
CH,0CH, OCH, H H —0.50 28.99
CH,SCH, SCH, H H —0.65 —5.33

a) The substituents at 1, 2, and 3 correspond to positions 1, 2, and 3 in Form [II] in
the text, respectively.

Results and Discussion

First, we will consider alkyl substituents with aliphatic hydrocarbons. The physical
significance given hitherto to &f, which is positive (repulsive) for alkyl substituents, is that
¢ values are deemed to reflect the bulkiness and shape of the substituents. On the other
hand, the steric substituent constants Es and E§ may represent the steric hindrance which
exerts an important influence upon the region near the protonated ester group. Bulky substi-
tuents located at positions far from the protonated ester group may have little effect on the
Eg or E¢ values. Figure 1 shows the correlation between ¢} and E values.'® Line 1 is
the regression line for the substituents Me, Et, Pr, Bu, iso-Pr, iso-Bu, sec-Bu, tert-Bu, ~-CH(Me)
(tert-Bu), and ~C(Me),(tert-Bu) as bulky groups adjacent to a protonated ester group. The
result obtained is: ES =—0.1435¢}-+3.8610; =10, s=0.366, and r=0.976.19 There seems
to be quite a good linear relation between E§ and TSI energies. Therefore, the & values might
also be a good measure of the steric effect in the region near the reaction center. On the other
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Fig. 1. Correlation between Ef and
s Values for Various Alkyl Groups

hand, substituents such as Pent, Hex, Hept, iso-Pent, #-Oct, and neo-Hex fall on the straight
line 2 in Fig. 1. Although a considerable change in &} values is observed with the
above substituents, scarcely any change of E values is found. Keeping in mind the fact
that the &} values also represent the bulkiness of the whole substituent, the above result
seems reasonable. The substituents falling on line 2 may have almost the same bulkiness in
the neighborhood of the protonated ester group.

On the basis of the physical significance of &} values discussed hitherto, a good correlation
between &} and molar volume (MV) or molar refractivity (MR) should naturally be obtained. The
latter indices are steric parameters useful for QSAR studies. Figures 2 and 3 show the relation.
A slightly curved parabolic relation is obtained for substituents from CHj to #-Oct with a
good correlation, as expected. The results can be written as MV =—0.2861 (&f)?+29.21 (&f)
—570.9 with #=8, s=1.228, »=0.9997, and MR=—0.0816 (¢})2+8.286 (¢f)—164.8 with
n=8, s=0.327, r=0.9997. The values of MV and MR were taken from references 5 and 6,
respectively.2? We can now consider the meaning of the lines 2, 3, 4, 5, 6, and 7 in Fig. 3.
Though the MR wvalues are almost constant in isomeric substituents the e values
vary considerably. The E; or E§ values are quite different among these isomers. These
results show that the MR values may not be entirely appropriate as a parameter for describing
the position adjacent to the reaction center. Careful selection is necessary to apply the
various kinds of steric parameters to QSAR studies. In general, the correlation coefficient
between any two of MR, MV, and parachor (P,) is high,5?") so that similar attention is also
necessary for the MV and P, values. Alternatively, it may be said that the &} values describe
adequately not only the steric effect on the position adjacent to a reaction center, but also
the bulkiness of the whole substituent itself.

We will next consider the TSI energies €} of aliphatic substituents containing heteroatoms.

" Based on the data in Table II, in which all the computed data are listed, the mutual relation
of E¢ and ¢} is shown in Fig. 4. Note that the larger the negative shift of the E§ value, i.c.
the larger the steric effect of substituents, the more negative the ¢} values become, just in
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the opposite direction compared to the mutual relation (see Fig. 1) between ES and &} values.?®
The linearity between the ES and the &f values is, however, quite good: E$=0.0319 &}
—1.103 with =8, s=0.313, r=0.961.  The TSI energies ¢} applied to heteroatom-contain-
ing systems may also be a useful index for estimating the steric effect on the reaction center.
As mentioned above, the energy contents contributing to the €} values?® are rather compli-
cated in comparison with those in the case of ¢} values. More rigorous consideration with
higher-order computation seems to be necessary, especially in heteroatomic systems.
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