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ABSTRACT: A new model of the inductive effect is proposed, allowing highly accurate theoretical calculations of
inductive constants for a diversity of substituents, using a simple and readily available system of mathematics.
According to this approach, the inductive effect of a substituent is considered in terms of the additive influence of its
constituent atoms. A constant inherent capacity for inductive interaction with a reactive center (with a four-coordinate
carbon atom chosen for such a center), represented by an atomic censtarascribed to each atom. Valuesogf

for a wide variety of atoms are determined, and their physical meaning is revealed to elucidate to a certain extent the
physical nature of the inductive effect. In addition, the proposed model permits the convenient use in calculations of
group constantgg characterizing the inductive power of groups. Valuesogfare determined for molecular
fragments that are most widely dealt with in organic chemistry, and the usg of og constants and of their
superposition is shown to have, in most cases, little or no effect on the accuracy and reproducibility of the results
obtained. It is also shown that, in terms of the developed approach, the inductive effect of a substituent is closely
associated with its conformation. Theoretical inductive constants were calculated for 427 organic, aromatic,
organometallic and charged substituents, and they showed perfect correlation with the corresponding experimental
values.[0 1998 John Wiley & Sons, Ltd.
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INTRODUCTION In the present work, we made an attempt to develop a

relatively simple model of the inductive effect which,
The relationship between the structure of organic and being based on an available body of mathematics, would
organoelement compounds and their reactivity is one of allow sufficiently adequate theoretical calculations of
the fundamental problems of contemporary chemistry. At inductive constants for a wide variety of organic and
present, the overall interaction of a substituent with a organoelement substituents and, to a certain extent,
reactive center is conventionally subdivided into induc- elucidate the nature of inductive interactions.
tive, mesomeric and steric components; the impossibility
of isolating each of these correctly is nowadays one of the
main obstacles to the further development of quantitative MODEL OF THE INDUCTIVE EFFECT
organic chemistry and correlation analysis.

Our experience accumulated in studying steric effects |nductive effect of organic substituents
indicates very high efficiency of modeling as a method
for quantitatively evaluating the substituent effect. For The following main postulates and assumptions consti-
example, our model of the frontier steric effec tute the basis of the developed approé&ch:
enabled us not only to calculate adequately and with
high accuracy the steric effect of any substituent at any 1. Each atom, depending on its chemical nature and
reaction center, but also to solve many other problems  valence state, possesses an intrinisic inductive power.
that are intractable or hard to solve in terms of the For the above reasons it is appropriate to choose as a
existing empirical scales. Extensive testing of the model  measure of this ability not one of the already known
on a great variety (hundreds) of organic reaction series  physical parameters such as electronegativity or
has revealed no restrictions on the applicability of this  dipole moment, but a certain empirical quantity
approach. (designateds ) referenced to one of the currently
used empirical inductive scales, taken as a basis.
2. We chose the Taft inductive scilas such a basic

*Correspondence toA. R. Cherkasov, Kazan State University, Kazan scale and extended it to the utmost limit by re-
420008, Russia. calculating the missing constants of one or another

00 1998 John Wiley & Sons, Ltd. CCC 0894-3230/98/070437-11 $17.50



438

A. R.CHERKASOQOV,V. I. GALKIN AND R. A. CHERKASQOV

Table 1. Experimental and theoretical [calculated with Egn (2)] inductive Taft's o* constants of organic substituents

No Substituent o* Otheor® No. Substituent o* Otheor®
1 —F 3.21+0.17 3.08 64 —CH,NH, 0.50+0.12 0.29
2 —CH,F 1.10+0.17 1.27 65 —CHCH;NHCH; 0.01+0.12 0.29
3 —ClI 2.89+0.17 2.43 66 —CH,N(CHg), 0.09+0.12 0.29
4 —CH,CI 0.96+0.17 1.08 67 —COCH; 1.70+0.05 1.56
5 —CHCl, 1.95+0.17 2.16 68 —COG;Hy (n) 1.59+ 0.09 1.56
6 —CHCICH; 0.83+0.17 1.08 69 —COGCHq () 1.45+0.12 1.56
7 —CHCICH5 0.94+0.10 1.08 70 —CH,COCH; 0.69+0.17 0.69
8 —C,H.CI 0.30+ 0.07 0.50 71 —CH,COH 0.69+0.17 0.69
9 —CH,CHCICH; 0.24+0.10 0.49 72 —C,H,COH 0.15+0.12 0.32
10 —Br 2.80+0.17 2.36 73 —C,H,COCH; 0.11+0.12 0.32
11 —CH,Br 1.15+0.17 1.14 74 —COOCH,; 1.94+ 0.07 2.05
12 —CHBrCH; 1.09+0.17 1.14 75 —COOGHs 1.89+0.07 2.05
13 —CHBIrCHs 0.91+0.10 1.14 76 —COOGHj> (n) 1.99+0.12 2.05
14 —CHBr, 1.97+0.17 2.28 77 —COOGH> (i) 1.91+0.07 2.05
15 —CHBIrCH,Br 1.33+0.10 1.62 78 —CH,COOH 1.08+0.17 1.23
16 —CoH,4Br 0.17+0.07 0.48 79 —CH,COOCH; 1.09+ 0.07 1.23
17 —CH,CHBrCH; 0.25+0.10 0.51 80 —C,H,COOH 0.34+0.17 0.53
18 —I 2.38+0.17 2.00 81 —C,H,COOCH; 0.30+ 0.07 0.53
19 —CH,l 0.96+0.17 1.23 82 —C,H,CO0OGHs 0.22+0.19 0.53
20 —CoH4l 0.21+0.10 0.39 83 —NO, 4.73+0.17 4.72
21 —OH 1.60+0.17 1.58 84 —CH,NO, 1.37+0.17 1.59
22 —OCH; 1.79+0.17 1.63 85 —CHCH:;NO, 1.30+0.17 1.59
23 —OGC,Hs 1.68+0.17 1.63 86 —CHC,H5NO, 1.30+0.17 1.59
24 —OCGC;H5 (n) 1.68+0.17 1.63 87 —CH(NG,), 3.03+0.17 3.18
25 —OC;H> (i) 1.61+0.17 1.63 88 —C(NOy); 4.62+0.17 4.77
26 —OC4Hg (n) 1.68+0.17 1.63 89 —C,H4NO, 0.47+0.17 0.73
27 —OC,Hg (se9 1.65+0.17 1.63 90 —C3HgNO, 0.48+0.17 0.42
28 —OCsH;1 (n) 1.55+0.10 1.63 91 —CN 3.484+0.07 3.37
29 —OCsH 1, (cy©) 1.61+0.17 1.63 92 —CH,CN 1.15+0.17 1.67
30 —OC,H,CHMe, 1.55+0.17 1.63 93 —C,H,CN 0.87+0.07 0.78
31 —OCH,CMe; 1.54+0.17 1.63 94 —C3HCN 0.43+ 0.07 0.50
32 —OCHCH,CMe; 1.48+0.17 1.63 95 —C=CH 1.75+0.07 1.72
33 —OGCgH15 (cyo) 1.88+0.17 1.63 96 —C=CCH; 1.81+0.07 1.79
34 —CH,OH 0.56+0.17 0.54 97 —CH,C=CH 0.76+0.17 0.82
35 —CH,OCH;z 0.56+0.10 0.54 98 —C,H,C=CH 0.19+ 0.07 0.31
36 —CH(OCHg), 1.12+0.17 1.08 99 —C3HgC=CH 0.174+0.07 0.19
37 —CH,0C;Hy (i) 0.59+0.11 0.54 100 —SOCH; 2.89+0.17 2.87
38 —CH,0C;H7 (n) 0.61+0.11 0.54 101 —CH,SOCH; 1.30+0.17 1.18
39 —CoH,OH 0.23+0.17 0.22 102 —SO,CHs 3.72+0.17 3.65
40 —C,H,OCH; 0.16+0.17 0.22 103 —S0O,C3H- (i) 3.59+0.17 3.65
41 —C,H,0C,Hs 0.23+0.17 0.22 104 —CH,SO,CH, 1.26+0.17 1.63
42 —SH 1.61+0.17 1.52 105 —NCH3NO, 2.40+ 0.07 2.27
43 —SCH; 1.66+0.17 1.55 106 —NHCOCH; 1.594 0.07 1.58
44 —SGHs 1.55+0.17 1.55 107 —NHCOGH5 1.59+ 0.07 1.58
45 —SGH7 (n) 1.48+0.17 1.55 108 —NCS 2.61+0.17 2.67
46 —SGsH- (i) 1.55+0.17 1.55 109 —CH,NCS 0.94+0.17 0.74
47 —SCyHq (N) 1.554+0.17 1.55 110 —NCO 2.254+0.17 2.30
48 —SCyHg (se9 1.48+0.17 1.55 111 —CH,NCO 0.81+0.17 0.66
49 —CH,SH 0.63+0.17 0.63 112 —OCH.CI 2.58+0.17 2.63
50 —CH,SCH; 0.63+0.10 0.63 113 —OCHCL 3.08+0.17 3.28
51 —CH,SCzH5 (n) 0.54+0.10 0.63 114 —OCH,F 2.33+0.17 2.18
52 —CH,SG3H> (i) 0.57+0.10 0.63 115 —OCHF, 2.83+0.17 2.71
53 —CH,SCyHg (n) 0.57+0.10 0.63 116 —OCHO 3.00+0.17 2.83
54 —C,H,SH 0.19+0.10 0.26 117 —OCH=CH 2.67+0.12 2.59
55 —CH=CH, 0.40+0.17 0.42 118 —ONGO, 3.76+ 0.07 3.68
56 —CH=CHCH; 0.30+0.17 0.42 119 —COBr 2.47+0.17 2.58
57 —C(CHg) =CH, 0.50+0.17 0.42 120 —COF 2.46+0.17 2.56
58 —CH=CHGH5 0.32+0.17 0.42 121 —NHCOCH; 1.59 1.47
59 —NH, 0.72+0.17 0.82 122 —OCOCH; 2.33+0.20 2.25
60 —NHCH; 0.69+0.12 0.85 123 —CH,0OCOCH, 0.79+ 0.07 0.74
61 —NHC,H5 0.96+0.12 0.83 124 —CONH, 1.75+0.17 1.81
62 —N(CH3)C,H5 0.83+0.12 0.83 125 —CH,ONO, 1.49+ 0.07 1.62
63 —N(C5Hs)» 0.86+0.12 0.83 126 —COCN 3.43+0.17 3.23
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Table 1 continued.
No. Substituent o* Otheor® No. Substituent o* Otheor®
127 —CH=CHClI(trang 0.964+0.07 0.87 135 —COC=CH 2.084+0.07 2.28
128 —CH=CHCI (cis) 1.02+0.07 1.20 136 —CH=CHCOOH 1.00+ 0.07 0.99
129 —CF=CH, 1.574+0.17 1.42 137 —CH,NHCOCH; 0.45+0.17 0.65
130 —CH=CHNOG, 1.76+0.12 1.55 138 —C,H4CONH, 0.184+0.07 0.44
(trang) 139 —CH=C(CN) 2.584+0.07 2.64
131 —CH,NHCONH, 0.39+0.17 0.64 140 —CH=CHCHOOH 0.69+0.07 0.65
141 —CH=CHCOOCH 1.124+0.07 1.12
132 (j/ 0.18+ 0.07 0.22 142 —C,H,CONHCH; 0.25+0.07 0.44
o 143 —SC(S)CH 2.80+0.17 2.61
144 —SC(S)SGHs 2.86+0.17 2.85
133 Q 0.274+0.07 0.42 145 —SC(S)OGHs 2.60+0.17 2.69
(0]
134 —COCH=CH, 1.90+0.17 1.76 146 @ 1.00+0.12 0.91
Table 2. Experimental and theoretical [calculated with Egn (2)] inductive Taft's o* constants of aromatic substituents
No. Substituent o* Otheor™ No. Substituent o* Otheor”
147 —CeHs 0.75+0.17 0.64 188 —CgH4OCH.CI (p) 0.76+0.17 0.99
148 —CeH4F (M) 0.95+0.17 0.87 189 —CgH4OCHCL (m) 0.90+0.17 1.23
149 —CsH4F (p) 0.81+0.17 0.81 190 —CeH4OCHCL (p) 0.96+0.17 1.19
150 —CgH,4Cl (M) 0.98+0.17 0.90 191 —CeH4OCH,F (m) 0.84+0.17 1.00
151 —CgH4CI (p) 0.874+0.17 0.84 192 —CgH4OCH,F (p) 0.71+0.17 0.96
152 —CgHal (M) 0.90+0.17 0.94 193 —OGCgHs5 2.47+0.17 2.42
153 —CgHal (p) 0.87+0.17 0.86 194 —OCH4CI (M) 2.58+0.17 2.43
154 —CgH4Br (p) 0.86+0.17 0.86 195 —OGCsHLCI (p) 2.63+0.17 2.37
155 —CeH4CHs3 (p) 0.594+0.17 0.64 196 —OGCgH4F (m) 2.524+0.17 2.39
156 —CgH4OCH; (m) 0.50+0.17 0.76 197 —OGCH4F (p) 2.454+0.17 2.35
157 —CgH4OCH; (p) 0.604+0.17 0.74 198 —OGCgH4l (M) 2.454+0.17 2.45
158 —CeH4CoHs (p) 0.59+0.17 0.64 199 —OGCgH4l (p) 2.40+0.17 2.39
159 —CH,CgH5 0.26+0.17 0.21 200 —OGCH4NO, (m) 2.77+0.17 2.51
160 —CHCH;CgH5 0.36+0.17 0.21 201 —OCgH4CH3 (m) 2.34+0.17 2.21
161 —C,H4CeH5 0.07+0.17 0.09 202 —OGCsH4CHs (p) 2.31+0.17 2.21
162 —CH,CgH4CN (p) 0.41+0.17 0.37 203 —CgH4SCGH5 (p) 0.74+0.17 0.77
163 —CgH4 (t) C4Hg 0.52+0.17 0.64 204 —CeH4SCH; (m) 0.79+£0.02 0.81
164 —CeH4(NO,),2,4 1.89+0.17 2.06 205 —CgH4SCH; (p) 0.73+0.02 0.77
165 —CeH4(NO,),3,5 1.384+0.17 1.39 206 —SGH4CI (m) 2.03+0.17 2.18
166 —CgH4NO, (M) 1.22+0.17 1.02 207 —SGH4CI (p) 1.98+0.17 2.15
167 —CgH4NO, (p) 1.27+0.17 0.92 208 —SOGH4CI (m) 3.18+0.17 3.24
168 —CeH4NHCH;5 (p) 0.55+0.07 0.69 209 —SOGH, Cl (p) 3.18+0.17 3.24
169 —CeH4NCS (m) 1.044+0.07 0.83 210 —S0O,CgH4CI (M) 3.47+0.17 3.83
170 —CgH4NCS(p) 0.95+ 0.07 0.78 211 —S0,CeH.Cl (p) 3.51+0.17 3.84
171  —CgHaN(CHg) (M)  0.614 0.07 0.71 212 —SGsH4F (M) 1.88+0.17 2.14
172 —CsH4N(CHs)5 (p) 0.43+0.07 0.69 213 —SGH4F (p) 1.78+0.17 2.12
173 —CgH4NH, (M) 0.61+ 0.07 0.71 214 —SOGHF (M) 3.17+0.17 3.23
174 —CgH4NH, (p) 0.49+ 0.07 0.67 215 —SOGH.F (p) 3.17+0.17 3.22
175 —CeH4N3 (M) 0.88+0.07 0.81 216 —S0O,CeH4F M) 3.55+0.17 3.70
176 —CgH4ICl (M) 1.504 0.02 1.25 217 —S0,CeHAF (p) 3.45+0.17 3.70
177 —CgH4ICI5 (p) 1.504+ 0.02 1.18 218 —SGH4NO, (m) 2.04+0.17 2.26
178 —CgH4lF5 (M) 1.30+0.02 1.19 219 —SGsH4NO; (p) 2.34+0.17 2.21
179 —CeH4lF> (p) 1.314+0.02 1.12 220 —SOGH4NO, (M) 3.22+0.17 3.32
180 —CgH4l05 (M) 1.1340.02 1.19 221  —SOGHJNO; (p) 3.26+0.17 3.31
181 —CeH4lO5 (p) 1.184+0.02 1.17 222 —SGsHs 1.89+0.17 1.99
182 —CgH4NHCN (m) 0.854+0.02 0.87 223 —SOGHs 3.244+0.17 3.09
183 —CgH4NHCN (p) 0.744+0.02 0.85 224 —S0O,CgH5 3.27+0.17 3.60
184 —CgH4NHCOH (m) 0.83+0.02 0.87 225 —SGsH4CN (p) 2.30+0.17 2.17
185 —CgH4NHCOH (p) 0.81+0.02 0.84 226 —SGCGH4CHs (m) 1.90+0.17 1.99
186 —NHCOGsHs 1.684+0.17 1.71 227 —SGsH4CHs (p) 1.914+0.17 1.99
187 —CeH4OCH,CI (m) 0.88+0.17 1.05 228 —SOGH4CHs (m) 3.01+0.17 3.09
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Table 2 continued.

No. Substituent o* Otheor™ No. Substituent o* Otheor®
229 —SOGH4CHs (p) 3.03+0.17 3.09 252 —CeH4CHF (p) 0.77+0.03 0.79
230 —SGH,OCH; (m) 1.90+0.17 2.09 253 —CgH4CH,NH, (m) 0.66+0.03 0.68
231 —SG;H4OCH;s (p) 1.67+0.17 2.07 254 —CeH4CH,NH, (p) 0.61+0.03 0.67
232 —SOGH4OCH; (p) 3.02+0.17 3.15 255 —CgHs+ C=CH (p) 0.81+0.03 0.75
233 —S0O,CeH40CH; (M) 3.26+0.17 3.72 256 —CgH4CHLCN (m) 0.86+0.03 0.83
234  —SO,CgH4OCH; (p) 3.25+0.17 3.72 257 —CgH4CHLCN (p) 0.83+0.03 0.81
235 —SGsH4SCH; (m) 1.94+0.17 2.12 258 —CgH4CH=CH, (m) 0.71+0.03 0.68
236 —SGCsH4SCH; (p) 1.70+0.17 2.09 259 —CgH4CH=CH, (p) 0.69+ 0.03 0.66
237 —CeH4CN (m) 1.13+0.03 0.92 260 —CeH4COCH; (m) 0.93+0.03 0.89
238 —CgH4CN (p) 1.21+0.03 0.85 261 —CgH4COCH; (p) 1.04+0.03 0.83
239 —CgH4CHF, (m) 0.93+0.03 0.96 262 —CgH4COOGHSs (p) 1.00+ 0.03 0.90
240 —CeH4CHF (p) 0.95+ 0.03 0.94 263 —CgH,COOCH; (m) 0.95+0.03 0.98
241 —CgH4CHCI, (M) 0.92+0.03 1.02 264 —CeH4COOCH; (p) 1.03+0.03 0.90
242 —CgH4CHCI, (p) 0.93+0.03 0.96 265 —CsH4C=CCH; (p) 0.74+0.03 0.75
243 —CgH4CHBr, (m) 0.92+0.03 1.07 266 —CgH,C(CN,)CHz (m)  1.13+0.03 1.02
244 —CeH4CHBI, (p) 0.934+0.03 1.00 267 —CgH-C(CNp)CH3(p) 1.11+0.03 0.98
245 —CgH4CHI, (M) 0.89+ 0.03 1.08 268 1-Naphthyl 0.77+0.17 0.95
246 —CgH4CHI, (p) 0.8940.03 1.02 269 2-Naphthyl 0.74+0.17 0.81
247 —CgH4COH (m) 0.99+ 0.03 0.89 270 2-Furyl 1.02+0.17 1.11
248 —CeH4COH (p) 1.03+0.03 0.85 271 3-Furyl 0.614+0.17 0.80
249 —CeH4COOH (m) 0.95+0.02 0.81 272 2-Thienyl 1.32+0.03 1.28
250 —CgH4COOH (p) 1.02+0.02 0.90 273 3-Thienyl 0.614+0.03 0.76
251 —CgH4CH,F (m) 0.78+0.03 0.80

Table 3. Experimental and theoretical [calculated with Egn (2)] inductive Taft's o* constants of organoelement substituents

No. Substituent o* Otheor™ No. Substituent o* Otheor®
274 —As(CHy), 0.78+0.50 0.62 308 —SePh 1.55+ 0.07 1.44
275 —As(CHs)» 0.52+0.02 0.62 309 —SeGH4CHs (m) 1.66+0.17 1.44
276 —As(CH5), 0.784+0.50 0.84 310 —SeGH4CHs (p) 1.844+0.17 1.44
277 —CeH4ASPh (m) 0.74+0.02 0.76 311 —SeGH4Br (p) 1.42+0.17 1.60
278 —CeH4ASPh (p) 0.78+0.02 0.76 312 —SeGH4CI (m) 1.52+0.17 1.57
279 —AuP(OPh) 4714+ .02 —4.87 313 —SeGH4CI (p) 1.46+0.17 1.54
280 —AuP(Ph} -5.10+ .02 -5.23 314 —SeGH4NO, (m) 1.664+0.17 1.68
281 —AUP(CHy); —5.65+ .02 -5.45 315 —SeGH4NO: (p) 1.84+0.17 1.58
282 —AUuP(PhCH); —-5.30+ .02 -5.38 316 —SeGH4SCH; (p) 1.2440.17 1.52
283 —Ga(CHy), -1.31+ .02 -1.19 317 —SeGH4OCHs (p) 1.194+0.17 1.50
284 —Ga(GH»)» —-0.89+ .02 —0.99 318 —SnBr 2.064+0.08 1.77
285 —Ge(CHy)s —0.044+ .08 -0.14 319 —SnChLCHs 0.90+ 0.08 1.08
286 —Ge(GHs)3 —0.04+ .08 -0.14 320 —SnCI(CH), 0.28+ 0.08 0.30
287 —Ge(Ph} 0.28+0.08 0.32 321 —Sn(CH)3 —0.04+0.08 —-0.30
288 —CeH4GeBr; (p) 1.22+0.02 1.37 322 —SnCLPh 0.98+0.08 1.17
289 —CeH4GeCk (p) 1.27+0.02 1.26 323 —Sn(GH3)s —-0.26+ .08 -0.14
290 —CgH4GeR; (p) 1.3940.02 1.11 324 —SiBrg 2.394+0.17 2.33
291 —HgBr 0.05+0.08 0.06 325 —SiCl,CHsz 1.46+0.13 1.40
292 —HgC,H3 —0.50+ .08 -0.41 326 —SiCI(CHy), 0.65+0.17 0.64
293 —HgOCOCH; -0.124+ .08 —0.06 327 —SiF(CHs), 0.45+0.17 0.55
294 —CeH4HgCHs (m) 1.00+ 0.03 0.60 328 —SIiH(CHs)» -0.164+ .17 -0.12
295 —CeH4HgCH;s (p) 0.77+0.03 0.60 329 —SiCl; 2.41+0.17 2.16
296 —CgH4HQCN (m) 0.90+ 0.03 0.72 330 —CgH,4SiBr3 (m) 1.0440.03 1.20
297 —CgH4HJCN (p) 0.94+0.03 0.70 331 —C¢H4SiBrs (p) 1.11+0.03 1.06
298 —CeH4HgCl (m) 0.94+ 0.03 0.70 332 —CgH4SIiCls (m) 1.0440.03 1.16
299 —CgH4HgClI (p) 0.95+ 0.03 0.69 333 —CgeH,4SICls (p) 1.10+0.03 1.12
300 —CgH4HgF (m) 0.94+ 0.03 0.68 334 —CgH,4SiF; (M) 1.09+ 0.03 1.09
301 —CgH4HgF (p) 0.94+0.03 0.68 335 —CgH4SiFs (p) 1.17+£0.03 1.07
302 —Li —2.894+ .50 —2.65 336 —CeH4SiHz (m) 0.74+0.03 0.63
303 —OLi 0.87+0.50 0.80 337 —CeH4SiH3 (p) 0.77+0.03 0.63
304 —MgBr -3.114+0.5 -3.11 338 —CeH4SiCl,Me (m) 0.92+0.03 0.98
305 —MgCl -3.164+0.5 -3.16 339 —CgH,4SiClLMe (p) 0.98+0.03 0.94
306 —SeCH 0.94+0.17 1.28 340 —CeH4SiCIMe, (m) 0.82+0.03 0.81
307 —SeH 1.29+0.13 1.28 341 —C¢H,4SiCIMe; (p) 0.85+0.03 0.79
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Table 3 continued.

No. Substituent o* Otheor™ No. Substituent o* Otheor®
342 —CeH,4SiMe,F (m) 0.79+0.03 0.79 370 —CH,PO(CH), 0.68+ 0.07 0.55
343 —CeH4SiMeF (p) 0.84+0.03 0.77 371 —CH,P(OCH), 0.80+ 0.07 1.21
344 —CeH,4SiHMe, (M) 0.71+0.03 0.63 372 —CH,P(O)MeOEt 0.70+ 0.07 0.88
345 —CgH4SiHMe; (p) 0.734+0.03 0.63 373 —CH,PO(GH5)» 0.62+0.07 0.55
346 —C¢H,4SiMes (m) 0.64+0.03 0.63 374 —CH,P(O)EtOEt 0.67+0.07 0.88
347 —C¢H,4SiMes (p) 0.65+0.03 0.63 375 —CH,P(O)Psp 0.59+ 0.07 0.55
348 —CgH4Si(NMey)s (m) 0.67+0.03 0.74 376 —CeH4PMe, (M) 0.73+0.03 0.67
349 —CgH4Si(NMey)s (p) 0.674+0.03 0.71 377 —CgHsPMe; (p) 0.72+0.03 0.66
350 —CeH4SiMe,Ph (m) 0.73+0.03 0.67 378 —CeH4P(O)Me, (M) 1.01+0.03 0.90
351 —CgH4SiMe,Ph (p) 0.754+0.03 0.65 379 —CgH4P(O)Me (p) 1.06+0.03 0.84
352 —CeH4SiMePh (m) 0.75+0.03 0.69 380 —CeH4P(OMe), (M) 0.794 0.03 0.86
353 —CeH,4SiMePh (p) 0.774+0.03 0.68 381 —CeH4P(OMe) (p) 0.81+0.03 0.81
354 —CgH4SiPh; (m) 0.82+0.03 0.74 382 —CgH4PO(OMe) (M) 0.95+0.03 1.03
355 —CgH4SiPhs (p) 0.834+0.03 0.72 383 —CgH4PO(OMe) (p) 1.01+0.03 0.98
356 —PBn, 1.73+0.17 2.12 384 —CgH4PO(OEL (M) 0.92+0.03 1.03
357 —P(CH), 0.554+0.17 0.34 385 —CgH4PO(OEL) (p) 0.97+0.03 0.98
358 —P(CGHy)> 0.55+0.17 0.57 386 —CgH4P(O)Ph (M) 1.02+0.03 0.98
359 —PCb 1.73+0.17 2.05 387 —CsH4P(O)PB (p) 1.074+0.03 0.94
360 —PK, 2.38+0.17 2.17 388 —CgH4PCl (M) 1.08+0.03 1.09
361 —PH, 0.174+0.17 0.34 389 —CeH4PCk (p) 1.1440.03 0.98
362 —PO(CH), 1.394+0.07 1.42 390 —CgH4P(O)CL (m) 1.26+0.03 1.32
363 —PO(OCH), 2.214+0.07 2.28 391 —CeH4P(O)Ch (p) 1.3440.03 1.16
364 —PO(GHs)» 1.68+0.07 1.42 392 —C¢H4PF, (M) 1.05+0.03 1.01
365 —P(O)MeOEt 1.82+0.07 1.85 393 —CeH4PF, (p) 1.13+0.03 0.95
366 —PO(nGH-)» 1.55+ 0.07 1.42 394 —CeH4PH, (M) 0.7440.03 0.67
367 —PO(NGHQ), 1.48+ 0.07 1.42 395 —CeH4PH: (p) 0.73+0.03 0.66
368 —P(O)BuOBuU 1.62+0.07 1.85 396 —CgH4PO(OH), (m) 0.96+0.03 1.03
369 —PO(0O-nBu) 1.784+0.07 2.28 397 —CeH4PO(OH) (p) 1.004+0.03 0.98

substituentfrom other inductive scalestaken from
Ref. 7. The recalculationwas basedon preliminarily
obtainedcorrelationdependencegnly thosehaving
correlation coefficientsof not less than 0.98 being
included.By recalculatingrom differentindependent
scalesfor the samesubstituentwe obtainedseveral
Taft inductive constants(commonly five or six),
which were then averaged.Thus, we constructeda
unified basicscaleof the Taft inductive constantsr*

for atotal of 427 substituents,which arepresentedn
Tables1—4.

. Asfollows from point 1, theatomiclevel of additivity

is accepted.The inductive effect of a substituentis
producedby the combinedinductive actionsof the
constituentatoms: thesein turn must eachbe pro-
portionalto the inductive ability of anatom(o,) and
inverselyproportionakto somefunctionof thedistance
of thisatomfrom thereactioncenter.Sincethetypeof

Table 4. Experimental and theoretical [calculated with Egn (2)] inductive Taft's o* constants of charged substituents

No. Substituent o* Otheor™ No. Substituent o* Otheor™
398 —COO —-1.084+ .17 -1.08 413 —PhCOO (p) 0.55+0.03 0.56
399 —CH,COO™ —-0.07+ .17 -0.39 414 —NH, Me,Cl 3.75+0.17 4.01
400 —CH=CHCOO —-0.03+ .17 0.01 415 —NH,"Me CI~ 3.69+0.17 4.01
401 —C HCN 1.60+ 0.07 1.70 416 —NH,"Me 3.76+£0.17 4.01
402 —C HCOOGHs; 1.25+0.07 1.15 417 —NH"Me, 4.3840.17 4.01
403 —S0O;~ 0.894+0.17 0.68 418 —NH,Et 3.75+0.17 4.01
404 —CH,S0O;~ —0.09+ .17 0.32 419 —N*MesCl™ 4,484+ 0.17 4.01
405 —S"(CHa), 5.764+0.07 5.85 420 —NH,"Pr(n) 3.75+0.17 4.01
406 —C,H,ST(CHa), 1.60+ 0.07 1.12 421 —N"Me; 4.3840.17 4.01
407 —C3HeSTMeEt 0.73+0.07 0.68 422 —NH,"Bu (n) 3.75+0.17 4.01
408 —C,4HsSTMeEt 0.384+0.07 0.43 423 —NH,"Bu (i) 3.75+0.17 4.01
409 —P"Meg 2.51+0.17 2.67 424 —NH3" 3.78+0.17 4.01
410 —PEts 1.86+0.17 2.67 425 —CH,N"HMe, 1.08+0.17 1.48
411 —P*EtMe, 3.66+0.17 2.67 426 —CH,NTMeg 1.02+0.17 1.48
412 —PhCOO (m) 0.604+0.03 0.58
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Table 5. Empirical atomic o and group og constants obtained from experimental Taft constants
Atom oA Atom oa Group oG
—F 5.88+ 0.29 —P( 1.23+0.32 —C=C— 0.94+0.15
—cl 7.6240.64 >c=o 3.29+ 0.24
—Br 8.91+0.73 Sp= 1.50+ 0.23 —COOR 4.48+0.14
\/ y —NO, 10.23+ 0.29
— 9.71+1.24 Plad 9.60+ 3.22 —CN 7.56+ 0.45
—0— 3.25+ 0.06 —C=C— 3.86+ 0.08
= 7.52+0.70 p N
—0 —4.84+2.10 —sn{ ~1.23+0.50 <:3=o 8.69+ 0.55
s 5.03+0.12 >As— 2.38+0.08 <so2 11.14+ 0.46
S= 17.14+1.72 >c=s 8.24+0.19
25: 4.91+0.62 >As+< 6.80° —NCS 5.24+ 0.48
/s< 3.28+0.70 >B— —0.09 —NCO 4.51+ 0.42
< p —NC 6.72
>s 19.60+ 0.93 —Ga( —4.62+0.30 —NO 3.55
—S —-0.1# —Nj3 452
=S— ~8.37+1.06 —Hg— ~2.00+0.12 —SCN 10.6*
L ~10.6+ 0.80 ;NHO 717
—N< 1.78+0.16 —Mg— ~14.3+0.04 —zpzo 4.38+0.21
- 11.06:+1.54 >p=s 252+ 0.16
N < 4.89+£0.77 >Pb< 2.42 —Ph 1.45+ 0.12
N P —OPh 4.45+0.14
LN 8.56+ 0.34 —sb( 1.448 —SPh 6.44+ 0.25
. > —SOPh 9.98+0.28
>l 0.00 >Ge( ~0.52+ 0.40 —SO,Ph 11.43+0.32
{ N 1—Naphthyl 2.17+0.10
c= 0.70+0.14 >sil ~0.40+ 0.26 2—Naphthyl 1.84+ 0.09
7 2.90+ 0.58 AuASL ~27.9+0.6
= < )
c. 1.25+0.10 ce_ 4.68+ 0.98 APl 27.7+0.5
N —H 0.00 —Cco® ~2.11+0.73
—c 0.90+ 0.22 —S0;~ 2.14+1.32

& Constantsvere calculatedfrom unit o* values.

0 1998JohnWiley & Sons,Ltd.

this dependencés determinedby the mechanismof
transmission of the inductive effect, which still
remainsuncertain,we studiedas possiblecandidate
exponentialfunctions of various parametercharac-
terizing the remotenes$rom the reactioncenter,r™,
n™, 1™ (wherer is the distancebetweenan atom and
thereactioncenterin three-dimensionatoordinatesn
is the number of bondsbetweenthe atom and the
reactioncenterand| is the sum of the distancesof

thesebonds),and also their possiblesuperpositions.

The exponentan werevaried from 1 to 3. Thus,the
solutionwassoughtin the form*

n

o* :Z% (1)

where§ is oneof the above-mentionedunctionsof
remotenessf atomsfrom the reactivecenter.
4. The inductive effect of alkyl groupsis takento be

identicalwith zero,which substantiallysimplifiesthe
problemsince,clearly, oa(H) and oA(C) are zeroin
this case.For this assumptionto be as justified as
possible,a saturatedcarbonatom was chosenas the
reactioncenter.This choiceis alsoof importancefor
the subsequentcalculation of the spatial atomic
coordinatesf a substituent.

It is within the frameworkof the abovepostulateghat
the final solution was soughton a computer.Such an
approachseemso be morelogical, sinceit enablesone
first to reveal formally the existenceor absenceof a
solutionto equationdike suchasEqn (1) (i.e. to check
whetherfor the choserdegreeof additivity thereexistsa
measuref theinductiveeffect, o4, thatis constanfor a
given atom in a given valencestate)and only then to
analyzethe physicalmeaningof this measure.

Without going into details of the investigationper-
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formed, we shouldmentionthat the approachwe chose
provedto be fairly efficient,the o* constantdeingbest
modeledby the squareof the distanceto the reaction
center?

whereo* is theinductiveconstanbf a substituenbnthe

Taft scale,n is the numberof atomsin the substituent,
(oa)i is the inductive power of the i th atom, which

dependson the chemicalnatureof the elementand its

valence state, determinedfrom Eqn (2) using a least-
squaresprocedure (empirical o5 values for various
elementsare listed in Table 5), andr; is the distance
from this atom to the reaction center (four-coordinate
carbon).

Ther; valueswerecalculatedrom bonddistancesand
valence and torsional angles on three-dimensional
Cartesiancoordinateswhen possibletaking accountof
the actualmolecularconformationtakenfrom Ref. 8. In
the casewhenthe conformationwas indeterminatewe
solved an inverse mathematical problem: theoretical
valuesof o* werecalculatedfor any possibleconforma-
tion of a substituentand, judging from the closenesdo
the experimentalvalue for this substituent,its actual
structure was determined, just as we have done
previouslyin terms of the model of the frontier steric
effect!?>>Therelationshipbetweertheinductiveeffectof
a substituentandits conformationwill be consideredn
moredetail below.

The proposedadditive approachdescribeswith a high
degreeof accuracytheinductiveconstant®f a variety of
substituentdor nearly the whole available body of o*
constantsTable 1 lists the experimentalndtheoretical
[calculatedby Eqn (2)] o* constantfor 146 of the most
widely occurring organic non-aromatic substituents.
Thesevalues show a perfect correlation with a zero
constanterm and unit slope,in full agreementvith the
mathematicabxpectatiorfor theseparameters:
= —(0.078+ 0.022) + (1.0294+ 0.012)5%

exp.

N = 146,r = 0.9889 S = 0.1480 (3)

*
Otheor

Similarly excellentlinear correlationswith a correla-
tion coefficient of not less than 0.98 are observed
betweens eor. @and the inductive constantsfor all the
25 reference series used by us to form a basic
experimentakcalefor inductive Taft constants.

The high degreeof additivity of the proposedmodel
enabledusnotonly to determingheinductivesubstituent
effect from the atomic constantss,, but alsoto usein
calculations,for the sake of convenience,the group
valuesog obtainedin termsof Eqgn (2) for functional
groupsof thetypesC=0,COOR,CN andNO, thatoccur
mostwidely in organicchemistry(herethe distancerom
the reactivecenterto the nearestatomof the functional
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group is taken as r). The og constantsfor the most
frequentlyconsideredyroupsarealsolistedin Table5.

Generally theuseof thesehasno detrimentakeffecton
the accuracyof calculating inductive constantswhich
confirmsa certainintegrity andhigh degreeof additivity
of the proposedapproach.

The reproducibility of variouscalculationtechniques
in the frameworkof the modelunderdiscussiorwill be
illustrated by the exampleof the alkylcarbonylmethyl
group.

Thecalculateddistancegrom thereactivecenterto the
C! atomarer; »,=2.31.r;_ 3=3.66A .

o}
Il
;cl(RC)—cw—C\z

R

In view of the assumptiorthatalkyl fragmentsshould
exhibit no inductive properties, i.e. og(R)=0 and
o0s(CHy) =0, the inductive constants* of the carbonyl
groupcanbe calculatedby two differentmethods:

(a) by directly usingthe groupconstanio(COR):
0*(COR) = 06(COR)/r?_, = 0.62

(b) starting from the o,, constantsof atoms that
constitutethe substituent:

o*(COR) = aA(=C< )3+ oA(O=)Ir3_5=0.69

The correspondingexperimentalo* constantsof the
given substituenthave an averagevalue of 0.69 within
the basisscale(Tables1-4).

In view of the fact thatinductive constantareusually
experimentallydeterminedo anaccuracyof +15%.We
cansaywith confidencethatthe o* constantcalculated
by us for the above-mentionedubstituenusing various
methods agreewell with the experimentadata.

Hencethe proposedapproachcan make use of any
degreeof additivity (atomic, group or superpositionof
these)to give fairly acceptableesults.

At the sametime, it is evidentthat the useof group
parametersog substantially simplifies the calculation
procedure,therefore being more convenientin actual
practice.Their employmenis particularlyappropriatén
the caseof symmetric conformationallyhomogeneous
substituentsuchasNO, andCN, which alwaysbehave
as a single molecular fragment and rarely suffer any
chemicaltransformationsMoreover,in some,although
rare casesthe actualelectronicstructureof a functional
group can hardly be modeledby any single canonical
structure;thenit is more appropriateand correctto use
thetotal groupconstanbf a givenmolecularfragmentas
awhole.
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Electronic effect of aromatic substituents

In consideringinductive interactionsfor the aromatic
seriesit is necessaryto take into accountconjugation
betweenthe reaction center and the substituent.Ex-
tensivestudiesin this field resultedin the appearancef
two- andthree-parametezquationsimplying separation
of the electron effect into inductive and resonance
components.

Thusfar, a fairly large numberof different methods
have beendevelopedfor selectinginductive constants
thatwouldbefreefrom directpolarconjugationAll these
are basedon solving two- or three-parameteequations
(approachesof Taft. Exner, Pa'm. Yukawa-Tsuno,
Swain-Lupton. etc.) and involve certain theoretical
assumptionghat are often subjectto severecriticism.
The main problem of such approachess whetherthe
obtainednductiveandresonanceomponentsreindeed
mutually independentwhich cannotbe guaranteecdy
any of the existing methods.Obviously, almostall of
themarebasedon the reactivitiesof substitutedbenzoic
acidsfor which conjugatiorbetweerthearyl andcarboxy
groupsis possible.Henceconstantghat are ‘free from
directpolarconjugation’areonly conditionallyinductive.

However thevery existenceof variousmultiparameter
relationsindicatesthatthe natureof theinductive effects
in the aliphatic and aromaticseriesis the sameandthe
effectscanbe comparedjuantitatively?

We made an attempt to calculate the inductive
constant®f aromaticsubstituentsn termsof our model,
which allows the evaluationof their purely inductive
influenceonthereactioncenter withoutanycontribution
from the resonanceomponent.

On the basis of available published data, we con-
structeda unified scaleof averagednductive constants
for anumberof aromaticsubstituentén amannersimilar
to that reported® Using separatelyderived correlation
equationsywe recalculatedhe ‘zero’ inductive constants
om’ and oy, (which representhe inductive influenceof
an aryl radical with a substituentin meta and para
positions, respectively) and also the o constantsfor
aromaticsubstituentstakenfrom variousscales’. to the
averagedasisscaleof the Taft o* constantgTable?2).

On the basisof the principle of additivity of the group
influenceof a substituenton the reactioncenter,which
underlies our model, and the previously described
proceduré’ we calculatedthe group constantog for the
phenylradicalandthe o5 valuefor the aromaticcarbon
atom(Table5), usingEqgns.(4) and(5), respectively:°

o*(Ph) = og(Ph)/r? (4)

o*(Ph) = oa(Carom)(1/r $+1/2r 54+ 1/2r 3+ 1/r %)
(5)

Here, og(Ph) is the inductive ability of the phenyl
fragment on the reaction center, oa(Carom) is the
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inductive ability of the aromaticcarbonatom,r4, r, r3
andr, are the distancedrom the reactioncenterto the
ipso, ortho-, meta andpara-carbonatoms respectively,
and o*(Ph) are the inductive constantsfor substituents
containing a phenyl or meta or paraalkylphenyl
fragmentsat variousdistancegrom the reactioncenter.

In this casethe o constantof the aromatic carbon
atom was 1.25+ 0.10, which is fairly closeto the oa
constant of an sp’-hybridized carbon atom (0.70).
However, the fact that this constantis higher, thus
approachingthe correspondingvalue for an sp-hybri-
dizedcarbonatom[oa(Csp) = 2.90], onceagainconfirms
the dependencef o, constanton the valencestateof
atoms,indicating a higher electronegativityof aromatic
carbonsascomparedvith theconventionakp’ state The
latter is, in turn, in good agreementwith the classical
conceptf aromaticconjugation.

Further,usingo constant®btainedearlierin calculat-
ing inductiveconstant®f organicsubstituentsye evalu-
atedthe inductive effect per sefor aromaticsubstituents
functionalized in meta and para positions, including
aromaticheterocyclicringsWe did not evaluatethe in-
ductiveinfluenceof ortho-substitutedragmentssinceit
is reasonablysafeto suggesthatstericinteractionscon-
tributeto the correspondingxperimentab* constants?

Using the proceduredescribingabove,we calculated
inductiveeffectsfor morethan100aromaticsubstituents
(Table 2). The calculatedconstantscorrelatewell with
the correspondingxperimentabalues:

Aromatic substituents:

Otheor = (0.046+ 0.025) + (0.944+ 0.014)0,

exp.

N =127r =0.9854 & = 0.156 (6)

Equation(6), havinga zeroconstantermanda nearly
unit slope,almostcoincideswith thatobtainedearlierfor
non-aromaticrganicsubstituents.

It shouldalsobenotedthatto simplify the calculgation
proceduretotal group constantof of variousaromatic
fragmentgTable4) canbe convenientlyusedinsteadof
oa Valuesof aromaticcarbons.This simplification has
virtually no detrimentaleffect on the accuracyof the
resultsobtained.

Thus,the inductive constantof aromaticsubstituents
calculatedin terms of the presentapproachreproduce
fairly adequatelyhe correspondingxperimentalalues.
The deviations of the theoretical constantsfrom the
experimentalaluesare presumablydueto the presence
in the latter of a mesomericcomponentgspeciallysince
it is the substituentsthat exhibit a tendency for
mesomeridnteraction(NO,, CN, OR, NR,) which show
thelargestdeviationsfrom the linear dependencen Eqn
(6). In this case,it canbe readily seenthat substituents
exhibiting a donoror acceptormesomericeffect deviate
in oppositedirections,beingcorrespondinglyunderrated
or overratedwith respecto the experimentatonstant.

Sincethe proposednodeldescribe®only theinductive
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effect of a substituenttaking no accountof the contri-
bution from conjugation,it is obviousthat the resulting
valuescan be usedfor, amongotherthings,to separate
adequatelythe inductive and mesomericcomponentsn
evaluatingthereactivity of aromaticcompoundsindeed,
acorrelationbetweerthe deviationrom Eqn(6) andthe
resonanceonstantof the correspondingsubstituentss
observedor awide variety of substituentexhibitingthe
strongestendencyfor mesomeridnteraction.
Thus,ourinvestigatiorhasshownthatthemodelof the
inductive effect proposedy us, on the whole, describes
fairly adequatelyinductive constantsof a variety of
aromatic substituents,making it possibleto analyze,
when necessaryalso finer aspectsrelatedto aromatic
conjugationandmesomericor conformationaleffects.

Inductive Effect of organoelement substituents

We increasedthe numberof subjectsto be studiedby
extending the proposed approachto organoelement
substituentghat havenot beenconsideredpreviously*
(Note that a large group of organoelemensubstituents,
incorporatingsuchatomsas O, S and N, have already
beenincludedin the previoussubstituensets).

In the caseof organoelemensubstituentstoo, the
nature of the earlier establishedrelations remained
unchangedndincluding new points only improvedthe
correspondingorrelations.

Thus,theoreticalinductive constantscalculatedin the
presentwork for morethan 100 organoelemensubstitu-
ents(Table3) form with the correspondingexperimental
valuestakenfrom Ref. 7 an excellentlinear correlation
with a zeroconstanterm anda nearlyunit slope:

Otheor = (0.023+ 0.015) + (0.994+ 0.010)7,

exp.

N =124r = 0.9930 S = 0.1616 (7)

Relation (7) is in nearly complete agreementwith
similar relationsestablisheckarlierfor organicand aro-
matic substituent$Eqns(3) and(6) andRefs4 and10.

Inductive effect of charged groups

We alsoextendedhe proposedapproactto theinductive
effectof substituentgarryingan integercharge*?
According to the procedure described above, oa
constantof chargedatomsandog constantof charged
groups, reflecting their ability to exert an inductive
influence,wereobtainedfrom the basisseries(Table5).
On the basisof o4 and og values, we calculated
theoreticainductiveconstant®f chargedsubstituentsn
theTaft o* scale(Table4). Along with the experimental
values(takenfrom Ref. 5 andreducedto the o* scale)
they form a perfect linear correlation [Egn (8)] that
almostcoincideswith similar dependencesbtainedfor
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organic (including aromatic) and organoelementub-
stituents(Eqns(3), (6) and(7):*?
Otheor = (0.081+ 0.093) + (0.999+ 0.092)07,

exp.
N =29, r = 0.9862 S = 0.310 (8)

Appreciabledeviationsof somesubstituentgrom the
correlationin Egqn(8) areassociatedn our opinion,with
largeerrorsin the experimentab* constantgatherthan
with shortcomingof the proposedapproach.This is
illustrated,in particular,by the exampleof phosphonium
substituents(Nos, 409-411in Table 4), which are
structurallysimilar but haveconsiderablyand randomly
differento—*exp values.Thus,we may statethatthe model
underdiscussionas a whole, allows a highly accurate
evaluationof the inductive effect of any organic and
organoelementsubstituentscarrying both partial and
integerchargeswhich demonstratess validity andwide
versatility.

Since chargedsubstituentspractically complete the
substituents so for known in quantitative organic
chemistryand consideredoy us, in conclusionwe give
ageneralcorrelationcoveringall the organic,organoele-
ment,andchargedsubstituents:*?

Otheor = (0.031+ 0.012) + (0.993+ 0.006)07

exp.

N =426r=09910% =0.190  (9)

Table 6. Atomic o constants, Pauling’s electronegativities
xp and ‘inductive’ electronegativities ;

Atom oa Ip Ai
—F 5.88+ 0.29 3.98 3.93
—cl 7.624 0.64 3.16 3.09
—Br 8.91+0.73 2.96 2.97
— 9.71+1.24 2.66 2.80
—0— 3.25+ 0.06 3.44 3.05
—Ss— 5.03+ 0.12 2.58 2.69
—N< 1.78+0.16 3.04 2.56
\c< 0.00 2.55 2.10
Sc= 0.70+0.14 2.75 2.25
—C= 2.90+ 0.58 3.29 3.13
—Se— 4.68+0.98 2.55 254
—H 0.00 2.20 2.10
—P< 1.23+0.32 2.19 2.23
—Sn< ~1.23+0.50 1.96 2.02
NAs— 2.38+0.08 2.18 2.31
Ge< —0.52+ 0.40 2.02 2.05
SB— ~0.09 2.04 2.08
—Ga< _4.62+0.30 1.81 1.75
—Hg— —2.00+0.12 2.00 1.98
—Mg— ~14.3+0.04 1.31 1.29
N/
>si( —0.40+ 0.26 1.90 2.06
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CRITICAL ANALYSIS OF THE MODEL AND ITS
PHYSICAL MEANING

Clearly, the proposedapproachto the description of
inductive substituenteffects in termsof Eqn (2) is in
essenceurely formal. At the sametime, it is likely that
the inverse squaredependencef ¢* constantson the
distanceo thereactivecenterconfirms,onthewhole,the
electrostaticmatureof the inductive effect, reflectingthe
occurrenceof Coulombinteractions.In this casegood
agreementbetween the theoretical and experimental
inductive constantsmanifestingitself in perfectcorrela-
tionsof thetypein Eqns(3) and(6)—(9),suggestshatoa
constantsdo reflect the inductive ability of various
elements, depending on their chemical nature and
valencestate. This, in turn, posesthe questionof the
factorsresponsibldor suchanability or, in otherwords,
the physicalmeaningof the elementaryconstantsra.

Torevealthemajorfactorsthatdeterminghenatureof
theoa constantsywe studiedthequantitativedependences
of theseconstantson various physical and geometric
parameterthataremostfrequentlyusedn analyzingand
rationalizing inductive interactionsby meansof multi-
factorregressioranalysisto obtaina numberof relation-
ships of much interest’ The physical parameters
involvedin theresultingcorrelationsarelistedin Table6.

For example for a largesetof elementshereexistsa
perfectcorrelationbetweenos, constantsdifferencesin
electronegativitybetweena given elementand carbon
(reactivecenter)and squaredcovalentradii of elements
in the correspondingralencestates(all the atomsfrom
Table6 areincluded)?

oa=(0.033+ 0.230)+(7.840+ 0.352) (A, + 0.45)RZ,,
N =21r=09813% = 1.013 (10)

where Ry is the covalentradius of the corresponding
atom, A, is the differencein electronegativitybetween
this atom and carbonon the Paulingscaleand0.45is a

constantcorrection,dependingon the electronegativity
scalechosen.

The meaning of the above correction is that the
‘inductive’ electronegativityof a saturatedcarbondoes
not agree exactly with the Pauling scale (for which
y =2.55). If a correctedvalue, y=2.1, is ascribedto
carbon,thenno correctionsare needed Eqn (10) being
transformedinto the following simple equationwhich

Table 7. Theoretical oeor.* and experimental ooy, * values
of the inductive constants of alkylcarbonylmethyl- and trans-
carbalkoxypropenyl substituents

Substituent Conformation  oheor” Oexp®
cis 1.41

—CH,COR trans 0.69 0.69
cis 0.65

—CH=CHCH,COOR trans 0.58 0.69

0 1998JohnWiley & Sons,Ltd.

describeswell both the magnitude and sign of the
inductive constants:

op = 7.84AR? (12)

COV.

It should be noted that recalculationof the electro-
negativities from Eqn (11) (these are denoted y;:
inductive electronegativity) which are also presentedn
Table 6, gives values that almost coincide with the
Pauling scale (except the above-mentionedooint for
carbon).

From Eqgns, (10) and (11) it follows that the oa
constantj.e. theinductiveability of anatom,dependsot
only on its electronegativity which is undoubtedlythe
driving force of the electrondensitydisplacementbut is
also directly proportional to the surface area of its
valenceshell (RCOV_Z), i.e. to its ability to delocalizethe
charge being induced. Thus, the magnitude of the
inductive effect of one or anotherelement(substituent)
is determinedboth by the ‘potential difference’ (A,)
betweenthis elementand the reactivecenterand by its
‘capacitance’(Rgoy2).

Hereit is noteworthythat Eqns(10) and (11) derived
herearevirtually coincidentwith the alreadyknown”**3
relationships of type (12) (see below) between the
electronegativityand atomic size, which form the basis
of the so-called ‘geometric’ electronegativig systems
(e.g. the Allred—Rohow scal€''¥, describedin the
commoncaseby the following equation:

x=aZR°+b

Comparison of the relationships obtained shows
unambiguouslythat the o5 constantsthat we obtained
may have the meaningof the effective chargeZ of a
nucleus.

Clearly, superpositiorof Eqns(11) and (2) givesthe
following final expressiorfior the Taft inductiveconstant:

ot =784 SR
i

whereA, is the differencein electronegativitybetween
theith atom of the substituentandthe reactivecenter,R;
is the covalentradiusof the atomandr; is the distance
betweenthe atomandthe reactivecenter.

It is noteworthythat the value of the constantermin
thecorrelationEgns(10-12)is nearlyzero,which agrees
well with mathematicakxpectationsincethe existence
of any noticeable inductive effect at A, =0 would
contradictthe physicalmeaningof the relatlonshlpthat
we derived.

Equation (12) has a number of interesting conse-
quenceskirst, it is clearthatanysubstituentanbeeither
a donoror an acceptor,dependingon the natureof the
reactive center, i.e. on the sign of A,. Second,the
inductiveeffectof alkyl groupsis zeroonly whenA, =0,
i.e. whena saturateccarbonatomis the reactivecenter
(trueenoughthesensas assumedby the presenimodel).

(12)
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In the generalcase,a zero inductive effect of alkyls
cannotbe conceivedn termsof our approachespecially
when a heteroatomis the reactive center. With the
electronegativits of carbonand hydrogentakento be
equal, A, for an alkyl substituentat any particular
reactivecenterwill alwaysbe constantandthus canbe
factoredoutsidethe summationsign:

R?

* _ |
Tak. = constantx » 7
i |

Hencethe only variablein the caseof alkyl substitu-
entsis the parameter(R,?/r;%), which describesas was
shown earlier in terms of the frontier steric effect
model’~3 the steric shieldingof the reactivecenterby a
substituentbeingin essenca measuref its stericeffect.
Henceit follows that there existsa geneticlinear rela-
tionship (at leastin terms of the proposedapproach)
betweenthe inductive andsteric effectsof alkyls, which
by no meansdoesnot confirm the ‘incorrectness’of in-
ductiveconstant®f alkylsandthe presencef a‘residual
stericcontribution’ in theseconstantsashasbeencom-
monly considered**" True, for a numberof reaction
seriesgspeciallyorganic,theinductiveeffectof alkylsis
actuallynearly zero,the valueof A, beinginsignificant.

Moreover, the inductive effect of one or another
substituentis directly and essentially related to its
conformationin termsof the model discussedhere. In
particular,the parameterr;, which reflectsthe distance
from the reactivecenterto eachof the atomsconstituting
asubstituentis aconformationallysensitiveparametem
Eqgn (2). This confirms the proposedmodel, since the
inductive effect dependsn the conformation®*®

It shouldbe notedthat comparisonof the equations
obtainedresultsin a numberof very interestingrelation-
ships which are beyond the scope of this paper and
deserveseparatemore detailed consideration Here, it
may be safely suggestedhat o5 constantshavea well
defined physical meaning,which, in turn, shedsaddi-
tional light onthe natureof theinductiveeffectitself. On
the otherhand,the fact thatthe natureof Eqns(10)—(12)
(which could hardly be postulateda priori) is fairly
complex presumablyaccountsto a large extentfor the
above-mentionednumerous unsuccessfulattempts to
relate the inductive effect directly to electronegativity,
dipole momentandotherparametersf this kind.

0 1998JohnWiley & Sons,Ltd.

CONCLUSION

A new modelof the inductive effect hasbeenproposed
that employs the most fundamental,atomic level of

additivity andallows the correctquantitativecalculation
of inductive constantsfor any substituent (organic,
aromatic,organoelementind charged),using a simple
andreadily availablesystemof mathematicandstarting
merely from its chemical structure and conformation.
The elementaryo constantsare determinedcharacter-
izing the inherentinductive ability of atoms,depending
on their chemicalnatureand valencestate.lIt is shown
that theseconstantshavea well definedphysicalmean-
ing, which to a large extent elucidatesthe nature of

inductiveinteractions.
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