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Correlation of Carbon-13 Substituent-Induced
Chemical Shifts: meta- and para-Substituted

Methyl Benzoates

Milo$ BudéSinsky* and Otto Exner

Institute of Organic Chemistry and Biochemistry, Czechoslovak Academy of Sciences, 166 10 Prague 6, Czechoslovakia

Carbon-13 NMR spectra are reported for 69 substituted methyl benzoates in deuteriochloroform or in its mixture
with dimethyl sulphoxide-d, . The substituent-induced chemical shifts (SCS) of the CO carbon correlate poorly with
dual substituent parameters (DSP) in all possible modifications, and for meta derivatives in particular this correla-
tion is both overparameterized and imprecise. A much better correlation was obtained with parameters (designated
B™, B? and CP) derived previously by principal component analysis (PCA) from a larger set. The SCS of the CH,
carbon correlate very well with the original simple Hammett equation, and no DSP treatment is needed. The
clustering of substituents is not consequential in such a large set.
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INTRODUCTION

Benzene derivatives represent an important model for
studying '3C substituent-induced chemical shifts (SCS),
mainly because of their relationship to the Hammett
equation and other linear frec energy relationships
(LFER) (see Refs 1-14 and references listed in a pre-
vious paper®). The dependence of SCS on structure has
been mainly expressed by correlation with dual substit-
uent parameters'’® (DSP), and more recently also by
principal component analysis3-!%14-16-18 (PCA) or by
other types of correlations.!®!11°-25 The use of the
DSP treatment has been advocated®®~2° many times
and only rarely has its failure3® or a more profound
criticism!”-3! been reported. We have studied a particu-
larly large series of meta- and para-substituted benzoni-
triles and showed® that DSP analysis is not the best
procedure, at least for an extra-annular carbon atom on
a multiple bond. For meta derivatives the DSP treat-
ment is both overparameterized and imprecise; even for
para derivatives the fit is significantly worse than with
PCA. The components determined by PCA bear some
relationship to certain ¢ constants but also reveal spe-
cific deviations, ascribed to ‘magnetic’ effects.

In this work we have extended the investigation to
meta- and para-substituted methyl benzoates, 1 and 2,
respectively, with 34 substituents. In addition to the
experimental data we report here the SCS correlations
of the CO and CH, carbons. The correlations of the

s 4 65
e©3—COOCH3 x—1®»coocr43
(W :

3
X
1 2

* Author to whom correspondence should be addressed.

0749-1581/89/060585-07 $05.00
© 1989 by John Wiley & Sons, Ltd.

intra-annular carbons will require yet another series to
extend the current investigation.!4

EXPERIMENTAL AND RESULTS

The substituted methyl benzoates 1 and 2 were gener-
ally prepared from analytically pure benzoic acids with
diazomethane in diethyl ether solution, and after evapo-
ration of the solvent they were not purified further. The
following compounds have not been previously charac-
terized (or were now prepared in a different manner):
methyl 3-phenoxymethylbenzoate, b.p. 130-133°C/50
Pa, for C,sH,,0, calc. C 74.36, H 5.82, found C 74.32,
H 5.85%; methyl 4-phenoxymethylbenzoate, m.p. 85°C,
found C 7457, H 5.88%; methyl 3-phenyl-
sulphonylmethylbenzoate, m.p. 107°C, for C,sH,,0,8
calc. C 62.06, H 4.86, S 11.04, found C 62.17, H 4.78, S
11.04% ; methyl 4-phenylsulphonylmethylbenzoate, m.p.
174°C (lit.3? m.p. 177°C), found C 6188, H 500, S
10.89%; 3-methoxycarbonylbenzenesulphonyl fluoride,
m.p. 65°C, for CsH,FO,S calc. F 8.72, S 14.69, found F
8.99, S 14.45%; 4-methoxycarbonylbenzenesulphonyl
fluoride, m.p. 84°C, found F 888, S 14.87%; 3-
methoxycarbonylbenzenesulphonyl  chloride,>*  m.p.
68°C; 4-methoxycarbonylbenzenesulphonyl chloride,
m.p. 69°C, for CgH,CIO,S calc. C 4095, H 3.01, §
13.66, found C 41.34, H 3.02, S 13.52%. Most of the
parent benzoic acids had been previously character-
ized,?*35 and 4-carboxybenzenesulphonyl chloride was
prepared  according to the literature.’®  3-
methoxycarbonylbenzoyl chloride, (oil, not distilled)
was prepared from 1,3-benzenedicarboxylic acid mono-
methyl ester and thionyl chloride (refluxed only to
dissolution), and 4-methoxycarbonylbenzoyl chloride,
m.p. 55°C, was prepared in the same way.
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Table 1. 13C NMR chemical shifts of meta-substituted methyl benzoates in deuteriochloroform

Substituent C-1 Cc-2 Cc-3 Cc-4 C-5 Cc-6 C=0 OCH, Other carbons
H 12835 12958 13024 12958 12835 132.88 167.07 52.04 —
He 12832 12939 130.06 129.39 12832 13288 16676 51.94 —
CH, 13812 13013 13013 12673 12825 13364 16725 51.98 CH,21.23
CH,C,H, 14046 13002 130.39 12742 12851 13348 167.07 51.98 CH,41.71; C4Hy 141.47 (1),
128.85 (2', 6'), 128.56 (3", 5'),
126.28 (4')

CH,S0,C4H; 128.67 13191 13064 129.93 12872 13513 162.26 52.20 CH,62.47; C,H;137.78 (1),
128.58 (2, 6"), 129.04 (3", 5),

133.88 (&)
CF, ® 131.18 126.60 131.14 13285 12911 12947 165.80 5251 CF;123.77
(33.1) (4.0) (3.7) (272.1)
CH,CI 137.90 129.65 130.74 129563 12888 13296 166.53 52.21 CH,CI 4550
CH_Br 138.21 130.06 130.80 129.561 128.94 13341 166.44 52.21 CH,Br 3243
CH,0CgH;, 137.61 12849 13052 129.10 12867 13182 166.83 5212 CH,069.36; C;H; 158.57 (1),
114.88 (2', 6'), 129.52 (3', 5').
121.16 (4)
CeHg 141.47 127.72 130.73 128.24° 128.82 13147 166.899 5212 CgH; 140.10 (1'), 127.13 (2', 6'),
128.87 (3, 5), 128.33 (4')°
COCH, 137.37 12953 130.75 133.86 128.84 13228 166.24 5237 C0197.12; CH,; 26.67
COC4H, 137.98 130.93 13044 13277 12859 13402 166.21 52.34 CO 195.62; CH, 137.07 (1),
130.01 (2', 6"), 128.47 (3", 5"),
133.15 (4)
COOH? 131.44 13091 13046 13348 12850 134.00 16629° 5223 COOH 167.68¢
COOCH, 130.73 130.66 130.73 133.78 12861 133.78 166.22 52.34 —
Ccocli 133.73 132.35 131.38 135.04 129.31 135.98 16540 5265 COCI167.67
CN 113.03 133.27 13148 13364 12945 13596 165.08 52.69 CN117.85
F® 162.60 116.52 13240 12533 130.01 11998 165.95 52.35 —
(247.3)(23.0) (7.5) (3.2) (7.7) (21.3)
Cl 134.65 12968 131.94 127.70 129.68 13292 165.83 52.35 —
Br 122.45 13261 13211 128.14 129.92 13584 165.70 52.37 —
| 93.75 13843 13201 12868 12899 14167 165.43 52.33 —
OH 156.13 116.47 131.20 121.81 129.75 120.54 d 5244 —
OCH, 159.64 11411 13153 121.99 129.39 11943 166.92 52.09 OCH, 55.37
OCH,CH, 158.97 11472 13147 12186 12935 11997 167.00 5210 OCH, 63.70; CH; 14.75
OCOCH, 150.69 12286 13171 12697 12943 126.27 166.13 5225 CO 169.14; CH, 20.98
NH, 146.71 11573 13111 11953 129.24 119.40 167.35 51.99 —
N(CH;), 150.47 11319 13081 11753 12897 116.73 167.72 51.92 N(CH,), 40.45
NHCOCH, 139.29 12058 13047 124.37 12878 12419 166.76 52.00 CO 169.17; CH, 24.20
NO, 148.34 12454 131.94 13527 129.73 127.39 164.93 52.80 —
NCS 131.97 126.79 131.88 12817 129.69 129.69 165.61 5246 NCS®
N=NC.H, 152.48° 12404 12912 131.63 12912 12688 166.49 652.28 CgH; 152.61° (1), 123.02 (2', 6').
128.12 (3, 5%, 131.39 (4')
SCH, 139.37 12758 130.78 126.06 128.69 130.78 166.61 5215 SCH,15.63
SO,CH, 141.31 12851 131.66 134.51 12973 131.36 165.20 52656 SO,CH, 44.36
SO,NH, ° 144.28 12725 130.82 13259 129.07 130.27 16559 52.42 —
SO,F 13413 130.05 133.61 136.29 12859 13215 164.60 52.90 —
SOCI 144.82 12810 13214 13594 13010 130.72 16459 52.90 —_
Aza — 15094 126.07 137.00 123.27 18344 165.72 62.38 —
* A mixture of CDCI, with DMSQ-d, (10%) was used as solvent.
® J(CF) values are given in parentheses.
°The signal assignments can be interchanged.
Values shift with increasing concentration from 167.51 to 167.97 ppm.
° The signal was not observed (probably owing to a long relaxation time).
The '*C NMR spectra were recorded on a Varian
XL-200 FT-NMR spectrometer (at 50.3 MHz) in deu- DISCUSSION
teriochloroform or in its mixture with 10% dimethyl
sulphoxide-d , as previously described.? The results are The CO carbon
given in Tables 1 and 2. Linear regressions were carried
out with a free fitted intercept but its values are not All the compounds were included in the correlations

given in Tables 3 and 4. with two exceptions: OH and Aza substituents. The
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Table 2. '*C NMR chemical shifts of para-substituted methyl benzoates in deuteriochloroform

Cc-2 C-3
Substituent C-1 Cc-6 Cc-5 C-4 OCH, Other carbons

H 132.88 128.35 129.58 130.24 167.07 52.04 —

H? 132.88 128.32 129.39 130.06 166.76 51.94 —

CH, 143.51 129.06 129.61 127.51 167.14 51.88 CH,; 21.61

CH,C¢H, 146.49 128.91 129.80 128.13 166.94 51.89 CH, 41.89; C;H,; 140.09 (1'), 128.91 (2, 6'),
128.57 (3, 5'), 126.34 (4")

CH,S0,C.Hg 133.93 130.83 129.75 130.56 166.49 52.24 CH,62.71; C,H, 137.75 (1), 128.61 (2', 6),
129.03 (3', 5%), 133.93 (4")

CF, ® 134.52 125.45 130.04 133.47 165.90 52.63 CF; 12371

(32.8) (3.8) (1.2) (272.8)

CH,CI 142.25 128.45 130.00 130.15 166.63 5217 CH,Cl 45.35

CH,Br 142.61 128.99 130.05 130.09 166.46 52.17 CH_,Br 32.55

CH,OCgHg 142.36 126.95 129.88 12971 166.83 52.10 CH,0 69.32; C;H; 158.50 (1°), 114.90 (2', 6'),
12955 (3, 5'), 121.24 (4')

CgHyg 145.65 127.03 130.10 128.91 166.96 52.07 CeHs 140.03 (1), 127.27 (2', 6°), 128.91 (3, 5'),
128.12 (4')

COCH, 140.30 128.20 129.83 133.95 166.20 52.44 CO 197.44; CH, 26.84

CO—CgH;y 141.35 129.49 129.74 133.25 166.26 52.41 C0O 195.91; C,H, 137.00 (1), 130.07 (2', 6"),
128.45 (3', 5'), 132.90 (4")

COOH? 134.93 129.67 129.37 133.68 166.30 52.30 COOH 167.58

COOCH, 133.96 129.55 129.55 133.96 166.18 52.38 —

COCli 136.63 13117 130.00 135.93 165.59 52.71 COCl1 167.85

CN 116.45 132.23 130.11 133.98 165.41 52.70 CN 117.93

F* 165.79 116.51 13214 126.51 166.11 5215 —

(253.8) (22.0) (9.3) (2.9)

Cl 139.38 128.71 130.98 128.71 166.18 52.23 —

Br 128.02 131.71 131.11 129.10 166.32 52.25 —

1 100.65 137.73 131.02 129.67 166.57 52.25 —

OH 160.39 1156.33 131.98 122.26 167.54 52.09 —

OCH, 163.37 113.63 131.59 122.68 166.84 51.81 OCH, 55.40

OCH,CH, 16279 11407 13158 12245 166.86 51.76 OCH, 63.68; CH, 14.68

OCOCH, 154.34 121.59 131.15 127.74 166.29 52.16 CO 168.78; CH, 21.11

NH, 150.90 113.80 131.60 119.72 16717 51.57 —

N(CH,), 163.33 110.73 131.26 117.08 167.46 51.44 N(CH,), 40.03

NHCOCH, 142.42 118.99 130.76 125.48 166.78 52.04 C0O 169.06; CH, 24.62

NO, 150.61 123.55 130.73 135.55 1656.17 52.83 —

NCS 135.75 125.63 131.06 128.74 165.88 52.34 NCS*®

N=N—CgH, 165.16 122.63 130.60 131.83 166.49 52.28 CgH5 152.60 (1), 123.14 (2', 6'), 129.16 (3', 5'),
131.66 (4°)

SCH, 145.42 125.01 129.88 126.36 166.83 51.98 SCH, 14.87

SO,CH, 14435 127.49 130.54 134.91 165.42 52.73 SO,CH, 44.32

SO,NH, * 147.57 126.14 129.92 132.94 165.66 52.44 —

SO,F 137.03 12863 130.73 136.56 164.92 52.96 —

S0,CI 147.49 127.07 130.85 136.11 164.89 52.95 —

Aza — 150.65 122.83 137.30 165.52 52.66 —

2 A mixture of CDCI; with DMSO-d¢ (10%) was used as solvent.
® J(CF) values are given in parentheses.

¢ The signal was not observed (probably owing to a long relaxation time).

latter is evidently different in character and deviates in
all correlations (see Figs 1 and 2); in addition, the
values of the o constants are uncertain.®® For methyl
3-hydroxybenzoate, its association in solution is
revealed by the strong concentration dependence of its
CO shifts (Table 1). The formation of a 14-membered
ring with two hydrogen bonds was established by IR
spectroscopy for 3-hydroxyacetophenone*® and ethyl 4-
methyl-3-hydroxybenzoate.*!  Although methyl 4-
hydroxybenzoate behaves normally, we eliminated the
OH substituent completely. A similar dimerization is
also possible with the 3-COOH substituent, but the low
solubility of 3-methoxycarbonylbenzoic acid prevented

us from studying the concentration dependence. The
corresponding point seems to deviate in Figs 1 and 2,
but the statistical characteristics of the correlations are
not affected.

Table 3 confirms the results obtained previously® on
substituted benzonitriles. The Hammett equation in its
original form, Eqn (1), is evidently invalid, mainly
because of the unequal slopes for the meta and para
derivatives. Separate correlation for the meta derivatives
is better, but it is still far from the required precision.
The DSP treatment, Eqn (2), does not bring any
improvement, in spite of the increased number of
parameters. By far the best fit was obtained with new
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Table 3. Regression analysis of the 13C SCS values in substituted methyl benzoates, the COOCH; carbon atom®

Type of Explanatory
regression Substituents variables
Hammett meta + para O o
Hammett meta [
Hammett meta O
psp meta o, 0x°
DSP meta 0, 05°
Dsp meta g, on"
psp meta g, og"
DspP meta o,, az°corr®
Afanas’ev’ meta o*, o
PCA const.? meta Bm
PCA const.® meta D"
Hammett para (8
Hammett para o
Yukawa-Tsuno para o, Ao,*
DSP para o, 05°
DsP para o, 0°
DsP para 0,08
DSP para g, 0"
DSP para o,, ag° corr®
DSP para a,, ag° corr®
Afanas’ev’ para o*, o
DSP-NLR' para o, 05°
DSP-NLR para 0,,0:°
PCA const.® para B°, C*
PCA const.® para Dr, E*
meta—para' para vs. meta sm

Regression
coefficients s® re n
-1.907 0.338 0.887 65
-2.924 0.253 0.949 33
-3.175 0.234 0.966 16
-3.102 -0.9384 0.254 0.951 33
-3.327 -1.0634 0.234 0.968 16
-3.060 -0.510¢ 0.226 0.963 32
-3.157 -0.478 0.198 0.977 16
-3.418 -1.083¢ 0.240 0.957 33
-1.072 -0.644 0.283 0.957 14
—2.968 0.055" 0.998" 14
-3.319 0.160 0.985 13
-1.501 0.267 0917 33
—1.446 0.256 0.932 16
—-2.007 0.876 0.236 0.940 31
(r-0.44)
—2.408 -1.158 0.169 0.968 33
~-2.431 -1.121 0.122 0.986 16
-2.438 -0.832 0.181 0.964 32
-2.413 -0.454 0.196 0.958 32
-2.715 -1.104 0.174 0.966 33
—-2.699 -1.066 0131 0.984 16
-0.825 -0.551 0.191 0.970 14
-2.341 -1.316 0.177 0.968 33
(£1.34)
-2.406 ~1.473 0.11 0.989 16
(e 0.51)
-2.608 -0.032%i 0.127 0.973 14
-1.883 0.409% 0.305 0.918 13
0.849 0.045 0.998 15

#The broader set consisted of all substituents except OH and Aza (n = 33, see Discussion), and the narrower set only of
substituents for which original values of ¢, and g, (Ref. 15) are available (n = 16): the remaining constants are from
Ref. 37. The latter set is listed only if there is an important difference. No data are excluded for a posteriori grounds.

® Standard deviation in ppm.

¢ Correlation coefficient (absolute value) or multiple correlation coefficient.

9The corresponding partial correlation coefficient |r| < 0.8.

¢ Values from Refs 34 and 37.
fRef 30, improved values of o* and ¢”.

9 Regression with components obtained previously by PCA of eight series (Ref. 3).
" Without iodine the regression is improved to s = 0.031, r = 0.9995.

‘ Reference 38.
' The term is insignificant at any confidence level.
*The term is insignificant at « = 0.05.

'Without donor substituents and without COCH,, COC4H,, COOH, COOCH,; with the latter four substituents the

correlation is slightly worse (s = 0.053, r = 0.997).

constants, designated B™, derived by PCA on eight
series.®> These constants, valid for the a-carbon on an
o,f-multiple bond, seem to incorporate some effects,
specific for SCS, due to which some substituents (Br, I,
SCH,, CF;, OCcH;, COR) have often been excluded
from the correlations.!7-20-21.38.42.43 Nevyertheless, some
deviations are still observable (see footnote h in Table
3); this shows that our model is obviously local in terms
of the recent discussion.*4* Since PCA yielded the B™
values for only 13 substituents, we calculated additional
mean values from the series of nitriles® and methyl ben-
zoates (Table 5). Although they are similar to the
common o, values, some differences are sufficient to
improve the fit significantly. The greatest deviations are
observed for I, N(CH;),, SO,NH,, COOH,
N=NC¢H; and CH,SO,C4H substituents, but not for
other substituents with an additional benzene ring

which could modify the SCS through the ring current.
These differences are probably not due to solvent effects
as they cannot be qualitatively explained by particular
constants?! valid for chloroform solution.

Om,p = 0% + p0 (1)
Om = 0%+ p™01 + pr"ox (2a)
0, = 0° + pPo; + pgfo, (2b)
dp = 0° + pfPoy + prPor/(1 — o) 3)

With para substituents the results are less clear as
they depend more on the size of the sample set. For a
narrower set several correlations are of comparable
quality: DSP, its non-linear extension3® [DSP-NLR,
Eqn (3)] or B? and C” constants® from PCA. The merit
of the last correlation is not so evident as the regression
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Table 4. Regression analysis of the '>C SCS values in substituted methyl benzoates, the COOCH, carbon atom®

Type of Regression

regression Substituents Parameters coefficients s® re n
Hammett meta + para Cm o 0.966 0.063 0.986 65
Hammett meta [ 1.025 0.056 0.979 33
DsP meta o, 04° 0.993 0.491¢ 0.057 0.979 32
DSP meta o, 05" 1.001 0.189¢ 0.071 0.967 32
DSP meta o,, og° corr® 1.118 0.478¢ 0.056 0.980 33
Afanas’ev’ meta o*, o 0.332 0.213 0.067 0.976 14
PCA const.? meta B™ 0.862 0.078 0.959 14
PCA const.® meta D" 1.055 0.018 0.998 13
Hammett para o, 0.939 0.047 0.992 33
Hammett para o, 0.907 0.039 0.996 16
Yukawa-Tsuno para o,. bo,? 0.978 -0.071¢4 0.047 0.993 31

(r-0.07)
DSP para a,, og° 0.994 1.099 0.046 0.993 33
DSP para 0,, 0g° 1.016 1.075 0.037 0.996 16
DsP para g, off 1.024 0.805 0.049 0.992 32
DSP para g, og* 0.993 0.446 0.078 0.979 32
DSP para a,, og° corr® 1.282 1.060 0.057 0.989 33
Afanas’ev’ para o*, o 0.223 0.458 0.077 0.986 14
DSP-NLR! para 0,,0° 1.021 0.963 0.044 0.994 30
(e—0.36)

PCA const.® para B?, C? 1.090 0.266 0.053 0.993 14
PCA const.® para D®, E° 1.001 -0.107%k 0.061 0.991 13
meta-para® para vs. meta é” 1.117 0.031 0.997 15

2~ See footnotes in Table 3.

 Insignificant at a = 0.025.

'Without donor groups and without COCH,, COC4H,, COOH, COOCH ; with the latter four the correlation is slightly
worse (s =0.039, r = 0.993).
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Figure 1. Comparison of the SCS of the a-carbon atoms in the Figure 2. Comparison of SCS of the CO.OCH.3 carbon atom ﬁn
two series methyl benzoates and benzonitriles; O, all meta deriv- methyl benzoates: the meta—para plot; designation of points as in

atives and para acceptors; @, para donors; ® , aza substituent. Fig. 1.
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Table 5. Substituent parameters describing the '*C SCS on the a-carbon atom of an a,$-double bond*

Substituent 8" Br c?
H 0 0 0
CH, —-0.061 -0.005 -0.357
CH,CgH; 0.00 (0.05) (~-0.2)
CH,OCH, 0.07 (0.09) (~-0.1)
CH,SO,C.H, 0.27 0.23 0°
CH,CI 0.17 0.20 (~-0.05)
CH,Br 0.20 0.22 (~-0.05)
CF, 0.431 0.463 o®
CsHg 0.02 (0.04) (—-0.20)
COCH, 0.268 0.347 0.091
COC4H, 0.28 0.30 (~0.05)
COOH (0.23) (0.19) (~0.08)
COOCH, 0.285 0.307 0.094
COOCH,CH, (0.28) (0.29) (0.08)
COClI 0.53 (0.56) 0°
CN 0.681 0.615 o°
NH, -0.093 -0.038 -1.5635
N(CH,), -0.236 -0.133 -1.898

Substituent 8™ 8° c*
NHCOCH, 0.09 (0.11) (—0.32)
NCS (0.49) (~0.45) 0)
N=NCgH, (0.19) 0.22 0°
NO, 0.710 0.710 o®
OH (0.05) (~0.18) (-0.35)
OCH, 0.021 0.096 -0.964
OCH,CH, (0.02) — —
OCOCH, 0.31 0.31 (~0)
SCH, 0.16 0.09 -0.39
SO,CH, 0.60 0.63 0°
SO,NH, 0.39 0.42 0°
SO,F (0.80) 0.81 0¢
SO,CI (0.80) 0.81 0¢
F 0.371 0.359 —0.652
Cl 0.421 0.378 -0.401
Br 0.453 0.351 -0.266
| 0.492 0.340 -0.463
Aza (~0.6) — —

2Values from PCA (Ref. 3) are given to 3 places of decimals, although this does not express the actual ‘precision;’
average values from two series are given to two places of decimals, and values from one series or estimates are in

parentheses.
b Zero values obtained by rounding off.
¢ Zero values assumed.

coefficient for CP is near to zero just in the case of
methyl benzoates. The variability of this coefficient, or
of pr, has been explained by variable proportions of the
local and direct polarization.® This variability is caused
exclusively by donor substituents, as can be seen from a
meta vs. para plot (not shown); if restricted to acceptors
the fit exceeds all other correlations in precision (Table
3, bottom). Further proof follows from a comparison of
the two series, methyl benzoates and benzonitriles (Fig.
1). Fadhil and Godfrey*® recently advocated separation
of donors and acceptors, placing each group on a
separate straight line, and the meta and para derivatives
together. According to our more extensive piot, all the
meta derivatives together with para acceptors lie on a
common straight line with high accuracy, whereas para
donors deviate but do not define an additional line.
When two series which are even more similar are com-
pared, for example, methyl benzoates and ethyl ben-
zoates,*” all points are situated on a straight line with
unit slope (not shown); the root mean square deviation
of 0.046 is probably mainly due to the experimental
error and can be taken as the lower limit for any correl-
ation. The separation of acceptors and donors is also
observed in Table 5, where we have attempted to calcu-
late provisional values of B” and C? from the available
data, assuming that C? =0 for strong acceptors.
Although imprecise, these values allow a clearer
recognition of the separation of substituents into classes
than that observed previously.*® The four classes of
acceptors, donors, alkyls and halogens are evident in a
plot CF vs. B? (not shown); nevertheless, some of them
are spread over a large area and cannot be considered
as clusters. According to common methods of cluster
analysis, the OCHj; substituent and the NH,-N(CH,),
pair form separate clusters, a further four clusters being
the halogens, stronger donors, strong acceptors and a

cluster containing weak acceptors, weak donors and
alkyls together. These results are sensitive to the exact
values of B” and C”. In our opinion, such a clustering
cannot invalidate the results of PCA or linear regression
analysis.

The CH; carbon

As expected according to its distance, the !'3C shifts of
this carbon are less sensitive to substitution. Neverthe-
less, the correlations are both simpler and more precise,
in spite of the less favourable ratio to the experimental
error. The simple Hammett equation, Eqn (1), holds
well with a common slope for meta and para substit-
uents, and no efficient refinement was found (Table 4).
Note, for example, the equal values of p; and pg in the
attempted DSP treatment, or the insignificant value of ¢
in the DSP-NLR variant. The positive p value is in
agreement with the proposed general rules*® and poss-
ibly with the much discussed principle of charge alter-
ation.’® One could even suggest this CH, carbon as a
secondary standard for estimating ¢ constants, but the
values would not be more precise than those from pK
values in mixed solvents.

In conclusion, the SCS of more distant and non-
conjugated carbon atoms are more regular and can be
expressed by a single constant which does not require
any DSP treatment. This means that the Hammett
equation holds as long as its original range of validity®!
is strictly retained.
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