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I. INTRODUCTION

The only common and practically feasible approach to a
quantitative description of the relations between the
properties of organic compounds and their structure
available at present is the Hammett—Taft theory. The
fundamental postulate of the theory, based on the
thermodynamic principle of linear free energy relations (LFE),
presupposes that, to a first approximation, the influence of
individual effects of substituents (inductive, resonance,
ete.) on the given property of the molecule is additive!™®.

Since the LFE principle is general, analogous relations are
observed also for compounds where the indicator centre
does not consist of carbon but of other elements. Among
these, organic derivatives of phosphorus and silicon have
been most widely investigated. An extremely significant
feature of the electronic structures of these (and other)
elements of the Third Period, responsible for their
difference from carbon, is the possibility of p,—d inter-
action via the d orbitals energetically available for combining
with other reactants, which have an excess p- or melectron
densityt. Quantum-chemical calculations on the pg—d;
interaction predicted its intensification with increase of the
positive charge of the atom of the Third Period on o-bonding
to electronegative substituents®. A pronounced pair
interaction between the inductive and resonance effects of
the substituents was therefore to be expected in this
instance. Nevertheless, in organic derivatives of phos-
phorus, for which experimental data concerning relations
of the Hammett—Taft type have already been reliably
surveyed, systematic deviations from the additivity have
not been observed’.

In this review the first attempt is made to survey the
available literature data concerning the application of
various modifications of the Taft equation to aliphatic
organosilicon compounds. As regards the structure-
property correlations for aryl derivatives of silicon, we
shall only mention that the Hammett equation in its tradi-
tional form is applicable to almost all cases.

11t is noteworthy that the pr—d, interaction constitutes the
most widely accepted hypothesis used to account for a number
of anomalies in the properties of elements with vacant d
orbitals. Other views have also been described*®.

I1. EXPERIMENTAL RESULTS

The available data on the structure—property correlations
for organosilicon compounds are presented in Tables 1—3.
The following numbering of the equations has been adopted:

. 1
A=A+ 0" S o W

A=A +9" Do+ 8T E, (2

where A; are numerical characteristics of the given property,

oi* are the Taft constants of the substituents, Es' are the
i
steric constants of the substituents, and p* and § are the

corresponding slopes.

The deviations from these equations are noted separately.
The following notation is used in Tables 1-3: r and R are
the coefficients of pair and multiple correlation respectively,
n is the number of compounds the values of A; for which were
used in the correlation (the number of points), and s is the
standard error of the correlation. It is also indicated which
particular steric constants (Eg, ES, and E) or non-Taft
inductive constants [o; and 0(Si)] of the substituents were
used in the original studies. In those cases where an
independent and non-contradictory interpretation of the
results exists for similar reaction series based on the same
property, Tables 1—3 list only the data based on more
extensive experimental results (the corresponding literature
references are underlined). Certain relations (designated
by an asterisk opposite the reference) were found by
ourselves from literature data either for the first time or
from an equation other than that given in the original
communication.

Apart from the reports listed in Tables 1-3, there have
been a number of publications in which the dependence
of the given property on the constants of the substituents
at the silicon atom was illustrated only in graphical terms.
The relations between the logarithms of the rate constants
and the Taft constants for the acid solvolysis of dimethyl-
organylsilanes®?, the cleavage of the Si—0 bond in Me,SiOR
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Table 1. Correlations of reactivities.

No. Reaction 3:.::33« ng‘.l:‘f As e [ R) n Remarks Refs.
. EtOH, HCl, 35° . ‘
1 |RySiH-+ HO ——————— R SiOH + H;| gk 1) -~2.72 0.77) — 10.98} %4 |s=0.09,R = nalkyl and 8
2 |ditto lgh+3 @@Ey | o051 0.0f0,32|00| 7 nﬂbﬂﬂ’yﬂiﬂn, o [ 9
EtOH, HCL, 35° substituted alkyl
3 R.SIH.+2H 0 —————-> RgSi(OH)y+ lgky ) —1.77 | 0.77] — [0.97] 4 |s=0.06; R=H,nalkyl, | 8
£1OH, KOH, 0° or substituted alkyl
4 R.SIH + H,0 —————-> RSiOH+H, Igk e (1) -— 4.42) — 1099 14 R‘l-kn-nlkyl or substituted| 10 :
yl but not '
) Ph(CH2),
5 |ditto lgk 2) (E) - 1.74/ 0,30 | 0,96 | 11 jRr= n-alky’{ or Ph(CHy), | ¢
(n=12,0r3)
6 |RSiH,+ sMeOH DM KO 2", 12k | —0.93| 178 — |0968| 6 |R=naliylisoatcst, | 1
—» RSi(OMe); + 3H, substituted alkyl, or Ph '
7 | dito Igks 1) —0.21 1.40f — [0.92 4 |R=nalkyl, isoalkyl, or i
bstituted
8 N lgks 1) —0.94 | 1.76) — [0.98| 5 l:‘: n;;:;el, :xlll:s};lituted n
CCl,, 20° alkyl, or Ph
9 [R,SiH 4+ Oy —;‘5———> R;SiOH lgk 1) 1.7 |~0.70[ — (0,99 | 6 |R=nalkylorbenzyi |23
10 | R,SiH + Bry —HBr — RySiBr gk 1) 4.5 |—2.38) — |o0.99 5 |5=022; R=nakytor |"" 18
substituted alkyl
11 [RySiHZ- Cly g:‘h‘sgﬂ" RaS'CI Ig &1e) @ 1 — =04 — 099 5 frR=MeEt,Phorct |16 17
12 [ MeRSiH +‘N,CHCD,Et e, lgk (@) (E) | —0.44 [~1.25/ 0,41 [ 0.99 | 6 |R=nakylorisoalkyl | 18
— MesRSICH,COEL ,
13 | R,SiH-Me,SiCOPh—~ R,SiCH(Ph)OSiMe,| 1g ke (2) (Ey) - 2.43/ 0.87 | 0.99] 4 |R=H,Ph,PhCHp,or | 1©
cyclo-CgHpy
. THF, HyP{Cle, 20°
14 &&(-Escgjm.ﬂ, e lek, @EY] o039 00]041]094] 5 [e- 0.12; R = nalkyl 0o
or isoalky!
15 MRS+ HePOIO), Sl o5, gk » | —1.73 | 549 0.27] 000 8 |h=027,5=002;rR= | m !
'(é)[_% (OSiRMe,), * n-alkyl or isoalkyl
16 Rs i(OCH, ‘),N hydrolysil (20°) Igk (1) —1.54 4.76 — —_ 5 | R=H, Vin, n-alkyl, or 22
isoalkyl
ig RO[SI(OCHQCH,):JI‘I. hydrolysis (20°) gk 1) —4.81 | 2.80] — - 5 | R = n-alkyl or isoalkyl 22
ditto (HEL 25°) lgk 1) had —1.26| — | 0.99 4 | 5=0.005; R=n-alkyl 2
19 E{NH,, 20° or isoalkyl
Me,SIOR + MeOH st 22" Me,SiOMe Ig kg (2 E,) | —0.07 | 4.64/0.62/09 | 7 (R = nallyl solkyl, o u |
substituted alkyl
CCly,20°
2 |Me,SIOCOR - HOCHPh - gk ) s+ |_057 — [0.99]| 13 |R=nalkyl isoalkyl, o
. = Me, .s,ocla.'p})z _*6 RCOOH substituted alkyl, or Ph
. f H . !
L ln (MeRsiO)y 2208, (MeRsiO), , Ig kg ) - 0.21) — |0.99| 4 |R=Phor substituted 2%
:(polymerisation ) . aryl ;
22 (Me,SiO),MeRSIO __KOH,DMSO, 50° | 1g ke 1) - 0.43 — |[o.93 5 | R = n-alkyl, Vin, Ph, 27, 28,
polylml or chlorophenyl 2
23 . " 120°, KOH k () —_ —_ -
MeRSi—Q ~SiRMe —————— poly- gk ) 0.08 — 4 | R =nalkyl 3
| | merisation
CH, CH, CH, din
% |RSi0), + BuNOH 2XSne %, Eos ey 1) —1.0 [ 04| — | _ 7 | R = Me, substituted 3
~+ HO(R,Si0),NBu, . alkyl, Ph, or Vin
» HO(lg.)ﬁs_&H% Igkye 1) - 471 — | < 4 R ;‘Mle, i:lbmtuted 32
- i alkyl, Ph, or Vi
% | o (MeOH, !SIRC')O 25°) ho Ig ke @EY| — |-0.3211.02|g93] 7 [s=020; ‘Roi n-?lkyl 33+
27 acetone , _4gs 2 (ES s 0.a2 0.6 or substituted alkyl
R;SiCl 4 HO ——ga——* RySiOH gk (2) (E) : %1 0.09] 5 |s=042; R=nalkyl 34
28 or substituted alkyl |
R,SiCl -+ HO(Mey)SiCB;oHyoCH + EtyN — lgk () | o 1.91/1.35| — | 5 {R=H, nalkyl,or B
bsti d alk;
o “ﬂ—‘:ie:; Hzg‘]__’ RSIO (Mn,)SiCB,,,HuCH substituted alkyl
29 CcCl,, R = n-alkyl, isoalkyl, 36
R‘51Cl ~+ MegNSiMege — —td 1gKg @ - 0.89 — |0.99) 42 substituted alkyl,
— i , or Vin
= R,SiNMe, -} CISiMe, Ph, or Vi
oluene, 2, i
30 |RgSiCl + Me,SIOE — 18K o (2) (E?) - 1.02/ 0.82 | 0.98 | 8 | s=0.03; R=nalkylor | 37
hexamethylphosphoramide substituted alkyl
T————"R,SIOEt 4 Me,SiCl
3 |RSIF+ MeQ- —MeOH, 20", MeONe Igk.y ) — |14 —fose| 5 [s=007) iz; nallyl, |
- R,SiOMe + F~ ,
pyridine , 95 s _ go. R = n-alkyl, benzyl, Ph, 39
32 |R,SIF+ Bt pyridine , 2 (E¢*— EY 1) — Jl161| — |09} 5 alkyl, , Ph,
RSOt ELNF ] 10.059 &V or Vin
33 | R,;SiNHMe + H,SiPh, ——k_;i" gk ) had 2.46| —~ |0.98] 9 R = n-alkyl, isoalkyl, 40
Me,810Na, 30° R ;Sﬂ:; (I:h)S . substituted alkyl, or
—_— iPhyH Vin
Bu,0, KOH, 60° . = i 41
SICB, BuOH ——Fem e, gk (1) 092 — |0.93 8 | R=n-alkyl, substituted
pl s g e alkyl, or alkoxy-group
a5 R«’Slcgjs'm’ + A ‘fﬂ ethylbenzene 40° gk, ) - |—0.5)} — — 7 R:k;:e or substituted 42
~» RySiCH,CH,SAc
38 | RySi (CHy), SCH=CH,, hydrolysis gk 1) —3.89 |-—2.72| — | 0.99 5 [|s=003; R=MeorEt, | 48
(_DMF, 20°) n=12,0r3

*The equation lg k; =1g k, + p*o* + §E2 + Angh was used here.
**Data not quoted in the original communication.
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Table 2.

Correlations of capacities for complex formation in terms of Eqn. (1).

51

Method of!
No. Complex investiga- Quantity correlated A, 0¥ r(R} n Remarks Refs.
tion
1 | Phenol 4+ R,O (ether) ir.s. Av(OH) for phenol, cm™ 263 (—90 { 0.98 9 — 44
2 | Phenol -RsSiOEt irs. |Av(OH) for phenol,cm™ | 275 |—61.3/ 0.98 | 12 |s=6 5
3 | Phenol4 (R3Si) .0 irs. Av(OH) for phenol,cm™ | 462 [—43 | 0.95| 22 |s=11 45
4 | Phenol +RSi(OE), irs. |Av(OH) for phenol,cm™ | 237 |—25 |0.99| 5 - 46
5 | Phenol +RSi(OMe); irs. Av(OH) for phenol,em™ | 226 |[—32 | 0.96 6 - 46
6 | Phenol4-R,Si(OCH,C=CH)4—» irs. Av(OH) for phenol, em™ | 234 |—14.5 0.97 6 |s=10 47
7 | Phenol+4-ROSi(Me;) C=CH irs. Av(OH) for phenol, cm™ 228 |76 | 0.95 7 |s=65 48
8 | Phenol+R(Mep) SiOR’ i Av(OH) for phenol,cm™ | 272 (—47 | 0.97 ] 14 =5 49
9 | Phenol4Me;SiOR Av(OH) for phenol, cm™ | 275 |—73 — 16 |*; py*=—T5 50
10 | Phenol-+Me;SiOR Av(OH) for phenol, em™ 263 |—82 | 0.94 144 1s=12 50%, 51
11 | Phenol + Me,CISiOR Av(OH) for phenol, cm™ ** |88 — 7 — 51
12 | Phenol + MeCl,SiOR Av(OH) for phenol, cm™ | ** |—39.5| — 7 — 51
13 | Phenol-+R;SiO0SiPhy Av(OH) for phenol, cm™ | 190 |—19 | 0.93| 11 |s—=5 52
14 | Phenol+R3SiCOCMe; Av(OH) for phenol, cm™ | 198 |—41 — (] — 53
15 | Phenol+R;Si00GePh; Av(OH) for phenol, cm™ | 219 {—33 | 0.89 7 [s=3 52+
16 | RSi(OEt)s-SnCl, 4, keal mol” 7.85—1.03 0.95 | 4 |q = heat of complex 54
formation
17 } RSi(CH;) 3+ tetracyanoethylene (TCE) Ecr, eV 3.56] 2.38/ 0.99 8 l5=0.015; Ec=energy | 5
of first charge-transfer
bands
18 | Ditto uv.s. I, eV 9.33| 2.77( 0.99 8 [s=0.02; 55
1 = ionisation potental
19 | RSCH,Si(OCH,CH:)sN + TCE uvs. |1 ev 8.26 1.66(0.90| 6 | O " 5
20 | R3SiCH;NMe; potentio- | pK, 9.12{—1.76{ 0.98 | 7 — 56
metry
21 | RsSiCH,NEft, potentio- | pK, 8.60[—1.95 0.99 6 — 57
metry
22 | RySiOH+DMSO 'HNMR [ AS(HO) **** 307.4 165.0 [0.99] 6 [s=6 58~
23 | RsCOH+.DMSO 'HNMR [ A8(HO) 242.1 173.1 | 0.96 7 {s=15 58
24 | Me;SiOR+-HCCly 'H NMR | A§(H) ***** 0.35|—0.41| — 8 | 8=0.26*** 59

*The equation Av;=Avy+p* Y of + pT+( ¥ of)? was used.

**Data not quoted in the original communication.

***¥Eqn.(2) was used.
*+**¥Relative to trimethylsilane;
**x*k*Relative to Me,O.

with the aid of butyl-lithium®", the solvolysis of bis(trialkyl-
silyl) sulphides®, the thermal decomposition of tri-
organyl(t-butylperoxy)silanes®®, the anionic polymerisation
of cyclotetrasiloxanes (Mezii_(ﬁn[Me(CFQCHZCHZ)Si?].,_n,

where n =0-3 °7, and the dependence on the Taft constants
of the constants for chain transfer by triorganylsilanes in
the radical polymerisation of olefins®®, of the relative acidi-
ties of alkyl(triorganylisilyl)amines and hexaorganyldisilazanes
calculated from the values of AV(NH) in the infrared spectra
of mixtures of the above compounds with a ligand [tetra-
hydrofuran (THF) and dioxan] °°, of the relative basicities
of methyl(triorganylsilyl)amines determined by 'H NMR from
the change in the chemical shift A§ of the proton in
chloroform in equilibrium with a mixture of the above com-
pounds!?®®, of the stretching vibration frequencies of the
Si—Ci bond in the infrared spectra of triorganylchloro-
silanes'®, of the stretching vibration frequencies Av(OH)
and the corresponding values ¢f A%° in the infrared spectra
of triorganylsilanols!®?, of the chemical shifts T(H;—CSi)
[but not t1(H—Si)] of methyldiorganylsilanes MeRR'SiH, of
the shifts 1(- CH,) [but not t(- CH;)] of the protons in the
ethyl groups of the compounds EtRR'SiH °%, EtRR'SiVin *®*
[here and subsequently Vin stands for vinyl-CH =CH,
(Ed.of Translation)], and Et,SiX, , (X =halogen) *°°, of

the values of A§ are expressed in Hz.

the chemical shifts of the H(1) protons [but not H(3)] of
the vinyl group

HEN, MO
Se=
H(l) \Si<

in the *H NMR spectra of all the compounds R;SiVin %, of
the frequencies vp,”” (3°Cl) in the NQR spectra of the com-
pounds MenSiCl,_, (n =1-4), (Et0), nSiCl, (n=1-4), and
(MeQ),_pSiClp (n=1-3) 1%, and of the dipole moments of
vinylorganyldimethoxysilanes'?” were described in this way.
There is a relation between the dipole moments of phenyltri-
alkoxysilanes (r = 0.91) and the E} of the alkyls in the
alkoxy-groups but not the o* of these substituents
(r=0.55).'°® The dependence of the logarithm of the

rate constant for the addition of the trichloromethyl group
in chlorobenzene to triorganylvinylsilanes Me,RSiVin (R =n-,
iso-, or t-alkyl) at 80 °C on the steric constants of the
substituents R has been demonstrated graphically!’®.

We shall now consider the principal features of the
influence of the substituents which are of general importance
for the structure—property relations involving organosilicon
compounds.
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Table 3.
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Correlation of spectroscopic characteristics.

No. Compound Quantity correlated Eqn. A, p* R n Remarks Refs.
From infrared spectra
1 | RsSiH (SiH), cm™ 1) 2108 17.5 | — | 22 | R=any substitutent 60, 61
2 | pino »(SiH), cm™ 1) 2415 3.5 |0.94]| 43 R’ = l;,;lkyl, or substituted alkyl; 62, 6365
3| » v(SiH), om™) * 2141 | 2.4 |0.99[ 43 | a=-3835=37 R=ditto 62
% » »(SiH), cm™ - 2110 2.5 |0.99 [ 43 | @=1L0; 5=2.7; R=ditto 66
5 | RySiOSi(Mes)H v(SiH), cm™ 1) 2417 84 |091]| 9 |s= léﬁ; R = alkyl, substituted alkyl, 67
or
6 | XR.SiH, X=Cl V(SiH), em™ ¢)) 2089 258 [0.95| 8 |=s ::f;fl R = H, alkyl, or substituted 8
7 | Ditto , X=Ph Y(SiH), em™ ) 2094 4 0.99 ( 7 [s=22; R=ditto 6
8 | Ditto , X=Vin w(SiH), em™ 51) 2091 46 0.99 [ 5 | =36 R=ditto 3
PR e BB R b SR :
Ditto, X==Ph iH), om . :
:(1) RaXs—nSiH (1=0, 1, 2),] »(SitD), cm™ (1) o(Si)| 2118 26.9 | 0.99 | 16 | s=4.6; o(Si) for Cl= 1.69; o(Si) = 0* 8
=Cl for “normal” substituents
12 R..)g(,_..ﬁm (n==0, 1, 2), »(SiH), cm™ (1) o (Si)| 2115 41 0.99 | 12 | s=1.6; o(Si) for Ph = 0.09 68
=P)
13 | ditto,, X=Vin W(SiH), cm™ (1) o (Si)| 2114 45.5 [0.99( 7 [ s=2.8; o(Si) for Vin=0.15 @
14 | RsSiH 107445 (SiH,), 1.35 ~0.19 [ 0.93 | 12 | R = alkyl or substituted alkyl; 5, 59,
litre mol™* cm™ A = integral intensity 7073,
15 | R,SiH, 10° 4%+ (SiH ) 1.72 | —0.12 [ 0.92 | 7 | R=alkylor substituted alkyl 7
litre mol"lcn)l," 5=0.9; R =any substituent 7
16 | RySiPh e | ) (o) | 301t 5.57 | — | 12 .
17 | RySiF HSF), ety Y o ( 889 | 147 0.96 [ 8 | R=alkylor benzyl 0, 76
18 | HC==C(Me);SiOR AWSIOL) et ¢ 0.15 0.66 {0.99| 5 | R=alkyl %
From NMR spectra
19 | ReSiH 7(H-8i), p.p.m. ) 6.16 | —0.20 | 0.99] 18 | R(; l;h alkyl, substituted alkyl, 61
, Ph, or m-CF,CH,
20 | pitto . J ("Sgl—{), Hz si.). —203.4 19.76 { 0.97 | 63 | 5= 11; R=any ;ub.sti‘tuent 77,78
21 | Dito J (°SiH), Hz —181 | —12.9 |0.98| 63 |of=-29; s=8.7; R = any substituent i
22 | RySiOSi(Me)H J (*SiH), He M) | —2034(-29 |097| 8 |s= &f% R = alkyl or substituted o7
23 | Rn.SiMes—n 7(CH,), p.p.m. (1) 10.0 | —0.14 |0.94 | 26 | R=H,alkyl, substituted alkyl, or Cl 61, 79, 80
24 | RnSiEty—n 7(CH,), p.p.m. (1) 9.38 { —0.085 | 0.96 | 6 | R=ditto ) 80
25 | RySiOEt 7(CH, in OEt), p.p.m. (1) 8.87 [ —0.077 [ 0.92 | 6 | R=alkyl, substituted alkyl, or Ph 81
26 [ R,Si(OEt). 7(CH, in OE), p.p.m. (1) 8.88 | —0.039 | 0.99 | 10 | R=ditto 81
27 | RSi(OEt)s (CHj in OEt), p.p.m. (1) 8.92 | —0.038 | 0.99 9 | R=ditto 81
28 | RySiOEt 7(CH, in OEt), p.p.m. 51) 6.41 | —0.138 { 0.99 | 6 [ R=ditto 81
29 [ R,Si(OEt), 7(CH, in OEt), p.p.m. 1) 6.42 [ —0.104 | 0.99 | 10 [ R=ditto 81
30 | RSi(OEt)s 7(CH, in OEY), p.p.m. (1) 6.53 | —0.101 | 0.99 | 9 | R=ditto 8t
31 [ RSi(OCH,CH,)sN 7(H,CO0), p.p.m. (1) 6.23 | —0.180 | 0.98 [ 6 | R=Horalkyl 82
e e —— |
32 | ditto 7(H,C), p.p.m. (1) 7.20 ] —0.477 [ 0.97 [ 6 | R=ditto 82
33 | MesSiOR 8 (#si), p.p.m. (1) 14.88 8.41 1 0.98 | 20 | R= alkyl or substituted alkyl 50
34 | ditto 8(*Si), p.p.m. ?1) 14.87 | 5.21 [0.98( 11 | R= Ph or substituted aryl 83
35 | Me;SiOCOR 8 (**Si), p.p.m. 1) 15144 | 4.73 {0.99| 10 | :11?“1‘6; R = alkyl or substituted 8
Y.
36 [ RySi'OSi?(Megy)H 5 (’Si*), p.p.m. “) —7.83| 4.83 |0.99| 8 |s=028; R=ditto 67
37 | R(Me)SiO(Me;SiO), A5 (*Si), p.p.m. (1) — 1.66 [0.94] 8 |s=0.25 R=ditto 84
— .. _ . _ .
38 YCH,Si(OCH,CH,),I\f 5 (**Si), p.p.m. ) —67.14 | —11.3 1 0.99 8 |s= 0}.}7, Y = akkyl or substituted 85
39 | YCH,Si(OEt 8 (**Si), p.p.m. (1) —45.3 | —11.3 | 0.99 | 8 |s=128; Y=ditto 85
R 4 @ || e Jos) 8| Rodn ;
42 %SZN’RE' u NH; 7(**N), p.p.m. (1) 383.7 | —36.7 | 0.98| 7 | R=akyloralkoxygroup; R'=Hor RSi| &7
From NQR spectra
43 | RySiCl V" (3C1), MHzZ (1) 16.63 | 0.404 | 0.96 ) 30 S;ho-érl v il: = H, alkyl, substituted alkyl, )ss, 89, 90
44 SiCl v (3Cl), MHz 1) 17.77 | 0.445 | 0.99| 41 | s=008; R=ditto 8s, 89
i |RSiCly v Gl e () | 1891 | 0484 |0l | 12 |s=00% R=ditto 8530
48 | RySICH.CI v (3Cl), MHz (1) 34.05 | 0.308 |0.98| 21 | s=0.18 R=any substituent 91
47 | RySIiCHCl, vm?7 (3C), 1) 35.28 | 0.279 | 0.99 [ 5 | £=0.02; R=Me,Cl,orPh 9
48 | RySiCCly vm?7 (%Cl), MHz 1; 37.59 | 0.166 | 0.95 5 | 5=0.21; R=Et, PhCH,, Cl, OEt, or Ph 91
49 | RSiBr vm (¥Br), MHz 1 113.1 3.95 — 5 | s=0.81; R=alkyl, Ph, Cl, or Br 92

The following equations have been used respectively:

*i=Vo+p* Yo*+a ¥ (nyg+0.4nc);

*¥y;= Vg + p* Zc* +aq, where q =0-3 is the number of silicon hydride bonds combined with the

"indicator" Si—H bond;

X* ¥ %* % %
#x] =7+ p* T o*+p} (o1} + 03d; + ot o).
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111. SPECIFIC FEATURES OF THE EFFECTS OF
SUBSTITUENTS AT THE SILICON ATOM

1. The Inductive Effect

The vast majority of the relations presented in Tables 1—-3
demonstrate the exclusive influence of the inductive effect of
the substituents. In this respect organosilicon compounds
exhibit a much greater similarity to normal organic compounds
than to organic derivatives of phosphorus. Indeed, the
inductive Taft o* constants cannot be used for the p,c
analysis of organophosphorus compounds owing to the
considerable resonance influence of many substituted alkyl
groups. As a result, whereas the Kabachnik constants of
for unsubstituted alkyl groups are proportional to their o*
constants, for substituted alkyls (and substituents capable
of py—dq conjugation with phosphorus), the constant of
reflects both the inductive (of ) and resonance (of{)

influence of the substituent:
of =of +0f .

The resonance effect of the substituted alkyls in organo-
phosphorus compounds (and in derivatives of other elements
having d orbitals available for bonding'!’) has been
explained by an intramolecular interaction, for example,
of the following type’:

o
Such bonding is possible, in principle, also in silicon com-
pounds; nevertheless its manifestation is not typical in
this instance, which has been confirmed by numerous
relations involving only the Taft o* constants for a wide
variety of unsubstituted and substituted alkyl groups.
The data for the "o-effect", which will be examined below,
constitute an exception.

On the other hand, the relations for compounds with
substituents capable of py—dy interaction deviate as a
rule from the relations based on the o* constants of other
substituents (for further details, see below). At the same
time, examples (Table 3, Nos.16, 20, and 21) of the
dependence of certain properties solely on the inductive
effect have been described in the literature for compounds
with any substituents at the silicon atom. Relations Nos.20
and 21 have been most completely confirmed experimentally
for the spin—spin coupling constants J(??SiH) for molecules
of silicon hydrides on the basis of 'H NMR data. These
data are also consistent with theoretical ideas, according to
which the extent of the short-range spin—spin interaction
is determined mainly by the amount of s character of the
corresponding bond!!!. The above relations are therefore
suitable for the estimation of the inductive constants of
any non-trivial substituents at the silicon atom, for which
the literature values of the Taft constant are not avail-
able’7°112,

2. The Influence of the Steric Effect

The extreme rarity of the manifestation of the steric
effect in reactions of organophosphorus compounds is most
likely to be due to the fact that the most readily available
derivatives containing the compact phosphoryl groups were
used in most of the investigations. However, if the compound
has three organic substituents at the phosphorus atom,
their steric influence on the reactivity is in some cases
fairly appreciable’.
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In contrast to organophosphorus compounds, compounds
with three or even four organic substituents at the silicon
atom have been frequently synthesised even more readily
than their organic analogues. Therefore the majority of
the reactions of organosilicon compounds investigated at the
level of p,oc analysis have been carried out using derivatives
with a strongly shielded silicon atom. The influence of the
steric effect of substituents at the silicon atom on the
reactivity of a wide variety of organosilicon compounds has
been discussed very widely in the literature at a qualitative
level. Certain generalisations in this field are described
in Sommer's monograph'’,

The quantitative data presented in Table 1 demonstrate a
significant manifestation of the steric influence of
substituents in many reactions of compounds of the type
R;SiX and even R,SiX, (R =organic substituent and
X =functional group). Not a single case of correlations
which do not take into account the steric effect has been
described for compounds with tertiary substituents at the
silicon atom. There are a few instances of such relations
describing compounds with substituents having the iso-
structure (Table 1, Nos.6, 7, 16, 29, and 33). On the
other hand, the data for some reactions of compounds with
substituents having the normal structure were interpreted
successfully solely in terms of an equation taking into
account the steric effect (Table 1, Nos.5, 26 and 28).

The role of the steric effect diminishes as bulky
substituents move further away from the reaction centre.
Thus the logarithms of the equilibrium constants for the
alcoholysis of trimethylacyloxysilanes Me;SiOCOR, in which
the substituent R is separated from the silicon atom by the
group OC(0), are linearly related to the 01*1. for any R,

i

including R =t-Bu (Table 1, No.20). In the remaining
cases the correlations for reactions of triorganylsilanes
with functional groups, which do not take into account

the steric factor, are most likely to be because compounds
with substituents whose steric effects differed little were
used in the investigations rather than to the low value of
the steric factor. This hypothesis is supported by the
findin:g that the majority of the reactions in Table 1 are
characterised by a weak inductive effect of the substituents
(low values of the reaction constant p* in the Taft
equation), which is the reason for the increased importance
of other effects, including the steric effects, taken into
account by any multiple correlation.

As for a number of organic compounds, the reactions of
organosilicon derivatives involving acid catalysis are
characterised by a much weaker influence of the inductive
effect and a much stronger influence of the steric effect of
the substituents than the analogous processes under the
influence of a basic catalyst. Thus, although the values
of 1g kpe] for the triethylamine-catalysed condensation of
diorganylsilanediols in methanol are related to the values

of Z o* of the diorganyl groups by a single-parameter

equation with the reaction constant p* =4.7 (Table 1,
No. 25), 32 the equation proved to be unsuitable for the
analogous reaction in the presence of HCl. 33

The result of our treatment of the data of Dejak et al.3®

in terms of an equation taking into account both Y o* and

Z Eg (Table 1, No.26) confirmed the hypothesis of Dejak

et al.*? concerning the decisive role of the steric factor in
this reaction. The results of studies®*? of the kinetics

of the acid and alkaline solvolysis respectively of triorganyl-
silanes with n-alkyl, fluoroalkyl, and cyanoalkyl substituents
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were evaluated from the relation between ig ki and ¥ o;.“

(Table 1, Nos.1 and 4). The value of p* for alkaline
solvolysis (4.42) proved to be much higher than for acid
solvolysis (0.77). However, in both cases there were
appreciable deviations of the points corresponding to com-
pounds with more bulky substituents. The experimental
data® for the reactions indicated (without the corresponding
results for compounds with fluoro- and cyano-alkyl groups,
for which literature values of the steric constants are not
available) were interpreted in terms of Eqn.(2), which takes
into account both the inductive and steric effects of the
substituents. As a result, the two-parameter correlation
for the basic solvolysis made it possible to describe by a
single relation a series of points differing appreciably from
the theoretical values obtained with the aid of their
inductive effects of the substituents alone (Table 1, No.5).
Statistical treatment of the experimental data for the analo-
gous acid solvolysis reaction showed that the rate of the
process is almost wholly determined by the steric effect of
the substituents (Table 1, No.2).%

An analogous conclusion has been reached?’ for the
hydrosilylation of hex-l-yne by triorganylsilanes (Table 1,
No.14). However, in this study too a very narrow
statistical selection was made (only six points were chosen
for the calculation) and there are deviations of the points
for Et;SiH, Pr;SiH, and Me,(Me;CCH,)SiH which cannot be
accounted for by the proposed relation. Since instances
of the dependence of the reaction rate exclusively on the
steric effect of the substituents are extremely rare in
correlation analysis, the above examples merit additional
investigation.

3. The Influence of the Hyperconjugation Effect

Apparently owing to the abundance of different substitu-
ents containing C—H bonds at the silicon atom, many more
data which can be interpreted as due to the manifestation of
the hyperconjugation effect (in the given case o,d conjuga-
tion) have been obtained for organosilicon compounds than
for phosphorus derivatives. In particular, it is believed
that, precisely because of the displacement of the electrons
of the C—H bonds to the d orbitals of the silicon atom, the
C-S8i bond is unusually weakly polarised and is chemically
inert!!*, The stabilisation of the C—Si bond by c,d hyper-
conjugation has been confirmed by theoretical calcula-
tionsll5-116,

Quantitative allowance for the hyperconjugation effect in
the determination of the reactivity of organosilicon com-
pounds has been based solely on kinetic data for the
reactions of organylsilanes with methylphosphonic acid
(Table 1, No.15). In order to establish a correlation,
use was made of points for eight compounds having the
general formula RMe,SiH with n-, iso-, and s-substituents
as well as R =cyclohexyl. The deviation of the point for
the t-butyl derivative was explained by the "saturation of
hyperconjugation”, i.e. by a decrease of the sensitivity of
the rate of reaction to a change in the number of o-C—H
bonds with increase of the latter?®.

The authors?! (Table 1, No.9) found that the points for
the compounds R3SiH (R =PhCH; or n-alkyl but not Me)

and MeR,SiH form two parallel lines on the lg ki ~Z oi*

# Later this relation was used to estimate the steric effects
of certain non-trivial substituents at the silicon atom!!3,
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diagram. Their relative positions suggested an increased
influence of the hyperconjugation effect for methyl
derivatives. The facts that the Me3SiCH, group (o® =
-0.20) is significantly more electropositive than the Me,Si
group (c°=0.04) **7 and that the Et;SiCH, group is less
electropositive than the Me,SiCH, group (c* =~0.13 and
—0.26 respectively) constitute very important arguments
in support of the occurrence of hyperconjugation!®,

The interpretation of certain spectroscopic properties
of organosilicon compounds also supports the hyper-
conjugation effect. Infrared spectroscopic data for
organylsilicon hydrides are particularly characteristic.
The values of vj(SiH) for compounds in the R;SiH, R,SiH,,
and RSiH; series (R =alkyl or substituted alkyl) form
three parallel lines on the correlation diagram in terms of

z o*(R) , 63,64

different contributions of the hyperconjugation effect
depending on the number of alkyl substituents at the
silicon atom. The individual correlations for a series of
compounds with n- or iso-groups can apparently also be
accounted for by the differences between the hyperconjuga-
tion components®s. It has been shown®? (Table 3, No.3)
that the data for all the above organylsilicon hydrides can
be described by a general relation taking into account the
effect of hyperconjugation. However, we should note
that, when there are substituents capable of py—d; inter-
action at the silicon atom (RpX;_,SiH, R =H, alkyl, or
substituted alkyl, X =Cl, Ph, or Vin, and n=1 or 2),
the hyperconjugation effect is not exhibited (Table 3,
Nos.6-10), This finding was explained by competition
between the substituents R and X for the d orbitals of
the silicon atom, as a result of which the stronger

pr—dq conjugation predominates®®.

There are also certain differences between the parameters
of the correlations of the integral intensities of the Si—H
bond absorption bands and the Taft constants for a series
of compounds differing in the structure of the alkyl
substituents at the silicon atom®’ or the number of Si—H
bond in the molecule®® (Table 3, Nos.14 and 15). Plots

The authors explained this finding by the

of AA+* against > % for the organylsilicon hydrides

RpX;-,SiH (R =alkyl, X =Cl, Ph, or XC¢H,, and n=0,

1, or-2) give rise to three lines with identical slopes for

a series of compounds differing in the values of n. It is
believed®® that the distances between the lines for the
X;SiH series and the lines for RX,SiH or R,XSiH charac-
terise the magnitude of the effect of the o,d conjugation of
one or two alkyl groups respectively with the silicon atom’*.

4. The Influence of the a-Effect

We shall now consider recent data concerning the
o-effect in certain o-substituted alkylsilanes, mainly
chloromethyl derivatives. In the majority of correlations
of the properties of organosilicon compounds the influence
of substituents of the type CH,Cl;_,, as well as other
substituted alkyls is successfully taken into account by
the usual o* constant. This applies to the reac-
tivities®%:32-3%7,42 gnd 'H NMR data for organylethoxy-
silanes® and organylmethylsilanes’?, the relative basicities
of hexaorganyldisiloxanes, triorganylethoxysilanes"®,
organyltriethoxysilanes, and organyltrimethoxysilanes"*®,
the infrared spectra (position®? and intensity®® of the
absorption band due to the Si—H bond) of organylsilicon
hydrides, and the NQR spectra of many organylchloro-
silanes®® 9,
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Furthermore, for a number of existing examples the
apparent "anomaly" of the properties of compounds with
o-chloroalkyl substituents, which has been usually
attributed to the o-effect, has been either inadequately
rigorously demonstrated or an alternative explanation is
possible. Thus the unduly low reactivity, from the
standpoint of relation No.1 (Table 1), of chloromethyl-
dimethylsilane has been explained in a study of the acid
hydrolysis of organylsilicon hydrides® by the presence of
the resonance structure *CICH, =Si~ f . However, it
was found later?® that the point for this compound does not
deviate from the general relation taking into account the
steric constants of the substituents (Table 1, No.2).

The relations between lg ki and Z o;‘ proposed!»?5 for

the ozonisation and bromination reactions respectively do
not describe a greater number of points than the number
of points which deviate appreciably from them (the latter
include the points for compounds with a-chloroalkyl
substituents). The use of these relations for the
construction of mathematical models of the corresponding
processes is therefore problematical. Consequently the
authors' conclusions'®?® concerning the manifestation of
the o-effect are not sufficiently well founded.

In the infrared spectra of organylsilicon hydrides with
a chloromethyl group the absorption band due to the
Si—H bond is frequently an unresolved doublet. The
average value of V(SiH) fits on the existing relations
without deviations (Table 3, Nos.2-4). The presence of
the doublet has been explained'*®!?° by the equilibrium
between the inner-complex (o-effect) and the usual forms
of the molecules of the compounds indicated. However,
this view has been criticised'?* and the phenomenon has
been attributed to the presence of conformational isomers.

v, MHz

37

] ]
2 dn

b

-~

Figure 1. Relation between the *°Cl NQR frequency (v’7)

for the molecules of the EC1,CCl,H;-p series (E=C or Si)
and the number of chlorine atoms n: 1) in the CClyH;_
group with E=C; 2) ditto with E=S8i; 3) in the CCl,
group; 4) in the SiCl; group?®.

The most extensive data on the properties of chloromethyl
derivatives of silicon, attributed to the influence of the
o-effect, have been obtained by NQR. As already mentioned
above, the points for compounds with such substituents fit
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" without deviations on the correlations between the values

of v;r;’ and Y o* for the series of compounds RR'R"SiCl,

where R is an organic substituent and R'and R" are
organic substituents or Cl (Table 3, Nos.43-45), and for
compounds RR'R"SiCH,Cl;_,, where R, R', and R" are
organic substituents, halogens, and alkoxy or siloxy-
groups, and n=0, 1, or 2 (Table 3, Nos.46—48). The
following facts have been attributed to the manifestations
of the o-effect. Despite the lower electronegativity of

the silicon atom compared with the carbon atom, which
presupposes lower Taft constants for substituents in com-
pounds involving silicon, in the R;ECH,Cl;_p, series, where
E =S8i or C, the quantity v'7n7 for compounds with E =Si and

low values of Y g*(R,) is greater than in the case where

M =C.%1227124  Accordingly, of one begins with the

relation between vr7n7 and o* for the RCl series (v, =233.2

and p*=2.7) 25, it is found that unusually high values
of the o* constant for the R,;SiCH, groups correspond to
the experimental values of \)’7n7 for the compounds R;SiCH,CI.

For example, c* = 0.4 has been calculated for the Me;SiCH,
group, in contrast to o* =—0.26 in handbooks. This
phenomenon is characteristic precisely of o-derivatives,
since the values of \’777: for the RyE(CH;,)Cl series are

higher in the case where E =8i only when n =1 but not when
n=0, 2, or 3.1%*

The specific features of the NQR of chlorine in the Si—C—Cl
group are clearly shown when the frequencies \);; for com-~

pounds in the CCl;CClpH;.p and Cl13SiCClpH;_p, series are
compared (Fig.1l). Whereas the frequencies for the chlorine
atoms attached to the silicon in the SiCl; group are signifi-
cantly lower than the corresponding frequencies \)Z(CClg)

in the CCLC 1 ;) series (as might have been expected

in view of the influence of the electropositive silicon), the
frequencies for the groups ECClpH;_p with E=Sior C

differ much less, which indicates the operation of the

o-effect in the silicon-containing fragment!?®. The authors!??
also see the manifestation of the a-effect in the observation
that the slope p* in the Taft equation for compounds of the
R;CCl series without silicon (1.02) is significantly higher
than for the organosilicon series RR' (X,38i)CCl (0.42).
However, this view can be contrasted with the finding that
the values of p* found from the analogous relation for organic
derivatives are higher than for organosilicon derivatives also
in the RJECI series (E =C or Si) where the conditions for the
manifestation of the a-effect do not exist.

Thus examination of all the data for the "unusual" prop-
erties of compounds with the Si—C—Cl group shows that the
most convincing evidence has been obtained with the aid of
NQR—in the form of increased NQR frequencies for organo-
silicon compounds compared with their carbon analogues.
However, the interpretation of the findings as a manifesta-
tion of intramolecular coordination has aroused objections by
Mel'nikova et al.'?® in this case also, although they do not
propose any alternatives. They believe!?® that the inter-
action in the Si—C—Cl group within the complex can be
exhibited only when other highly electronegative substituents
are present at the silicon atom, while according to NQR data
the greatest anomaly is shown for the region of low values
of o*.

In the study of correlations for other carbon-functional
organosilicon compounds with Si—C—X groups, where X is an
atom with an unshared electron pair, instances of deviations
due to intramolecular coordination were still more infrequent.
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Thus the "unusually" large value of AV(OH) =318 em™! in the
infrared spectrum of a mixture of phenol with (Me;SiCH,),0,
initially attributed to the influence of the o-effect!?’, was
later shown to be satisfactorily accounted for by the relation

Av; = 263—90 Y of for ethers** using o* (Me;SiCH,) =~0.26.

The higher reactivity of Me;SiCH,08iMe; (kpo; = 0.15)
compared with Me;CCH,0SiMe; (kpe] =0.049) in the
ethylamine-catalysed methanolysis of compounds in the
series R(CH,),0SiMe; has been explained by the intra-
molecular interaction between the Si and O atoms in the
Si—~C—-0 group?. For analogous compounds with n =2, 3,
or 4, the reaction rates are approximately the same.
However, since the rate of this reaction is influenced
appreciably by the steric effect of the substituents R
(Table 1, No.19), a final conclusion concerning the causes of
the feature noted above can be reached only after taking
into account the steric hindrance due to the Me;SiCH, group,
the steric constant of which has not been determined so far.

The dependence of the values of Av(OH) in the infrared
spectra of complexes of phenol with trimethylalkoxysilanes
on the inductive constants has been described®® by a
quadratic equation (Table 2, No.9). The points for com-
pounds with bulky substituents (Me;C and Me;CCH,) and also
CH,C1 deviate from this relation. The electronegativity of
the chloromethyl group, which is apparently unusually low
from the standpoint of this relation, has been explained by a
"specific" redistribution of electron density in the Si—O—C—Cl
group. However, if the interpretation is based on the usual
linear relation (Table 2, No.10), which is statistically quite
reliable (r=0.94 when the point for the compound with the
sterically bulky group CH,CCl, is disregarded), then the
result for Me;SiOCH,Cl no longer appears to be anomalous.

We shall consider finally the data for the characteristic
features of the properties of compounds with the Si—C—N
group. The basicity constants of N-substituted cyclic

amines having the general formula RN(CH;)p-,CH,, where
m=6 12%130 5 or 7 1% and R =organic substituent, or
R'38i(CH,)p, (n=1, 2, or 3 and R' =alkyl) have been
determined. Individual correlations (pKg); = (pKg)o+ p*c¥
have been found for each heterocycle from data for organic
derivatives (except for R =Me,CCH,, which deviates). The
values o*(Me;SiCH,) =—0.17——0.18 calculated from these
relations differ appreciably from the literature value
o*=—0.26. The difference (which, however, is significantly
smaller than that obtained on the basis of NQR data for the
chloromethyl substituent—see above) was explained!?® by
the manifestation of the a-effect in the Si—C—N group.
This difference is not associated with the steric effect of the
Me;SiCH, group, because it is independent of the size of
the heteroring of the amine, while the analogous difference
for the neopentyl group increases with m and hence with
enhancement of the steric hindrance in the molecule.

In contrast to these data, the basicity of Me;SiCH,NR,
(R is an organic group) hardly differs from that calculated
from the relation for organic amines R;N, namely (pKq); =

7.86+2.7 Y o* using the usual value o*(Me;SiCH,) =—0.26.%’

The data considered here show that the anomalies for
compounds with the Si—C—X group, which have been reliably
established from the standpoint of p,o analysis and which can
be attributed to the o-effect, have been observed only for a
very small number of compounds, so that further studies in
this field are of interest. Furthermore, the question why
the resonance interaction is shown much more weakly and
rarely for a series of substituted silicon alkyls than for
the corresponding phosphorus derivatives still awaits an
answer.
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" 5. The Influence of the p—dy Effect

Although the problem of the p;—d; interaction in organo-
silicon compounds has been actively discussed already for
several decades!!*131713%3 ' no general solution whereby a
quantitative account could be taken of this effect have so
far been proposed.

In organophosphorus compounds, the effect of the
pq—dy interaction can be taken into account for a wide range

of substituents with the aid of the resonance constants 0%.7

The method used by Mastryukova and Kabachnik’ to find
these constants is of general validity for the estimation of
resonance contributions?~? and consists in the determination
of the difference between the real value of the measured
quantity and the value calculated on the assumption that
only the inductive effect of the substituent operates. This
approach involves a series of assumptions. In particular,
it is assumed that the resonance effect is additive and the
influence of other substituent effects (steric, hyper-
conjugation, etc.) is neglected. The corresponding
correlation equation using the Taft constants and the
resonance constants oy is

A=A,+p"0"+ prog, (3)

where ppR is a proportionality coefficient taking into
account the sensitivity of the given property to the
resonance effect of the substituents; for the standard
series, it is assumed that pg =1.

It is noteworthy that attempts have been frequently
made to isolate by an analogous procedure the contribution
of the resonance effect (due to the p.—d; interaction) of
individual substituents in organosilicon compounds!?36;4!,
1397136  put the results obtained did not lead to the
derivation of universal organosilicon resonance constants.
A critical analysis of these attempts is described below:
at present we shall consider the problem of the applicability
of the traditional approach to the estimation of the resonance
effects of substituents at the silicon atom.

In the first place we shall attempt to test the validity of
the additive rule. For this purpose, it is in principle
sufficient to analyse data for the properties of a series of
compounds with a variable number of certain identical
substituents capable of p ,—d; interaction, for example,

a series of the type Me,_.nX,;SiY, where X is a substituent,
Y is a functional group, and n =0-3. For this series,
the dependence of the property on the number n of
substituents X is expressed by the equation

An = npa (6* + o), )
where O%i are the resonance constants of the substituents in

Here the values of 0}55 were

taken without correction for the slope PR’ because each of

these microseries can be regarded as standard. Under the
condition where the given property is not influenced by the
effects of the substituent X and the CH; group, which were
not taken into account in Eqn.(4), a linear relation between
A, and , implies that 0%1 remains constant regardless of the

the organosilicon compounds.

number of substituents X in the molecule.

Such linear relations have been obtained for the compounds
Me;_nXpSiH (n =0-3, X =Ph, Cl, Br, NMe,C = CH *¥7, or
Vin 137:13%) from the values of v(SiH) in the infrared
spectra, for Et,_,X,S8iH (n=0-3) with X =Ph from the
relative ozonolysis rate constants'? or with X =Vin from
the solvolysis rate constants (95% EtOH) %, for Me,_,Cl,.
.SiOR (n =0-3, R =Et or iso-Pr) °! and Me,_-nSi(OR)p
(n=1-4, R =Me, Et, Pr, or iso-Pr) '*° from the Av(OH) in
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the infrared spectra of the complexes of these compounds
with phenol, for Me;-nCl,SiVin (n =0-3) from the relative
rate constants for the addition of the Cl;C* radical °°, for
Me;_,ClnSiCH,CHs (n = 0—3) from the relative chlorination
rate constants!*’, for Et,-nXpSi (n =0-3) with X =C] 80105
or Br %% and for Me;_nC1,SiOEt (n=0-3) *' from the
values of T(CH,) in *H NMR spectra, and for Me;_nX,SiVin
(n=0-3, X =Cl, MeO, or Me;5i0; n=0, 1, or 2, X =Ph;
n=0, 2, or 3, X =0Et) from the relative rate constants for
their reactions with thioacetic acid"?.

At the same time it has been found that there is no linear
relation for compounds in the series Me,_,Si(OPh)p (n=1-4)
on the basis of the Av(OH) in the infrared spectra of their
complexes with phenol'*!, for Me,-nSi(OEt)n (n=1—4) on the
basis of the values of 1(CH,) and 1(CH,) in the *H NMR
spectra®®, for Me;_nFpCH,Ph (n=0-3) on the basis of the
relative rate constants for their chlorination*?, for
Et;.,ClnSiH (n =0-3) and Pr;_n(OEt)nSiH (n=0-3) on
the basis of the rate constants for their addition to
hex-l-ene'*3, for Me;—p(Me;SiO)nSiH (n=0-3) and Pry_p.

. (EtO)nSiH (n =0-3) on the basis of their solvolysis rate
constants (95% EtOH) '**, and for Me,;_nXpSiH (X =F, MeO,
or EtO), Ph,_,FnSiH, FpSiHy-n %7, and Pr;_n(EtO)p.

.SiH 143,1% (n =0-3 throughout) on the basis of v(SiH)

in the infrared spectra.

The above list shows that almost all the substituents are
capable of influencing additively the properties of the
corresponding compounds. As regards the instances of
a non-additive influence, one should bear in mind that the
reactivity data did not take into account the steric influence
of the substituents, which can distort the linear relation.

In the remaining instances the absence of a linear relation
is apparently caused by the non-additive influence of the
electronic effects of the corresponding substituents (F and
RO) when the latter accumulate in the molecule.

It would seem that these data permit the conclusion that
Eqn.(3) is applicable at least to compounds with substituents
which usually have an additive effect (Ph, Vin, Cl, and Br).
However, there is an unexpected obstacle, which in fact
has no analogies for compounds of other elements: in numerous
instances the values of p* in analogous correlations change
on passing from the R;SiY series to the R;_nXpnSiY series
(X are substituents capable of p—dy conjugation and R are
other substituents). These cases are presented in Tables 2
and 3 (see Nos.2—4, 10—12, and 13—15 in Table 2 and 6—13
and 25—30 in Table 3). In view of the fundamental
importance of this process, we shall consider the most
typical results in greater detail.

Fig.2 presents the dependence of the chemical shifts of
the methylene protons of the ethoxy-group on the values of

Y o* for the remaining three substituents at the silicon atom

in the molecules of organylethoxysilanes R,-nSi(OEt)n
(Table 3, Nos.28-30); the points for the Me,-nSi(OEt)n
series are indicated separately. Evidently the linear
relation (4) for this series includes only points corresponding
ton=2, 3, or 4, but not n=1. It is also seen that,
owing to the difference between the slopes of the lines

for the R,-nSi(OEt), series with n=1, on the one hand,
and for the series with n =2 and 3, on the other, the
distances between them are not constant. From the
standpoint of the relation for the series of compounds with
n=1 (Table 3, No.28), the second and third ethoxy-
groups therefore influence the chemical shift via the
inductive effect, which formally diminishes on passing to

the region of higher values of Y o*. For example, the

deviation calculated in terms of the o* scale from the above
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relation, caused by the influence of the excess ethoxy-
group, is —0.43 for Me,Si(OEt), ( ¥ o*=1.37) and —1.81
for (C13C),Si(OEt), ( Z o* = 6.67). Evidently, the

difference between these values, each of which corresponds
to the resonance effect of the ethoxy-group from the
standpoint of Eqn. (3) is very considerable.
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Figure 2. Dependence of the chemical shifts of the methylene
protons of the ethoxy-group on the ¥ of for the remaining

three substituents at the silicon atom in the R,-nSi(OEt)n
molecules®: 1) n=1; 2)n=2; 3) n=3.
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Figure 3. Dependence of v(SiH) on c;‘ for the substituents
R; or R3_nCly in the R;SiH and R;_-,ClySiH molecules®®:
1) RsSiH; 2) R,CISiH; 3) RC1,SiH.

The individuality of the slopes of the straight lines
corresponding to correlations for the series of compounds
R;3;-nXnSiH (Table 3, Nos.6—13), which differ in the type
of substituent (X =Cl, Ph, or Vin), has been demonstrated®®
in relation to the dependence of the stretching vibration

frequencies of the silicon hydride bond on the Zo* for

the substituents at the silicon atom. An example of such
relations for the case where X =Cl and their position on the
graph relative to the regression line for the R;SiH series
(Table 3, No.2) are presented in Fig.3. Fig.3 also
demonstrates the validity of Eqn.(4) for the Me,Cl,_,SiH
microseries (when X =Ph or Vin, this relation also holds).
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As in the previous instance, owing to the difference between
the slopes of lines corresponding to the relations for R;SiH
and R,XSiH, here the distances between the lines, caused by
the influence of the substituent X, are not the same for the

entire range of values of Y o*.

Since the above study®® is the only example hitherto where
series of compounds with different substituents X have been
investigated by a single method, it is of particular interest
to analyse the nature of the variation of the slope of the
relation between p* and o* as a function of the nature of the
substituent X. The data in Table 3 show that, when X =Ph
or Vin, the quantity p* is greater and, when X =Cl, it is
smaller than in the correlation for the R,SiH series. This
corresponds formally to a decrease of the resonance influence
of the substituents for X =Ph or Vin on v(SiH) (i.e. the
experimental values of vi approach those calculated from
the relation for R ;SiH) and to an increase of the resonance
influence of chlorine with increase of the values of

2 0*(R,X).

values of p* is caused by the mutual influence of the
inductive and resonance effects of the substituents in the
molecules of R,XSiH, it cannot therefore be taken into
account by adding an additional term to the right-hand
side of Eqn.(3). This is particularly true in view of the
fact that, on further increase of the number of substituents X
in the molecule, the slope no longer changes. Thus, so far
one can only conclude that the coefficient p* is specific to
each substituent X; there are as yet insufficient data to
formalise this phenomenon by a general correlation.

The results lead to the conclusion that in the general case
the calculation of the constant csRl by Eqn.(3) is erroneous,

Even if it is assumed that the change in the

because the calculated quantities are not constant for a
specific substituent X and apparently do not reflect the

true resonance contribution of the latter. A comparative
estimate of random deviations (for different substituents X),
corresponding to the quantity PrR in Eqn.(3) “%63,78,134-136,

145-148 " does not therefore appear to be sufficiently fruitful.

On the grounds that the values of p* for the series of
compounds R;_,X,SiH with n=1 or 2 and a constant X are
virtually the same, the relations for the R,XSiH series have
been used as a basis for the estimation of the U%i and the

deviations Av; from these relations for compounds in the
series RX,SiH were attributed to the resonance influence
of the second substituent X:

(o3)) = Avilpi.
The values of the resonance constant ogi found for the

substituents X =Cl, Ph, and Vin were respectively —1.23,
—0.51, and —0.50. The constants o(Si), characterising
the overall (effective) inductive effect of the substituents,
were also calculated with the aid of the equation o* + 0%1.

Using the values of o(Si) obtained [for substituents R
which do not exhibit the resonance effect, o(8i) = c*], the
correlation parameters were calculated for the series of
compounds R;_pXpSiH with n=1, 2, or 3 (Table 3,
Nos.11—-13). The high accuracy of the correlations confirm
the additivity of the resonance contribution of the sub-
stituents X independently of their number in the malecule.
o%i(OEt) =-1.06 can be found analogously from the 'H NMR

data for the R,5i(OEt), and RSi(OEt), series discussed
above; O%I(OMG) =—0.59 +0.07 has been found from data'!

for the methanolysis of the compounds RSiH,(OMe) and
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RSiH(OMe),. Other results suitable for estimates of this
kind are so far not available in the literature.

It is seen from the preceding discussion that a fairly
rigorous allowance for the p,—~d effect of the substituents
at the silicon atom requires the use of extensive experimental
data and is therefore difficult. Hence it is still useful to
investigate the possibility of employing Eqn.(3), ignoring
the possibility of a difference between the values of p*
for the R;SiY and R;_,X,8iY series, at least for an
approximate comparative estimate of the extent of the
pr—dq effects of different substituents. The only condition
which ensures the possibility of applying the scale of
approximate values of oSRl obtained in this way is mutual

proportionality of the influences of the p,—d; effect on any
of the properties investigated. The validity of this
condition makes it possible to use the slope pl’; in Eqn. (3).

To test this claim, we shall consider the approximations
obtained for the relative values of 0%1 [having assumed that

o%i(Cl) = 1] in the case of the substituents Ph, CIl, or OEt,

for which the greatest amount of factual data is available
(Table 4). Table 4 shows that different research techniques
manifest, as it were, a selective sensitivity to the influence
of individual substituents, as a result of which a mutual
proportionality of the changes in the resonance contribution
does not obtain. Consequently the simplified approach

to the establishment of a general relation proposed above is
inapplicable. Hence it becomes clear why the values of G%i

(or analogous quantities), frequently calculated in this way,
have not been widely accepted.

Table 4. The relative values of o%i calculated by Eqn.(3)
(for pR =1).

R
Compound and property investigated References
Ph l Ct OEt
R3-nXpSiH, i.r.s., »(SiH) 0.32 1.0 0.41% 68,134"
RXSiVin + AcSH, kre] 0.13 1.0 0.51 42
R3_pXpSiOEt, 7(CH2 in OEt) 0.00 1.0 0.50 8l
R3-nXnSiOEt + phenol, ir.s., Av(OH) 0.17 1.0 0.64 (45,51,149)*

*Calculated from data in the communications indicated.
**Here R =OMe.

Thus, although the very fact of the deviation from the
relation for the R,SiY series caused by the introduction of
the substituent X in R;-nXuSiY can serve as an indication
of the manifestation of the pp—d, effect of the above
substituent, the magnitude of the deviation is an extremely
arbitrary characteristic of the magnitude of this effect.
Furthermore, the same characteristic is not constant owing
to the lack of proportionality in terms of the scales of the
deviations obtained by different methods and for different
models. The causes of such a significant difference in the
manifestations of the resonance effects of the substituents
in silicon and phosphorus compounds still remain obscure.
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1IV. THE ABILITY OF THE SILICON ATOM AND OF
SILICON-CONTAINING ATOMIC GROUPS TO TRANSMIT
EFFECTS

The transmission coefficient zy of a structural unit N
is defined'~? as the decrease of the inductive influence of
the substituents R when the latter move away from the
indicator centre Y as a result of the introduction of this
particular structural unit. The values of z) are determined
from the ratios of the corresponding slopes or Taft constants:

2N 77 PR-N-Y/PR-Y = OR-N/OR |

The few literature values of the transmission coefficients of
organosilicon structural units as well as the values which we
calculated from the literature data (with the aid of the p*—p*
method) are presented in Table 5. Evidently the trans-
mission capacity of the silicon atom (Table 5, Nos.1-3) is
not constant for different compounds, in contrast to the
transmission capacity of organic structural units. This
indicates differences between the mechanisms of the trans-
mission of the inductive influence of substituents via a
silicon atom. Presumably this is caused by the different
extents of the p;—d interaction in different series. The
unusually high transmission coefficient of the SiCH, group
(Table 5, No.4) has been attributed®’ to an additional
(apart from the o-bond) interaction of the silicon and
nitrogen atom. The coefficient 20Si(Me,) = 0.15-0.26
(Table 5, Nos.5 and 6) is entirely comparable to the
transmission coefficient of the C~0O bond (zg—g = 0.26—0.34);
thus the abilities of the Si—O and C—O bonds to transmit the
inductive effects of substituents are approximately the same.

Table 5. The transmission coefficients of the silicon atom
and silicon-containing structural units.
Method of inve;tignion os e
No.! R-Y and R-N-Y series | and parameter investi- RY) | (RNY) N ZN | Refs,
gated
1 [ROR' and R3SiOEt irs., Av(OH) for phenol | g0 | —61 Si |0.68 [44,45*
2 IR-Cland R3SiCl NQR, vy "' (**CD 2.7| 0.4 Si  |0.15**[88,125*
3 [RyNH and R3SiNHMe kinetics of reaction - — Si 0.22 | 40
with PhySiHy, k;

4 [R3N and R3SiCH)NMey | potentiometry, pK, | —2.7 [—1.8 | SiCH, {0.68 | s7
5 [R3SiH and R3SiOSi(Me2)H] 'H NMR, J(** SiH) 19.8 | 2.9 | OSiMe, [0.15 67
6 |[Ditto ir.s., »(SiH) 31.5] 8.1 | OSiMe; {0.26 67

%alculated from data in the communications indicated.
**The data for the RCIl and R;CCl series (p* =1.02) yielded
zc = 0.37, which is consistent with the literature value

— 125
ZCH2—0'36'

It is of interest to estimate the transmission capacity of the
silicon atom compared with those of other elements in iso-
structural compounds. If the p*/p* method is used in this
instance, it is possible to obtain a quantitative expression
for the above estimate in the form of an "isostructural”
transmission coefficient, which we shall designate by z':

2Z/=p"(Si)Jp* (E),

where p*(Si) is the slope for the organosilicon series and
p*(E) is the corresponding slope for the isostructural series
in which silicon has been substituted by the element E.

The values of z' calculated from the literature data are
listed in Table 6.
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Since the silicon atom is less electronegative than the
carbon atom, its isostructural substituents should have a
smaller inductive effect, which is reflected also in the values
of z' for the silicon—carbon pair, the latter being always
less than unity. However, a universal value of z' is also
not observed, as for the coefficient z(Si) discussed above.
The inconstancy of the z' for compounds in which silicon
is linked to a substituent capable of py—dy interaction
(Table 6, Nos.1-3 and 7—9) apparently reflects the
different degrees of manifestation of the resonance effect
and for the series of compounds Nos.4—6 the different
influences of the a-effect. It is of interest that a value z' <1
has been obtained also for the Si/Ge pair (No.10), in which
the germanium atom is less capable of py—dy bonding than
the silicon atom despite being still less electronegative.

Table 6. The isostructural transmission coefficient 2z’ for
the silicon atom.

Vo. ok Method of investigation and . v .

No Isostructural series parameter investigated Pt M)l pe* BN 2 Refs.
1 |R:MCl1 NQR, 4.019] 0.404 0.39| 123
2 |RMCl ditto 0.959| 0.415| 0.43| 123
3 |RMClL > 0.9337 0.484 0.52 123
4 {R;MCH,CI » 0.594( 0.308! 0.52| 123
5 {RsMCHCI, > 0.409| 0.279] 0.68| o1
6 |R;MCCly > 0.408] 0.166] 0.44| o1
7 |RsMOH:DMSO 'H NMR, chemical shift of 73 65 | 0.89( s8

H in HO(Hz)
8 |CsHsMRs i.r.s., »(CH) in CgHs 8.28 | 5.57 | 0.67| 74
9 |R(Me;) MOR’-PhOH ir.s., Av(OH) for phenol —54| —47 | 0.87] 4
10 |Rh3SiOOMRs-PhOH ditto —33|—19.4( 0.59| &2

*M = C in Nos.1-9 and M =Ge in No.10.
**The constants o; were used by Kni%ek et al.” to
calculate p* (M, Si).

We may note finally the instances of the changes in the
transition capacity of the silicon atom on passing from com-
pounds R;SiY to compounds R3;_nX,SiY, partly discussed
above. As already mentioned, the slope p*, characterising
the relative ability of the silicon atom to transmit the
inductive effect of the substituents to the indicator centre,
can both decrease and increase after the introduction of
different substituents. However, for highly electronegative
substituents (RO, Cl), capable of effective p,~dy conjugation
with the silicon atom, the values of p* for the compounds
R;-nXpSiY are as a rule smaller than for R,SiX and tend to
decrease further with increase of n (Nos.2—4 and 13-15 in
Table 2, and 2, 6, 9, and 25—30 in Table 3). It has been
suggested"® that the decrease of the sensitivity of the
indicator centre to the influence of the inductive effect of
substituents with increase of the number of substituents X
in the molecule is caused by the increase of the degree of
pp—dq bonding under these conditions.

* kK

Thus the results of the application of the Taft relations in
order to establish correlations between the properties of
organosilicon compounds and their structure demonstrates
the applicability of the usual inductive (for alkyl and
substituted alkyl groups) and steric constants of the
substituents. In contrast to organophosphorus compounds,
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substituted alkyl groups at the silicon atom do not exhibit
a resonance effect with the exception of individual instances

in a-substituted derivatives.

The role of the hyper-

conjugation effect in silicon compounds has been only

slightly investigated.

The most specific feature of organo-

silicon compounds is p;—dq conjugation, the extent of
which cannot in general be estimated with the aid of
procedures usually employed in the calculation of resonance

contributions.

A preliminary estimate of the transmission

coefficient of the silicon atom and silicon-containing groups
showed that their ability to transmit the inductive effect of
substituents is reduced compared with carbon (and
germanium).
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