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ABSTHACT 

The rate constants for the cleavage of the series of 

substituted phenyltr si s by r<:OH aqueous DMSO have 

been measured, and the of substituent effects is shown 

t.O be s1:ent a mechanism involving rate determining 

ion of a phenyl carbanion accompanied by electrophil 

assistance from the solvent. A number of heterocycl tri-

methylsi derivatives have also been cleaved and the rates 

are discus in terms of the proposed mechanism. 

Cleavage so occurs using other highly basic nucleophiles, 

and there is excellent correlation between the rate constants 

for cleavage and the acidity functions of the media used. 

Although all dipolar aprotic solvents greatly enhance the 

nucleophilicity of small anions because of the absence of" 

solvation, DMSO has the apparently unique ability to facilitate 

cleavage in the reaction which 'l,vas studied. 
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IN'l'RODUCTION 

licon is more electropos ive than carbon; on Paul's 

scale, electronegativity dif is 0.7 un 
1 

Hence 

C-Si bond is more po than, for example, the C-Cl bond. 

the bond is ized c8 Si 8+, electrophilic 

occurs at carbon, and nucleophil attack at silicon. The 

C ~ Si bond is relatively strong, (ionic bond strength 

1 932 kJ/mole ) so that cleavage only occurs readily if suitable 

polar groups are present to stabilize the transition state. 

Hence, in the aryltrialkyls anes, the subject of this 

stigation, aryl-silicon bond, than the alkyl-

silicon bond, is the most susceptible to c 

ELECTROPHILIC CLEAVAGE OF THE ARYL-SILICON BOND em • _____________________ _ 

Electrophilic cl of the phenyl-silicon bond in such 

234 media as H2S04/HOAC/H20 , HCl04/MeOH and Br 2/HOAc has 

been extensively studied. In all cases, the pattern of 

substituent effects is similar to that established for e~ectro-

philic aromatic substitution, with excellent co ation of 

relative rates with the a+ substituent constants proposed by 

Brown 5 Okamoto • 

SiMe3 

0 
H+ 

slow 

X 

H SiMe3 

I \ H2O (J I + 1 .~-~ + Me3SiOH 
\ I 

'-.. -" 
,/ 

X X 



2 

Hence reaction is fac itated by conjugative electron 

release if the transition state is assumed to be structurally 

simi to the intermediate 6 • Formation of the intermediate 

appears to be determining, as the sensitivity of reaction 
KH 0 

rates to H - D exchange ( __ 2_ ~ 1.55) indicates that C - H bond 
KD 20 

formation has advanced significantly in the rate determining 

7 step . 

11UCLEOPHII,IC CLEAVAGE OF THE ARYL-SILICON BOND 

Nucleophil cleavage of the phenyl-silicon bond has 

proved much more difficult to achieve than electrophilic 

cleavage. Perhaps the best explanation is that, in contrast 

to electrophilic cleavage, no resonance stabilization is 

possible in the transition state, since any negative charge 

develpped on the aryl carbon cannot be delocalized through the 

1T system. ]\lthough the bond can be cleaved in a medium shch 

8 
as KNH 2/NH 3 ' cleavage by alkali, until now, has only been 

reported at high temperature (lOOoC) and "'lith strongly electron-

wi-thdra\iling substi tuents, such as E-N0 2 and m-CF 3' on the 

b:~nzene r1'ng9,lO Itt t' t h' h ~ n con'ras , aroma 1C cen res w 1C can 

stab ize negative charge either inductively or by resonance 

stabilization, are quite readily cleaved from silicon. 

Aromatic derivatives containing electronegative hetero atoms 

such as sulphur, oxygen and nitrogen, cleave readily. 

2~Trimethylsilylfuran is cleaved in alkalill, and 2-trimethyl 

silylpyridine is cleaved even by neutral polar reagents such 

as methanol12 and benzaldehyde13 . In the series R-SiPh 3 , 

reaction with alkali follows the same order as the acidity of 

the corresponding hydrocarbons R -~ H, acidity being a measure 
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of carbanion stability9. 

R - PhC C ,- ) indenyl y 9 fluorenyl > Ph2CH ~ > PhCH2 

Consequently, e c s 

15 
CSiMe

3 
has been extensively studied, since 

reaction is ilitated by TI~delocalization carbanion 

character developed the transition state. 

Until the work reported in this thesis, no stematic study of 

phenyl~silicon cleavage by nucleophiles had been carried out. 

For reasons explained later, use of a dipolar aprotic solvent 

such as dimethylsulphoxide facilitates reaction, making this 

investigation possible. 

NUCLEOPHILICITY AND BASICITY IN PROTIe AND DIPOLAR APROTIC 

SOLVENTS 

The generally Id concept is that both bases and 

nucleophi are spec which have a tendency to share their 

electron pairs. term basicity is genera us in a 

thermodynamic sense affinity towards a proton: 



The BCld ssociation constant K of the a 

a measure of the basicity of 

Nucleophilicity used in a kinet 

ugate ac BH is 

sense to denote the 

ability to displace another electron pair from a spec s: 

N + R Y k N ~ R + Y 

4 

The rate constant k is a measure of the nucleophilicity of N • 

Where a ser s of nucleophiles are structurally related, 

there is usually correlation between their nucleophilicity and 

basicity; however, only in this limited context can one assume 

a direct relationship. The structural and electronic features 

which enhance nucleophilic reactivity in displacement reactions 

do not necessarily 

'l'b . 16 

ay a significant role in acid-base 

equl 1 rla • 

Since sicity is an inadequate basis predicting 

nucleophilic activity, considerable effort been made to 

set up a scale of nucleophil ity which can be generally 

l ' d' 17 d 1 f '2 app 1e. Swaln and Scott suggeste a sca e or use ln SN. 

splacement reactions based on the solvolysis of methyl 

bromide as a standard reaction. 

kN 
log ~k· 

H 0 
2 

s.n ( 1) 

k N-·, J<H 0 are second order rate constants for displacement by 
2 

nuel Ie and water respectively, s is the substrate 

constant (1.00 for CH 3Br), and n is the nucleophil constant 

(1.00 for H20). Typical va s for these parameters are 

shown in Table 1. 



Table 1 

n Values for Typic~l Nucleophi 

Nucleophile 

3 Br 

eN 5.1 Cl 

5.04 AcO 

4.77 F 

4.49 picrate 

4.20 N0 3 

3 4.00 H2O 

17 s 

n 

3.89 

3.04 

2.72 

2.0 

1.9 

1.03 

1. 00 

However, the range of data which can be correlated is 

generally limited to that for reactions involvin~ attack at 

saturated (sp3) carbon. A less empirical approach, s~ggested 

by Edwards 18 and 19 20 ined by Edwards and Pearson ' bas 

on the assumption that the nucleophilicity of a species is 

governed by both its basicity and polarizability. The 

dependence on basicity is justified on the grounds that most 

nucleophilic reactions are either acid-base reactions, or 

involve attack on a species which bears some resemblance to a 

5 

proton, either in size or charge. If a species is polarizable 

it should be more nucleophilic, as, not only ''>1ill bonding e 

trans tend to orient themselves tm"ards a substrate, but non·~ 

bonding electrons will able to orient themselves away from 

it. Hence ser approach is made possible by reducing 

repulsions between nucleophi and substrate. Edwards 

and Pearson expression is 
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log 1 AP + BH (2) 

'where is the rate constant a nucleophile :La ive to 

water, P is a larizability term sed on the mo 

refractivity of the nucleophi1e relative water, and H is a 

ici ty 'cerm re iva to 

H = 1.74 + pK 
a 

(3) 

where pK is the dissociation constant of the conjugate acid a 
+ of the nuc1eophi1e - 1.74 arises from the pK

a 
of H30. The 

values of the coefficients A and B supposedly reflect the 

contributions of the two factors to the overall nucleophi1icity 

of the spec in a particular reaction, however quantitatively, 

correla'tions are poor. Values of P and H for coromon nuc1eo-

phi1es are shown in Table 2. 

Table 2 

P and H Values Typical Nuc1eophi s 

leophile H 

CN 0.373 10.88 Br 0.539 .~ -6.0 

I 0.718 -9.00 C 0.3~9 ;.:;; -3.0 

PhNH2 0.955 6.3 AcO 6.46 

PhNMe2 1.046 6.95 ~0.150 4.9 

NEt3 0.955 12 46 N03 0.00 0.40 

NH3 0.184 11.22 H2O 0.00 0.00 

OB o. 3 17.48 

N3 0.524 6 46 



For acid-base reactions, and nucleophilic attack at 

carbonyl carbon, te sulphur, and tetrahedral 

phosphorus, sic is the most important factor, while 

attack at tetrahedral carbon, divalent oxygen, and halogens, 

polarizabili ty is more importan"t 20 1i'1i thin a series of 

structurally nucleophiles, po zability should be 

7 

relatively constant, so that correlation tween nucleophilicity 

and basicity should occur. For example, in the nucleophilic 

a"ttack of substituted on peracetic acid there 

good correlation between the rate constants and the basicities 

of the anilines
21

• 

Similarly, for nucleophilic attack by substituted phenoxides 
/ 

on 2,4-dinitrochlorobenzene, the rate constants correlate with 

basicities of the phenoxides. The results for methoxide ion 

do not fit in with the correlation22 • 
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SOI,vEN'1' EFFECTS ON NUCIIEOPHILICITY AND BASICITY 

An additional factor which must be considered in discuss-

ing nucleophilicity is the ef sol ven'c . The attempts 

outlined so to ly de nucleophilicity have 

been carried out in protic solvents such as water and methanol. 

Protic solvents solvate ions not only by ion-dipole inter-

action, but, more importantly, by strong hydrogen bonding. 

Hydrogen bonding is greate for small, dense charged, 

anions of l~w polarizability so that for a range of typical 

nucleophiles the order of solvation is 

> SCN- > picrate. 

Because of hydrogen bonding, the basicity of anions such as 

OR and is severely reduced, and nucleophilicity in pr.otic 

solvents is largely a function of polarizability. For example, 

nucleophilicity towards methyl iodide in methanol follows the 

order 

S 0 2 > 
2 3 

as illustrated by the data in Table 3. 

,OR ; 

Dipo aprotic solvents such as DMSO, acetone and DMF, 

cannot solvate anions by hydrogen bonding and may also be 

hindered in participating in other ion-dipole interactions. 

In DMSO, example, is thought that ion-dipole solvation 

via electropositive sulphur atom may be sterically 

inhibited by the surrounding methyl groups24. Solvation 

occurs largely by interactions dependent on polariz ility, so 

that the order of anion solvation is probably the reverse 

that in protic solvents, i.e. 

> SCN > I > N3 > Br > Cl »F~u OR • 
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Table 3 

Second Order Rate Constants for Nucleophil Attack 

on Methyl Iodide in Methanol at 2SoC 23 

-1 -1 
(Q, .mol sec ) Nuc1eophile 

3 -1-1 
10'k

2
(Q,.mo1 sec ) 

N3 0.078 

-8
2

0
3 

114 PhO 0.073 

I 3.42 PhNH
2 

0.052 

CN 0.645 NH3 0.041 

NEt3 0.595 C5
H5N 0,022 

SCN 0.574 Cl 0.003 

Mea 0.251 AcO 0.0027 

Br 0.0798 F 0.00005 

Nucleophilicity in dipolar aprotic solvents should 

therefore be largely dependent on bas ty; because of the 

absence of hydrogen bonding, small highly bas anions ·such as 

OR , F , CN should be the best nucleophi s. For attack on 

methyl iodide DMF23 , nucleophilicity follows the order 

CN > AcO > CI ~ Br ~ N > I 
3 

> SCN. A simi order 

(Table 4) is reported fo~ the nucleophil 

propyl to late in DMSo25. 

substitution of n-

Overallnucleophil ity is further enhane because 

transition states most nueleophil substitution reactions 

are usual large diffuse anions, and are more effectively 

solvated by dipolar aprotic solvents than by protie solvents. 

The resulting decrease in activation energy markedly increases 

reaction rates. 



Table 4 

25 Substitution in n-Propyl Tosylate 

o (DMSO, 25 C) 

Nucleophile 10 2(i.mol ec l} 

8 20
3 
2-

9.4 x 10 4 

- 10
4 OH 2.9 x 

- 10 4 MeO 2.7 x 

2.0 x 104 

PhO - 10 3 2.6 x 

-
N3 270 

-Cl 95 
, 

-Br 41 

-SCN 3.4 

10 

Even thiocyanate ion, which should be a better nucleophile in 

protic solvents, attacks methyl iodide one hundred times 

ster in DNF than in methanol, while fluoride ion at-tacks 

- 'II' t· f t 23 one ml lon lmes 'as er • 

PROTIC-DIPOLAR APROTIC SOLVENT 

Many anionic nucleophiles are so poorly solvated 

dipolar aprotic solvents that they are insolub They are, 

however, moderately soluble in mixtures of dipolar aprotic 

and protic solvents. For example, spec s such as KOB, KCN and 

NaOA.c are moderately soluble in m'lS0/water and Df\1S0/methanol 

mixtures. The enhanced nucleophilic activity of anions is 

, even ~vhen mole percentage of protic solvent is 
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11igh. The most reasonable explanation for this behaviour is 

that solvents such as DMSO, being relatively strong bases, can 

hydrogen bond to protie solvent molecules, which are then no 

longer free to solvate anions. There is, example, some 

evidence that Dt-1S0 forms a 1: 2 adduct with water. The 

viscosity H20/DMSO reaches a maximum when mole percen-

of DMSO is 33%, suggesting a high degree of order. The 

molar of mixing reaches a maximum when the mole 

percentage of DMSO is between 30% and 40%, and the freezing 

point composition curve shows an eutectic when the mole 

percentage of DMSO 33%26. Further evidence is the recent 

isolation a crystalline 1:2 adduct between DMSO and 2,5-t-

'27 
butylmethylphenol • Hence in a medium such as H20/DMSO, 

anions would have to compete with DMSO for hydrogen bonding with 

water. 

PARTICIPATION OF d~ORBITALS IN BONDING AT SILICON 

Before discussing possible mechanisms for substitution, 

the type of bonding associated with silicon must be considered. 

Both carbon and silicon are Group IV elements, so that 

both elements adopt 3 hybridization to form tetravalent 

compounds. Silicon however, being a second rm'l element, 

possesses vacant d orbitals energetically accessible for 

bonding, and there is evidence that the use of d-orbitals in 

bonding may lead to (i) partial n-bonding, and (ii) the 

formation of penta- or hexacovalent complexes and intermediates. 

(i) 

No compounds with multiple {p-p)n bonds to s icon have 

so far been isolated, although they may st as uns'table 
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. d' 28 
~nterrne ~ates • Although this lack of multiple bonding is a 

common feature second row r the reason is not 

clear. One suggestion is that compared th first row elements, 

is interatomic repulsion between 

fil shells the bonding orbitals of the adjacent atom, 

resulting 29 less effective orbital overlap . Alte 

, it may be that since internuclear distances are much 

greater second row elements, orbital overlap is 

insuf cient for bonding29 ,30. Calculations indicate that 

(p-p}TI interaction in the silicon-silicon bond is about half 

that in the carbon-carbon bond
3l

• In contrast to the absence 

of (p~p)TI bonding, it has been shown from overlap integral 

calculations that the vacant d d and d orbitals of xy' xz yz 

silicon other second row elements can overlap effectively 

with appropriately oriented p orbitals of an adjacent atom, to 

give (d-p)TI bonding
32 

Z 

--~X 

(dxz ) TI overlap 

y 

is considerable evidence favour of such partial 

(d-p}TI bonding, particularly in cases where the acent atom 

possesses non-bonding outer e Trisilylamine, 

N(SiH3)3' is a considerably weaker base than trimethylamine; 
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from a comparison of electronegativities of silicon and 

carbon, one would expect to be a stronger 

indicates a signi contribution structures such as 
+ 

H3Si N(SiH3 )2' especially since the molecule appears to be 

planar33 Other anomalies which a simi explanation 

lude high acidity of trimethylsilanol relative to t-butyl 

. 34 
alcohol f the apparent 1 structure of hexamethyl-

d · '1 35 t d f M S'X h d lSl oxane • An n.m.r. s u y 0 serles e 3 1 s owe 

moderately strong (d-p) 7T bonding for X:::::: NMe2, Orvie and F 36. 

There so evidence of (d-p)7T bonding in the carbon-

silicon bond, and, more specifically, the aryl-silicon bond 28 • 

Dipole moment studies in the series 

(d-p)7T bonding between silicon and the ring, even when X is 

37 38 not a conjugatively electron-re ing group' Structures 

SUCh as (a) and (b) in Fig. 1 there make a significant 

contribution to the ground state of the respective molecules. 

(a) (b) 

Fig. 1 

Similar results were obtained in the trimethylphenyltin 

. 39 
serles Analys of e.s r. spectra of the radical ions 

from tert-butylbenzene, phenyltrimethyl lane and pheny 

methylgermane Shov1S silicon, and to a lesser extent, 

germanium, strong attract 7T e 
40 

trons • Calculations bas 



on e.s.r. of trimethylsilyl derivatives of biphenyl 

of 0.18 1. i good 

between the u.v. spectral intensities substituted phenyl 

lanes, and -the intensities calculated on the assumption of 

. t' 42 
~pa ~on As other investigations have 

14 

shown, d~orbital icipation decreases in the Group IVb metals, 

> Ge > Sn. 

(ii) Formation of s and intermediates 

As well as ( )n bonding, there is evidence of d-orbital 

particlpation in a bonding, withsp3d or sp3d2 hybridization 

giving rise to penta-or hexacovalent complexes or intermediates. 

The most common examples of hexacovalency are the hexafluoro-

silicate ion SiF6
2
-, shown to be octahedral by x- studies 43 , 

tris(acetylacetonato) silicon IV complex, 

+ - . 44 (A 3Si .HC1 2 ' A = acetylacetonato) also shown to be octahedral • 

Other examples .are mostly complexes formed from silicon 

halides and amines, such as SiF 40 2NMe 3 , SiC14 .2C SHSN, and 

S 32C
5

H
S

Nl • There is less evidence of pentacovalency. 

Although complexes such as SiC1 4 .NHe 3F H
3

SiCl.NMe3 , SiF 4 oNMe 3 

etc. are known, there is some doubt whether these are penta-

covalent complexes, since H
3
SiI.NMe

3 
is known to be a salt 

+. -1 
H3 Sll'-u.1e 3 I 

More pro~ising evidence is recent isolation 

of a complex CHF 2 -CF 2 -SiH3 oNMe 3 ; shown, by n.m.r., to have 

45 
equivalent hydrogens, which suggests a bipyramidal complex • 
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Most known complexes con'ta strongly electronegative atoms, 

such as f ch ine This is consistent with 

a recent suggestion that, since the bonds to such atoms have 

considerable ionic character, electron densi on the 

central atom is reduced. s should promote contraction of 

d-orbitals to a ze more suited to effective hybridization 

with sand p orbitals; as a re t, complexes may form since 

dd 'c' 1 b d 'b1 46 a l< lona a on S are POSSl e • 

HOWeve!, studies based on replacing the acetylacetonato 

groups by alkyl groups in A
3
Si+ compounds (A = acetylacetonato) 

indicate that the presence of alkyl groups at silicon reduces 

, 47 48 
the possibility of complex formatlon ' • 

POSSIBLE ~1ECFJ>.NISMS FOR NUCLEOPHILIC SUBSTITUTION 

In substitution at sp3 carbon, there is often no clear 

distinction between 'the SNI and SN2 mechanisms i in substitution 

at silicon the distinction is even less clear, as the d ference 

between a synchronous mechanism and one involving intermediate 

formation may only be a matter of degree. For the purpose of 

this discussion, however, the mechanisms for nucleophilic 

SUbstitution at silicon and other Group IVb metals fall into 

two categor 

(i) SN2 (analogous to SN2 substitution at sp3 carbon) 

(ii) via an intermediate. 

In add ion, carbanion formation mayor may not occur. 

The possible mechanisms and the probable kinetics are 

outlined, and the current evidence pertaining to substitution· 

discussed. Rate equations were derived by ,using the Steady 

Sta'te theory. 



16 

(i) SN2 

Reaction follows a path simi to SN2 substitution at 

3 
sp carbon; bond making and breaking are more or less synchron-

ous, although bond making could precede bond breaking to give 

some small build-up of negative charge on the central atom. 

Either (a) a carbanion is generated which extracts a proton 

from the solvent in a subsequent fast step, or (b) solvent 

is involved in the rate determining 

carbanion does not develop. 

(a) N + 
I 

Si-R 

so that a f9rmal 

I 
N-Si + R 

/\.. 
(nucleophi 

/\ 
(substrate) (carbanion) 

(b) 

R + HS 

(solvent) 

rate =: 

I 
N + Si-R 

I'\. 

rate 

RH + S 

I 
N-Si + 

/\.. 
RH 

The reaction should be stereospecific with inversion, 

since backside attack should be favoured for bvo reasons; 

+ 

(i) sterical , if the nucleophile or leaving group is bulky, 

and (ii) because nucleophile and leaving group should be 

collinear if both are to share same hybridiz orbital of 

silicon In the trans ion state, the other three orbitals 

should approach coplanarity, e ially if the nucleophile and 

leaving group are similar. 

s 
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(ii) Via an I 

Silicon could ize a vacant 3d orbi , to enable 

formation of a ent intermediate wi 3d configurat-

3 
ion. Sp d 2 zation to give a trigonal bipyramidal 

z 
intermediate is to be only ightly more probable 

than sp3d 2 ization to give a pyramidal inter-

. 49 x 
medlate . Unless necessitated by steric , intermediate 

formation would not require rear attack (i.e. on opposite 

side to the group) by a nucleophi though it is 

believed that electronegative groups pre to overlap with 

hybrid orbitals containing the least possib s character which 

in the trigonal bipyramid case, would be the axial lpd) 

orbitals50 . The possible mechanisms split into two groups, 

depending on a carbanion is formed. 

(a) No carbanion formation 
.. " 

ibrium intermediate formation fol 

slow reaction with solvent 

I K I-
N S R N-Si-R 

/"- 1"-
kl I, -+ HS slow? N-Sl + RH + S 

/'\ 

(ii) slow intermediate formation followed 

reaction with solvent 

I kl I-
N + Si R ,----~ N-Si-'R 

/'\ slow /'\ 

I k2 J. N Sr R + HS --,~"-~~ N ..... 1. + RH + S 
i"- fast /\ 

rate 



(b) Carbanion formation 

(i) 

slow formation of carbanion 

N s 

+ HS RH + S 

rate:: klK[N~J[Si~R] 

formation followed 

I 
N-Si + R 

/'.. 
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(ii) slow intermediate formation followed librium 

formation of carbanion 

N SI. R 
1. 

/\ 

+ HS 

s 

k 

MECHANISTIC EVIDENCE 

I 
N-S 

1"-

RH +. S 

K I 
N-Si + 

/"-
R 

Unfortunately, kinetic studies are insufficient to 

distinguish between possible mechanisms, as all are st 

order in both nucleophile and substrate. For example, 

alkali cleavage of substituted benzyltrimethylsilanes
14

, . 

phenoxytriethylsi s5l and methylfurylsilanes 52 all display 

overall second order kinetics consistent with any of the 

suggested mechanisms. Most of the useful evidence comes 

from studies involving stereochemis , isotope effects, and 

tituent effects 
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( i) 2 versus intermed formation 

Hammett re s ri i cleavage in 

. h h b t d b l' h 1 '1 14 serles sue as t e su s -ute enzy tr1met y Sl anes , 

(phenylethynyl)trimethylsilaneslS , and phenoxyltriethylsilanes5l 

all exhibit positive p values, as electron-withdrawing 

substituents enhance and electron-releasing substituents 

retard reaction. This is consistent with both the SN2 and 

intermediate pathways as merely indicates development of 

negative charge in the transition state at the reaction 

s , which could either silicon or the leaving group. 

However, benzyltriphenylsilane eaves more rapidly in alkali 

than benzy i( lyl)silane14 , and as the methyl group is 

electron-releasing, this indicates an increase in negative 

charge on silicon in the transition state the rate deter-

mining step. Although this rules out a synchronous St-I2 

mechanism, does not exclude an SN2 mechan in which bond 

formation slightly precedes bond breaking to give some 

negative charge build up on silicon. 

Stereochemic evidence favours intermediate formation 

accompanied by assistance from the electrophilic portion of' 

the nucleophile or solvent. As previously mentioned, rea~ 

attack relative to the l~aving group is a prerequisite for SN2 

substitution, and results in inversion of configuration. 

However, intermediate formation could arise from either rear 

or flank attack ultimately result in either inversion or 

retention respectively. There is clear evidence that sub-

stitution can involve flank attack. Substitution by alcoholic 

alkali at the bridgehead silicon atom compounds (a) and (b) 

in Fig. 2 occurs at as read as structurally 

, '1 :! h" th 1 'I 53,54 Slml ar compounns suc as cr1e y 81 ane . • 
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(a) (b) 

Fig. 2 

Since nucleophiles are unable to approach licon from the 

rear because of steric hindrance, flank attack must be 

involved. Even in cases where both rear and flank attack 

should be possible, flank attack appears to predominate, 

probably because the electrophilic portion the reagent is 

then suf iently close to assist the leaving group. For-

example, complete retention of configuration may occur in the 

alcoholysis of (+) 2-(methyl l-napthylphenylsilyl} pyridine 

ause flank attack facilitates formation 

mediate involving the adjacent nitrogen55 

a cyclic inter-

a 
N 

A simi mechanism would explain -the product in 

reaction of 2-trimethylsilylpyridine with benzaldehyde13 • 
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rUl . + PhCHO 
~N SIMe3 -? K;aJ-O-SiM8 . 

I 3 
Ph 

Retention of configuration so predominates in the alkali 

cleavage of other methyl l~napthylphenylsilyl derivatives56 . 

+ R'-OH 

(R' t = Me, Bu, cyclohexyl) 

As the previous reaction, the electrophilic portion of the 

reagent could assist the leaving group, if flank attack at 

silicon occurs: 

--~9- RIOH +-

The rule which has evolved for the stereochemi of 

substitution at licon states that hreactions carried out in 

non-polar solvents and involving poor leaving groups (pKa 

conjugate acid of leaving group >10) occur with retention, 

while reactions involving good leaving groups (pK < 6) occur 
a 

. h . . II 56 
w~t ~nvers~on • This is consistent th the preceding 

discussion. because non-polar solvents, the most electro-

philic spec s sent which could facilitate substitution by 

aiding a poor leaving group is the electrophi por-tion of 

the nucleophi , and this in a ly favourable 
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pos if flank attack, consequently retention, occurs. 

If the 1 i elec ic assist~ance 

is not as neces for reaction, and inversion or retention 

is possible, as hydrolysis of trialkylchlorosilanes, 

57 where inversion OCCl1.rs 1\1 though inversion does occur in 

the is of methoxymethyl I-napthylphenylsilane58 , 

which contains a poor leaving group, (MeO-), this can be 

exp • because the reaction is out in a polar 

vent, which, be identical to the nucleophile, can give 

electrophilic assistance to the leaving group so that flank 

attack is not necessary. 

So although inversion is consistent with an SN2 mechanism, 

it can be rationalized with intermediate formation; it is more 

d ficult to ra 1 e retention with an SN2 mechanism. 

Strong evidence in favour intermediate formation is the 

racemi~ation of trialkyl uorosilanes in methanol without loss 

f f'l . 59 o . uorUle • Rae zation is thought to occur via 

equilibrium ion an intermediate as follows: 

* (+) R3SiF + 1'1eOH ,~ ,----. 
.~~ Si~-F k2 

I I -> products 
8+0--- H 

~ 
/ S+ 

Me 
)~ 

/./ ~ k. 
(-) R3SiF + HeOR mv 

where k t - k. > k2" re" l.nv 

If a ·trigonal bipyramicl.al intermediate is formed, the 

nucleophile must oc an equatorial position, (Fig. 3(aD, if 

its S8 is t.o re both inversion and retention. Rear 

·tack is out; nucleophile cannot occupy an axial 

posi·tion as its S8 would give retention only. If te·tra-



gonal pyramid intermediate is formed, both inversion and 

retention O.re most: likely if the nucleophi occupies the 

axial position (F u 3 (b»). 

(a) (b) 

Fig. 3 

Most evidence suggests that intermediate formation is 

rapid. Triphenylchlorosilane hydrolyses more rapidly than 

triphenylfluorosilane 60; although consistent '\vi th an SN2 

mechanism, this is also consistent with a mechanism in which 

decomposition of intermediate to products is rate determining, 

as chloride ion is a better leaving group than fluoride ion. 

One would expect the reverse order if intermediate formation 

was rate determining, as the more electronegative fluorine 

should make silicon more susceptib to nucleophil attack. 

Similarly, the substituted benzyltrimethylsilanes and 

-stannanes cleave more rapidly than the corresponding phenyl

trimethylsilanes and -stannane9. If intermediate formation 

was rate determining one would expect the reverse order, 

because the phenyl group could better stabilize negative 

charge developed on the metal atom by both (d-p~ overl and 

inductive ef 61 

Hence, taken overall, evidence intermediate 

formation, probably in a rapid equ:Uibriuil1 
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(ii) Carba~nion formation 

As men"l:ioned I t::he of a hydrocarbon RH can be 
a 

taken as a measure of the stability the carbanion For 

relatively acidic hydrocarbons (pK < 35) there is reasonable - a 

correlation between the logarithms of the rate constants for 

alkali c of RSiMe 3 (e.g. R::= PhC:: C, 9-fluorenyl, Ph 3C) 

and the pKa of the corresponding hydrocarbons RH, 

suggesting that carbanion formation is involvedll • However, 

the rate constants for the cleavage of benzyltrimethylsilane 

and especially phenyltrimethylsilane do not correlate with 

the hydrocarbon pKas , indicating that these reactions may 

involve a di erent mechanism. This is reinforced by the 

isotope effects observed in the cleavage of some trimethyl-

silyl derivatives. A value of kH/ko - 1 is interpreted as 

meaning that bond breaking and formation involving hydrogen 

is not significant the rate determining step; i.e. a free 

carbanion is formed which non-selectively picks up a proton 

from solvent in a subsequent fast step. Conversely 

kH/kO » 1 indicates that bond breaking and formation 

involving hydrogen occurs to some extent in the rate determin-

ing step; i.e. a free carbanion does not develop, because a 

proton from the solvent'assists the leaving group to separate. 

In the coholysis of 2-trimethyl lyl pyridine, kH/ko 

1.2512 ; claimed to be close enough to 1 to indicate substan-

tial carbanionformation in the slow step, and consistent 

with the low pKa of pyridine (5.2) which implies a stable 

carbanion. However, alJcali c 

benzyltrimethylsilane, and - 2.8 for benzyltrimethylstannane. 

No data is available for phenyltrimethylsilane, but for 

. 62 phenyltrlmethylstannane kH/ko - 4.4 . These results show 
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that par cipation by solvent is important in rate 

determining step, in phenyl-metal case at least, the 

high value of kH/kD eliminates the possibility of a free 

carbanion. The small isotope effec·t in benzyl-metal cleavage 

compared with phenyl-me·tal cleavage shows -that more carbanion 

character is developed in slow step the former, and 

th is reflected in greater sensitivity to substituent 

changes in the cleavage of benzyltrimethylsilanes and 

-stannanes. For alkali cleavage phenyltrimethylstannanes 

p = 2.18 for meta 

p = 4.2363 , and 

61 
substituents F for benzy1trimethy1stannanes 

14 benzyltrimethylsilanes p = 4.88 • 

Hence whether or not a free carbanion is formed depends 

largely on the stability of the incipient carbanion; in 

phenyl-silicon bond cleavage, carbanion formation is 

unlikely. 

Sm1riARY 

For nucleophilic substitution at silicon and other 

Group IVb metals, the evidence so available favours 

ini al rapid equilibrium formation of a pentacovalent 

intermediate utilizing the d-orbitals of the metal atom, 

llowed by its decomposition to products. The latter could 

occur either in a single rate determining step involving 

abstraction of a proton from solvent by the leaving group 

(mechanism a{i» or, at the other extreme (if the leaving 

group is sufficiently stable) rate determining separation of 

the leaving group which ts a proton from solvent in a 

subsequent t step (mechanism b(i». The alkali cleavage 

of the substi phenyl·trimethyls s sJcudied this 

work is the first comprehensive s·tudy of nucleophil cleavage 
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of the phenyl-silicon bond and might be expected to follow the 

former path, i.e. mechanism a(i). 
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RESULTS 

The kinetic obtained is surnmariz in the· lowing 

~l 
tables. Pseudo first order rate constants k (min ) and p 

-1 
standard errors a (min ) were calculated by a suitably 

modif ORGLS st squares program. standard 

deviat a tmin- 1 ) the es of the mean rate constant 

(min~l) was c cula using 

-a == [
E (k - k ) 2] ~ 

p P 
~ 

where N is the number of measurements of k • 
P 

(4) 
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Table 5 

Rate Constants for I<OH C1 XC
6

H
4

SiMe
3 

10% v/v H20/DMSO at 40.0o C 

Wavelength [OH-] ~ 

X l< a k a (nm) (M.) p P 

m=No2 313 0.02 5.63 0.26 

5.67 0 17 5.72 0.05 

5.72 0.16 

5.85. 0.17 
-

p-NO 
- 2 

290 0.02 4.40 0.11 

4.43 0.15 4.46 0.04 

4.45 0.20 

4.57 0.16 

rn-Br 270.5 0.02 0.317 0.u04 -
0.320 0.004 0.320 0.002 

0.320 0.004 

0.325 0.003 

. 
0.05 0.891 0.014 

, 

0.897 0.012 0.898 0.002 

0.901 0.015 

0.90.5 0.011 

rn-CF .- 3 274 0.05 0.581 0.004 

0.584 0.004 0.593 0.005 

0.595 0.004 

0.598 0.004 

0.608 0.003 

m-Cl 270 0.05 0.478 0.006 -
0.493 0.004 0.491 0.007 

0 •. 502 0.007 

0.10 0.784 0 007 

0.788 0.008 0.798 0.008 

0.802 0.008 

0.818 0.006 

m·~F 271. 8 .10 0.217 0.002 
."~ 

0 218 0 003 0.218 0.000 

0 .. 218 0.0.02 
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I--~ 

272 io 0.000 

0.001 0.102 0 001 

0.103 0.001 
F== 

0.20 0.148 0.002 

0.151 0.001 00152 0.002 

0.157 0.002 

!?~Cl 274 0.20 0.103 0 0 002 

0.104 0.003 0.104 0.001 

0.105 0.002 
-

p-F 270.2 0.20 (2.39 .0.02) x 10 
-l 

(2 41 .0.03) x 10 
-2 

(2.44.0.02) xl0 
-2 

m-Ph 290 0.20 (1.14 .0.02) x 10 -2 
-

(1.15.0.01) xl0 
-2 

(1.15.0.01) x 10 
-2 

(1.17,0.02) xlO 
-2 

E,-Ph 276 0.20 (7.36 .0.07) x 10 '3 
-3 -3 

(7.53 • 0.11) x 10 (7.49.0.06) xl0 

(7.57 • 0.18) x 10 
-3 

285 0.20 
-3 m-OMe (6.35 • 0.06) x 10 -- . 
-3 -3 (6.45.0.08) xl0 (6.52. 0.12) x~10 

(6.75.0.07) xIO 
-3 

1----- --3 
H 270.5 0.20 (2.96 • 0.04) x 10 

(3.02.0.05) xl0 
-3 (3.00.0.02) xl0 

-3 

(3.03 .0.04) x 10 
-3 

m-Me 275 0.20 
- ··-3 

(1.35 • 0.03) x 10 -
(1.37 .0.03) x 10 

-3 . -3 
(1.37.0.01) x 10 

(1.38.0.04) xl0 
-3 

E-Et 274 0.20 
-3 - =~ 

(1.19.0.04) xl0 (1.21 .0.02) x 10 
-3 

(1.23.0.04) xl0 

p-Me 274 0.20 (7.80 .0.19) x 10-4 
""-

(7.89 • 0.21) X 10-4 . -4 
(7.93.0.09) xlO 

(8,10 0.18) x 10 

p-OMe 285 0.20 (7.04.0.11) xlO 
-4 

(7.10.0.15) xl0 
-4 (7.09 .0.03) x 10 

(7.12.0.12) xl0 
-4 
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274 002U (3.,7S ,,0 J6) J095 .0 20) 

5,0.30) 

9 7084 .0.55) 
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6 

I?ac t:OrB KOH ele of XC 

] 
k k - overlap fae·tor 

(H) 
cr cr kp (0. 05M) /kp to. 021'-1) p p 

-

rn-Br 0002 17 0.004 
~ 

0.320 0.004 0.320 0.002 2.80 1= 0.07 

0.320 0 004 

0.325 0.003 

0.05 0.891 0.014 

0.897 0.012 0.898 0.002 

0.901 0.015 

0.905 0.011 

rn-CF· 
.~ . 3 I 0.02 0.209 0.001 

, 
0.220 0.001 0.218 0.005 

0.:L24 0.001 

0.05 0.581 0.004 2.72 ::r: 0.25 

0.584 0.004 

0.595 0.004 0.593 0.005 

0.598 0.004 

0.608 0.003 

~ 
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Table 7 

Rat.e Constants KOH Cleavage of rocyclic Aryltrimethyl-

sila.nes 

.- --
A [or-! ~] 

,-

Ar-' 
(n ) 

solvent k a k a 
p p 

~--~. 

.- 258 10% H
2

O/DHSO 0.20 0.273 0.001 

0.278 0,002 0.278 0,002 

0,279 0,002 

0.282 0,001 

33% H
2

O/DMSO 0.60 
-4 

(7.14'. 0.27) x 10 
-4 -4 

(7.25 • 0.23) x 10 (7.22 • 0.04) x 10 

(7.27. 0,34) xl0 
-4 

~ 

H
2

O/DMSO 
-2 -2 :e-No2C6 H4- 290 33% 0.60 (2.93 • 0.08) x 10 (2.94 • 0.01) xl0 
-2 

(2 95 • 0.08) x 10 

33% H2o/D~lS0 
- ·-2 -2 

m-N02C6H4- 313 0.60 (4.29 • 0.(7) x 10 (4.38 • a .10) x 10 
-2 

( 4 . 48 • o. 05) x 10 

-
2-thienyl- 263 33% H2O/D!V!S° 0.60 0.938 0.006 

0.952 0.009 0,964 0,012 

0.978 0.007 

0.988 0.010 

~ . -2 -2 
50 96 MeOH/DHSO 0.50 (2.49 .0.02) x 10 (2.49 • 0,02) xl0 

50% MeOH/DMSO 0,50 
-2 -2 

n.rn.r. (2.37 .0.05) x 10 (2.40 • 0.03) x 10 

(2.43 • 0.07) x 10 
-2 

50% MeOH/DJ.v!SO 
-3 

n.m.r. 0.50 (3.05 • 0.11) x 10 
_ -3 

(3.b • 0.11) xl0 
. -3 

(3.10 , o. OS) x 10 
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I 

'rab1e 8 

n.':>.tf~ Constants Cleavage of ArS 3 by U OSM KOH 

in 

% D:MSO mole % 
(vjv) DMSO 

66.67 33.40 

75 4 . 

77.5 46.35 

80 50.09 

85 58.70 

86.67 61. 99 

. 0 
ing H

2
0jDMSO Mixtures at 40.0 C 

k -Ar k a a p p 

(5.38.0.03) xlO 
,2 

2,-thienyl (5 47 • 0.05) x 10 
-2 (5.48.0.06) xl0 

(5.58 0.03)xl0 
~2 

(4.45 • 0.04) x 10 
-1 

1 (4.48 .0.03) x 10 
-1 

(4 .48'. 0.01) x 10 

(4.49.0.02) x10 
-1 

(4.50.0.02) x10 
-1 

I2.-N0 2C6H4 (1.81 • 0.02) x 10 
-2 

(1.81 • 0.02) x 10 

(9.35 .0.08) x 10 
-1 

2-thieny1 (9.44 .0.09) x 10 
-1 

(9.59 .0.19) x10 

(9.97.0.11) xlO 
-1 

-2 :e.-N02C6 H4 (4.32.0.04) x10 (4.48,.0.16) x'10 
-2 

(4.63 • 0.U4) x 10 
" 

2.02 · 0.01 

2-thieny1 2.09 · 0.01 2.07 . 0.03 

2.10 • 0.01 

(1.17.0.01) x10 
-1 

-1 
(1.18. 0.Ol),xl0 2C6H4 (1.17.0.01) xlO 

-1 
(1.19, • 0.01) x 10 

=»-~ " 

(9.11.0.07) x10 
,1 

p-N02C6 
-1 

(9.36 (9.31 .0.08) x 1U • U.16) xlO 
-1 

(9.65.'0.07) xlO 

m-FC
6

H
4 (1.35 .0.03) x 10 

-2 
(1.35.0.03) x10 

2.16 · 0.02 

:e.-N02C6 H4 2.23 · 0.02 2.22 • 0.03 

2.26 · 0.02 

!!".-FC 6 '4 (2 -2 79.0.02)xl0· (2.79 .0.02) x 10 

33 

2 

-1 

-2 

-1 

-2 

1 

--
-1 

-2 

2 
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1 • 0.01) x 10-1 

90 69,30 5 • 0.02) x 10 
--1 

(1035 • 0.02) x 10 
-1 

(1.39 .0.02) x 10 1 

(4.95 • 0.0 
·1 

92 74.26 
-1 

(5.00 
-1 

!!!-FC 6H4 (5.01 • 0.05) x 10 0.03) xl0 
-1 

(5.04.0.04) x10 

6H4 (3.99.0.04) xl0 
-2 

(3.99.0.04) xl0 2 

1.41 • 0.01 

94 79.72 m-FC
6

H
4 1.41 • 0.01 1.42 · 0.03 

1.46 • 0.01 

-1 -1 
6H4 (1.21.0.01) xl0 (1.22.0.01) xl0 

-1 
(1.23 .0.01) x 10 

2.44 • 0.02 

95 82.66 m-FC
6

H4 2.54 · 0.02 2.52 • 0.04 

2.59 · 0.04 

E-FC 6H4 
-1 -1 

(2.28 • 0.02) x 10 (2.29 • 0.01) x 10 
-1 

. . . (2.30 .0.o2)xlO .. 

(3.89.0.02) xl0 
-1 

96 85.76 l2.-FC6H4 (4.01 • 0.0:3) x 10 1 (3.98 .0.04) x,10 
-1 

(4.03 • 0.02) x 10 

-.L 

[ l2.-FC6H4 

(6.11.0.04)x10 

97 89.02 
-1 -1 

(6.19.0.05) xl0 (6.18.0.04) xl0 
-1 

(6.23 .0.04) x 10 
--

0.979 • 0.007 

97 !J 90.73 E-FC II 
= 6 4 0.989 · 0.011 1.00 • 0.01 

1.01 · 0.01 

1.04 · 0 01 
. 



Con tRnts for KGB Cle 

[OH~] 

(j\;l ) 

0,60 

0 

0, 

3
,,1 0 " -':r') 

.938 

.952 

978 

.988 

570 

574 

575 

579 

580 

245 

245 

248 

251 

119 

9 

9 

121 

'rab 9 

of 2 

a 

0.006 

0 009 

0.007 

0.010 

0.OU5 

0.004 

0.005 

0.005 

0.004 

0.002 

0.002 

0.002 

0.002 

0.001 

0.001 

0.001 

0.001 

0 05 (6'08.0.003)xlO~2 

35 

imethylsilane in 

k -a 
p 

0.964 0.012 

0.576 0.002 

0.247 0.002 

0.119 0.001 

(6,08.0·OO3)xlO 
-2 



C1 

~-

Nucle2phile pK [x] 
I-D? X (M) 

~ 

OB 15.74 1.0 

-MeO 15.5 La 

-
NB2 >16 La 

,. 
H >16 1.0 

-phO 9.89 La 

-CN 9.31 0.1 

-
I 0.77 0.1 

-Cl <0 1.0 

Br <0 LO 

-
N3 4.62 0.25 

-SCN -1.38 LO 

NEt 3 11.01 1.0 

""~ 

a . 
mOnJ.tored by n,rrt.r. 

Table 10 

imethy1si1ane by Various Nuc1eophiles 

in DMSOa 

T(oC) Time 
approx. produ~t 

% reaction half-life signal 
(hrs) (hours) (cps) 

40 0.1 100 <0.02 ~28 

40 0.1 100 <0.02 -28 

40 0,1 100 <0.02 ;;;"13;-30 

40 6.5 40 9 -13 

40 6.5 40 9 -13,-15 

40 300 7 2500 -15 

40 300 0 -

70 40 0 -
70 40 0 -
70 40 0 -
70 40 0 -

70 40 0 

b position of product trimethylsi1yl signal relative to reactant signal 

36 
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Table 11 

Cleavage at 2 trimethylsi by Various Nucleophi1es 

~~ 

1e pK 
% reaction at: approx. producE 

- Hf half~life signal 
X (0.2M) 12 hrs 90 hrs 240 hr8 1200 hrs (hrs) (cps) 

--
~ 

OH 15.8 100 <3 ~28 

2-
11 62 100 <3 -28 °2 

-
F 3.45 86 100 4 -14,-15 

-CN 9.31 12 85 100 35 -14,-15 

2-
9.66 59'_ 100 200 -14,-15 Si0

3 - 19 

-OCI 7.53 - 5 13 77 600 -14,-15 

NH3 9.25 - - 4 12 5000 -15 

-AcO 4.75 - - <2 4 » 1200 -15 

The following nucleophiles (pK of HX in brackets) showed no a 

s of reaction after 1200 hours; triethylamine (11.01),8 2-

(7,04), pyridine (5.25), aniline (4.63), N02 
2-

(3.37),8°3 

(1.81), I (0.77), pyrrole (-3.80) and 2,4-dinitroaniline 

a monitored by n .m. r. 

b position product trimethylsilyl peak relative to the 

reactant signal. 



X 

E!:.-N02 

l2.~N02 

m~Br -

1--"--~ 

m~Cl 

m--F -

--=-.~-

E.-Br 

, 
~ -

[OH ] 

0,03 

0.03 

0.03 

0.10 

0,10 

.10 

0,10 

0.10 

0.10 

Table 12 

Constants for KOll Cleavage of XC
6 

SiMe 3 

in 5% v/v MeOH/DMSO at 40.0oC 

-k (j k (j 
p p 

1.34 0,02 

1.36 0,02 1.37 0,02 27.2 

1.40 0.03 

1.24 0.01 

1.25 0.01 1.26 0.01 25.0 

1.28 0,01 

(5,04 , 0.07) x 10 
-2 

(5.04 , 0,07) x 10 
-2 

~ 

0.432 0.005 0.435 0.003 1.00 

0.438 0.012 

0.340 0.003 0.340 0.000 0.781 

0.340 0.004 

0.255 0.002 0,259 0.003 0.595 

0.262 0.002 

(7.41 • 0.06) x 10 
-2 

(7.50 .0.09) x 10-
2 

0.172 

(7.60 • 0.05) x 10 
-2 

(5.03 • 0.08) x 10 
-2 

(5.03 • 0.08) x 10 
-2 

0.116 

(2.40 • 0.13) x 10 
-2 

(2.40 .0.13) x 10 
-2 

0.0552 

--~ 
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error 

3 

2 

0.02 

" 

0.020 

0,030 

0.010 

0.008 

0.010 



Rate Constants 

[MeO-] 
(M) 

0.25 

0.20 

-
0 lu 

0.03 

Table 13 

MeONa Cleavage of m-BrC
6

H4SiMe 3 In 5% v/v 

MeOH/DMSO at 40.0o C 

C1 k C1 
p p 

.521 0.010 0.527 0.007 

534 0.011 

0.340 0.009 0.340 O.OUO 

0.340 0.U11 

0.152 0.OU3 

0.153 0.005 0.154 0.002 

0-.157 U.002 

(3.05.0.03) x10 2 (3.05. 0.03) x10 
~2 

39 
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Table 14 

ConstantG for IvleONa. of XC 6H
4 

SiHe
3 5% v/v 

MeOH/DMSO at 40.0oC 

x [ k (J k (J + error 
p p . 

0.03 0,848 0.005 

0.868 0.009 0.864 0.009 28.3 3.1 

0.877 0,015 

'2 0.03 0.758 0.006 

0.762 0.006 0.772 0.012 25.3 3.2 

0.797 0.007 

- ~ -
0.03 (3.05 • 0.04) x 10 

-2 
(3.05 .0.04) x 10 

-2 

0,25 0.521 0.010 0,527 0.007 1.00 0 • .04 

0,534 0,011 

" 

o 25 0.361 0.006 0.362 0.001 0.686 0.033 

0.362 0.004 

-
0.278 0.002 0.289 0,0].2 0.549 0.091 

0.301 0.003 

0.25 (8.33 • 0.05) x 10 
-2 

(8.60 .0.28) x 10 
-2 

0.163 0,081 

(8.88 • 0.11) x 10 
-2 

0.27 (8.81 • 0.17) x 10 
-2 

(9.63 • 0.82) x 10 
-2 

0.105 o 003 

o 27 10-2 
0.114 0.042 
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DISCUSSION 

SUB,srrITUENT EFFECTS IN THE KOH CLEAVAGE OF IN 10% 

A series subst phenyltr1methylsilanes was 

synthesized and of KOB cleavage in 10% v/v H20/DMSO 

measured spectrophotometrically at 40.0oC. The reactions are 

st order lane and were carried out in pseudo first 

conditions, . [OH-] ~ 10[ArSiMeJJ. 

The eudo first order rate constants were derived from 

data using a modified ORGLS least squares program and were 

reproducible (see Table 5). 

However, because of the wide range of reactivity encoun-

tered, rate constants could not all be measured at the same 

KOH concentration. To derive the set of relative pseudo first 

order rate constants (k 1) for series, rate constants for re 

the cleavage of the !!!,-Br, m-Cl and substituted compounds 

were termined a-t two di KOll concentrations and over-

lapping used to the results. Overlapping invo the 

assumption the 
( 

dependence on hydroxide concentration 

independent the substituent present the substrate~ 

This, was verified determining rate const.ants for both !!l-CF
3 

and m-Bx in O.02M KOH O.05M KOH media. As Table 6 shows 

overlap tor (rela'tive change in k between the two p 

concentrations) is reproducible. Because the -three over-

lapping required to derive l' errors accumulate; 

the high error (22%) the value ~-N02 (see table 15). 



Substituent 

x 

m-NO 
- 2 

l2.-N02 

m~Br -
m··CF 
- 3 

m~Cl -
m-F -
E.-Br 

p-Cl 

E-F 

m-Ph -
12.-Ph 

m-OMe -
H 

m-Me -
12.-Et 

p-Me 

p-Or.1e 

~-NMe2 

p-NMe
2 

a The 

'l'able 15 

in KOB Cleavage of XC 6H4S 

H20/DMSO at 40.0oC 

(+)error a log 
1. 

13000 2800 4.11 

10100 2200 4.00 

726 120 2.86 

479 90 2.68 

397 47 2.60 

108 10 2.03 

50.7 3.0 1.70 

34.7 1.7 1.54 

8.03 0.46 0.905 

3.83 0.18 0.583 

2.50 0.06 0.398 

2.17 0.16 0.337 

1.00 0.02 0.000 

0.457 0.019 -0.340 

0.403 0.028 --0.395 

0.264 0.0 -0.578 

0.236 0.008 -0.627 

0.132 0.023 -0.879 

0.0261 0.006 ~1.58 

3 in 10% v/v 

C+) error 

0.10 

0.10 

0.08 

0.09 

0.06 

0.04 

0.03 

0.02 

0.017 

0.020 

0.010 

0.032 

0.008 

0.018 

0.030 

0.023 

0.014 

0.080 

0.10 

error = 30 is used to estimate the error 

42 

ues used for determining relative rate constants. 
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Correlations between these sults various stituent 

constant sea s were lnves f ORGL~'3 t. 

squares program Which could f data any four linear 

equations: 

P := pal (5) 

P PO" + C (6) 

P = P (a I + ra II ) (7) 

P = p(a' + rail) + c (8) 

P is the substituent parameter (krel ), p is the slope of the 

line f and a I f a II are s sti tuent cons·tant:s i c is intercept 

if the correlation is not constrained through the origin. The 

relationships investigated were: 

(i) Hammett equation (via equation (6» 

log k rel = pO" + c. 

(ii) Yukawa-Tsuma equation ( equation (8» 

log k 1 re pta' + ra") -I- c 

(iii) Dual parameter equation (via equation (7» 

log krel 

concepts involved (ii) and ( i) will be more 

ly cussed later. 

It 
. 64 

been sugges"ced ations of good 

precision are those which 

f (9 ) 
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where R ]\1.S. S.D. are the root mean values of the 

t:.l tuent Sf and the deviat re ly. 

R.fv1.S. (10) 

S.D. (11) 

are the observed and calculated values of the 

t f th .th b' . d . h b ' parame ers o· - e 1 su st1tuent, an N 1S t e num. er of 

substituents the correlation. This measure of correlation 

has 
N 

( L: 

been adopted here not only for convenience 

( Pip i ) 2 . f th . obs- calc 1S one 0 e var S 1n least res 

procedure, and calculated by the program), but also because it 

is cons to be superior to the more conventional 

correlGl.t.ion coe ient which often p s both good and poor 

ations bet'\tJ'een 0.9 1.0. Correlations involving the 

Hanuuett a.nd Yukawa-Tsuno equations were not constrained through 

the or I although constraint did not significantly increase 

f values. Correlations involving the Dual parameter equation 

were constrained, as suggested by Taft64 . 

As a basis of scuBsion, o the a Bugge by Ta 5 

has been adopted, rather than the a scale originally suggested 

by Hammett. The aD sUbstituent constants are based on reactions 

such as the ioniz of phenylacetic and phenylpropionic 

ae species in vvhic.h reac·tion site is insulated from 

d t resonance "'lith aromatic ring by one or more meJchylene 

groups. 0
0 se e is use for correlating reactions in 

which 

(i) there is no direct conj between substituent 
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and reactlon site, 

(ii) the resonance and inctudtive e of a substituent 

het ve ·the same importance in both and 

traIls:L tion 

Neither holds in the reac used as a basis 

of the cy scale. in the benzoic 

esters, direct conj occurs behveen +R substituents in 

the para position, the reaction 

r 

NaOH 

x 

J J 

Na+ 

+ EtOH 

This resonance stabilization is more important in the ester 

than the anion, probably because much stronger electron 

repulsions latter. As the transition state contains 

some anionic , the re ization of 

ground state relative to the trans state depresses the 

reaction rate. Consequently, CY s para +R substituents 

are lo\;"er expected, as a comparison of CY and 0° va 

shows (see 16) • 
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Table 16 

substituent Constants for +R ii::uent.s 

0 a 

E~NMe2 ~Oo83 ~OG44 

0.06 0.17 

0.34 0.35 

E.-OMe -0.23 -0 0 16 

(i) Correlation with a 

Overall, this correlation is poor (f = 0.263) although 

is reasonable correlation (f = 0.121) of the meta points 

with a about the line 

log k re1 = 5.88a + 0.14 • 4). 

The points are well scattered about the line. 1 +R 

substituents lie it, especially strongly +R groups 

2' p-~Me, \'lhich deviate significantly. The only 

-R substituent stud 1mV' 

line. 

This correlation, ho~ever, is misleading, as it 

difficult to attach much importance to the deviations of 

+R substituents, when a is used It could simply indicate 

direct conj between +R tituents and the 

site is either absent in reaction, or not as 

tabilizing in trzmsi tion sta 



q 

Log 'IS a the KOE C 

I< rei 

<> I\) 

of XC 6H4SiMe 3 in 10% v/v 

H20/DMSO 



(ii) CorreIa (:ion with cr 0 
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Overall, a better correlation results using 0'0 (f 0.131) 

rather than 0 (f = 0.263), '1'he meta m-Dr) 

o correlate quite well with a about the line 

log 6 • 08r!' 0 + 0 12 • v • p (f:=: 0.100). 

The deviations of about the 1 are less mar]<ed 

than in the plot against o'~ +R substituents (except the 

halogens) still lie above the line I al,though only l2.-NMe2 

deviates significantly. The only -R substi tuen't (E-N0
2

) lies 

below the 1 (Fig. 5). 

Two structurally similar reactions which may also involve 

a transition state with carbanion-1ike character on the phenyl 

ring display a similar pattern of substituent effects. In the 

first reaction, the cleavage of substituted aryltrimethyl-

61 stannanes in KOH/MeOH , the ~~ points (except m-F) correlate 

well with 0'0 about the straight line 

log k 1 = 2.150'0 + 0.09 re 

KOH 
----'---7 

MeOH 

(f = 0.095). 

The deviations of +R substituents above this line are very' 
"'-~.--

marked; in fact p-OHe and E-l'U,i[e 2 are ster than H in th 

reaction (Fig. 6). In 1:6 v/v H20/DMSO, for a limited range of 

substituents, the meta points so correlate 'lde11 with 0° about 

the straight line, 

log k reI 4 740 0 + 0 001 

although the deviations of 

(f 0.005) 

+R substituents about the 1 

66 are not as marked as in methanol solvent • 

Simi ly, in se cata1ysed H-exchange in substituted 

61 
zenes f meta po 1 with 0'0 about the 

t line 
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log k 1 re 
90480° + 0.13 (f =: 0.045) 

The deviations of tituents in this case are 

lar magnitude to those in cleavage of aryltrimethyl 

stannanes in H20/DMSO (F • 7). 
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Several explanations been sted the pattern 

of subs effects in these reac One tion, 

or ly put forward to explain the rates of H-exchange in 

polycycl t . 67 
aroma l.CS I is that s 'che substituents 

involved are also inductively ectron withdrawing, an 

inductive field effect stabilizes carbanion character 

developed in the transition state, e.g. 

MeG 

This explanation is improbable for following reasons: 

(i) the deviations are restricted to ~rtho and para sub

stituentsj ~ substituents correlate well with 0
0

• As meta 

sUbstituents are closer to the reaction site than they 

should deviate even more markedly than par~ substituents. 

(ii) there is no correlation between meta or sub-

stituents and or (see Table 17). Such a correlation would be 

ted if indue field effects were strong enough to 

activate the and'12.-NMe2 substituted phenyltrimethyl-

stannanes in KOH cleavage 

(iii) the deviat are in the cleavage of 

stannanes (p 2.15) than in se catalysed H-exchange 

(p "" 9 48). high p value in H-exchange indicates greater 
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carbanion formation transition state than in 

c1 of aryl 1stannanes p so greater s liza'tion 

by inductive electron thdrawing substituents would be 

for the 

Another sugges is tha·t the arise the 

sion of electron releasing resonance effects ly 

present reactions re there is no direct resonance 

reaction site6l . Although the lone substituent 

pair the phenyl developed in the transition state 

cannot delocalize through the TI system (as it lies in the plane 

of the ring), it could distort the'/f" electron cloud electro-

ly to the extent that negative charge is localized 

at the ortho and positions: 

x 

'I'he sence of this high TI density 

position could suppress the normal electron ing resonance 

of the sUbstituent. However, this explanation is also 

sfactory, because again one would expect the deviations 

the substituents to increase as the degree of carbanion 

lopment in the transition increases, but the 

ions are more marked in the cleavage of ltrimethyl-

(p = 2.15) than in base catalysed H-exchange (p = 

9.48) • 

,As has a1 been shown in 'the introduction to this 

scussion, there is evidence solvent occurs 
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the rate determin step of reactions close 

resemblance to the i cleavage of silanes. 

Stereochemical is consistent wi some form of solvent 

participation, as alcoholysis of (+)2-(methyl 1-

napthylphenylsilyl) 55 More importantly, isotope 

feet studies that solvent ipation occurs in 

rate determining s , rather than a subsequent step as 

previously assumed. A large isotope e 

observed in the KOH cleavage of phenyltrimethylstannane in 

62 
HeOH/MeOD . Attempts during the course of this thesis to 

determine kH/kD for the KOH cleavage of phenyltrimethylsilane 

in DMSO containing H20/D20 were unsuccess because isotope 

scrambling between D20 and DMSO made impossible to obtain 

meaningful resu However, for KOH cleavage in MeOH/MeOD62 , 

kH/kD ranged from 1.4 - 1.6 for several substituted benzyltri-

me'thylsilanes, from 2.0 - 2. S similarly substituted 

benzyltrimethylstannanes, so it would reasonable to t 

a substantial i effect for the cleavage of aryltrimethyl-

lanes. 

In reactions such as the KOH cleavage of aryltrimethyl-" 

silanes and -stannanes, and base catalysed H-exchange, solvent 

participation most likely, involves overlap by a solvent proton 

at the central carbon? allowing formation of a C - H bond, and 

easing the of the leaving group. 

The following dlScussion will attempt to show that the 

. patterns of tuent effects KOB cleavage ltri-

methylsilanes, -stannanes, base catalysed 

in substituted enes, can be by a mechanism in 

which the rate determinlng step s separation a 

carbanion accompanied by electroph assistance from the 
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solvent. 

In all , p is positive, i e. 

withdrawing tuents enhance and electron 

substituents ~eaction. This indicates 

negative at the reaction site, but is not necessarily 

of formation. Electrophil as by 

solvent and ing C - H bond formation should be 

affected by substituents in a pattern similar to observed 

in aromatic substitution by H+, in whiCh the 

rate also is believed to be C H bond formation. 

Substituents will enhance or retard reaction not only by the 

inductive and resonance effects already described, but so 

(if -- +R s tituents are present) by ugative 

release electrons by the substituent through the TI system 

to the overlapping vacant s orbital of the proton. 

Hence +R 

'acce 

I 
I o 

tituents such as ~~NMe2' 

by aiding e 

--OH 

should 

I , even 

though ion is retarded overall through electron 

re e towards the developing c an effect is 

evident the results for the cleavage of ime'thylsilanes i 

;---
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+R s 8 (except the halogens) lie above 

meta subst:i tuen-ts (i. e. are less 

than expected). One approach to determining 

activation is due to conjugative electron 

by a is to see if the deviations ot the +R 

best fit line correlate with any of the 

usual of conjugative electron release. Although 

s the most, correlations with 

such as a + 68 
-0 r oR are poor. However, correlations between 

themselves are poor anyway, and except 

deviations of paints from the best fit 
"'---

-- points are relatively small and there 

errors since the best fit line itse 

ise (f = 0.100). The same comments hold both 

c of aryltrimethylstannanes, and for base catalysed 

H- in substituted benzenes; although the deviations 

are more c cut, correlations involving the devi are 

11 poor. 

(iii) The Yukawa-Tsuno ion 

If the rate determining step involves of a 

carbanion accompanied by electrophilic assistance b¥ 

so canonical forms I-IV (Fig.7a) may be writ-ten for 

transition state, with forms II and III the major 

co Since electron withdrawing substltuents 

the reaction rate, II predominates substituent 

sf should correlate with a sui constant. 

, the enhanced stabilization of III +R substituents 

wi a the overall pattern so ot the 

s t 1 b Y k d" T 69 :ec y u awa an __ suno to 

co :eesults '; 
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II 

Fig. 

log k
rel 

=: p (a I + r L1a) ( 12) 

where a' is a substituent constant appropriate for correlating 

substituent fects on a phenyl ion, and L1a is a measure 

of the direct resonance between +R stituents and the 

reaction site. As 0'+ values inc0rporate direct resonance 

between +R substituents and the reaction s o , and a values 

incorporate no resonance (apart from that normally 

operating between a sUbstituent and the phenyl ring), 0'+-0'0 is 

Us as a table parameter the term L1a. As Table 18 

shows, for the cleavage of substituted aryltrimethylsilapes, 

using a' 0+0 
a and L1a =: a, -a gives a correlation as good as, or 

+ 0 than, that using other parameters such as 0 -a, aR , OR 

+ or a R" 

are no known reactions sale involving carbanion 

, formation the transition state on wh to base a substituent· 

constant scale. As al shown, se catalysed H-exchange in 

benzene appears to involve some electrophilic assistance the 

ac ities of the sub ted zenes are too low to measure 

However reasonable corre 
o 

ions resulted using the a scale, 

and corre s us t:he 0 70 
( on 



the pK s of substituted pyridinilIDl ions). The more successful a 
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correlations are summarized in Tables 17-2~. A discussion of 

the resu1ts~and the merits of the t\qO models follows. 

Table 17 

SUbstituents n o ' p c f 

m 10 0 5.88 0.14 0.121 -
10 + 5.95 0.u5 0.101 0 

10 °I 6.41 -0.46 0.261 

10 0
0 6.08 0.12 0.100 

-8 0 6.15 0.07 0.092 

E. 9 °I 5.45 -0.84 0.519 

~,E. 19 0 4.27 0.59 0.'263 

18 + 2.51 1.10 0.412 0 

18 0
0 5.40 0.26 0.131 

-1~ 0 5.68 0.:l9 0.115 

n - number of sUbstituents included in the correlation. 
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Table 18 

CIE~ xc s ? : log k 1 == p (o' + r/),o) + c 
J re 

~ , 

Subs tj:tuent s n 0' /),0 p r c f 

9 
+ 6.05 0.600 0.04 0.091 m 0 0 -0 -

9 + 6.03 0.879 0.00 0.098 or 0 -0 r 
9 

0 + 0 
6.02 0.480 0.09 0.087 0 0 -0 

- + -
6 0 0 -0 6.22 2.10 0.09 0.052 

I 
+ f 

0 0 -0 4.80 1-0.438 0.21 0.198 

-8 0 f::, 5.83 0.568 0.11 0.213 

9 + 4.56 0.316 o. 0.251 or 0 -0 r 
9 0

0 0+ ~oo 5.32 ~0.085 0.10 0.083 

9 0
0 + 5.27 -0.107 O. 0.082 0 -0 

I 9 0
0 

OR 5.07 -0.047 0.19 0.097 

9 0
0 0 5.00 -0.040 0 22 0.099 OR . 

9 0
0 + 5.25 0.051 0.11 0.085 OR 

- + - 0.16 0.076 8 0 0 -0 5.94 -0.185 

- + 0 
7 0 0 -0 6.14 -0.094 0.12 0.075 

~. 

18 I 0 
+ 5.26 U.437 0.25 0.191 ~I 0 -0 

I 

17 -+ 0 5.42 -0.344 0.21 0.168 0 '0 '-0 

17 0
0 0+_00 5.62 -0.073 0.18 0.115 

- ..1.. -
0 

. 
-0 6.06 0.176 0.15 0.095 0 

+ 5.96 0.182 0.16 0.101 0 -0 

+ _00 6 06 -0.167 0.13 0.090 0 
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'rab1e 19 

po I -+ C 

~-" 

Solvelrt Substituents n 0 1 p C f 

HeOH m 9 0 2.32 0.07 0.098 

9 0
0 2.15 0.09 0.095 

~ 

7 a 2.09 0.06 0.098 

9 0
1 

2.05 0.10 0.286 

~'E 19 a 0.863 0.36 0.417 

17 0
0 1.33 0.29 0.368 

13 a 1.65 0.20 0.296 

H2O/DHSO m 0
0 4.74 0.001 0.005 -

~I 0
0 3.53 0.33 0.191 

Table 20 

rS01vent 
-" 

I 

Sub. n a 1:::.0 p r c f 

MeOH 15 + 1. 95 -0.884 0.12 0.260 ~1 a a -a 

15 0° 0+-00 2.05 -0.367 0.10 0.149 

12 - . +- -
2.04 -0.536 0.109 a a -a 0.08 

12 - 0+-00 0.101 a 2.06 -0.472 0.08 

, H
2

O/DMSO ~pE 7 J 0+-00 4.39 0.187 0.03 0.151 

5 J. - -0.432 -0.02 0.086 -a 4.33 

5 a 0+_00 4.34 -0.368 -0.01 0.093 
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Table 21 

Ba.8t~ in Benzene log -~ po I + C 

- _c 

Sub. n 0 1 p c f 

m 5 0 9.51 0.09 0.072 -" 
5 0 

9 48 0 13 0.045 0 
I 

~. 

4 0 9.27 0.08 0.089 

~, 10 a 4.32 1.10 0.493 

10 a
O 

6.73 0.76 0.292 

-7 a 6.91 0.537 0.337 

Table 22 

Base Cata1ys H-Exchange in Benzene : log k = p (a I +r 6.a) + c 

sub. n a 6.a p r c 

10 
0 0 

9.23 -0.217 0.26 0.108 !!:,P. a ~a 

- -7 a ~,85 0.338 0.19 0.104 

7 a +-a -a 0 
8.93 0.297 0.21 0.108 

c_ 



(a) ° The 0 
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In a phenyl the central a'com remains 2 sp 

hybridized so e pair of 0' of neg-ative 

charge 1 s in of the ringo No 011 can 

occur between s and the lone , so of the 

accepted s ( + - ° ) ".0 constant scales 0, 0 ,0 , a e'cc. , the v 

scale is the most e choice and the 

log k rel 
0+0 p[o + r(a -0 )] (13 ) 

can be used to carre results. For the c of aryltri-

methylsi s, best fit line is 

log 
1 

(Fig. 8) 

As 'VlOuld , r is negative since enhancing effect 

of electron by +R substituents opposes otherwise 

retarding of electron supply reaction site. 

'rhe is reasonable (f = 0.115, compared with 0.131 

for log k 1 vs 0°) and +R substituents ( re ) lie on the 

line, although !E.-B:r I ~-Cl and E-N02 do not. 

For imethylstannane cleavage methanol and DMSO, 

the best f lines are 

log 1 
(f .- 0.149) 

and 

log 

1'e Neither correlation is very satisfactory, although 

both are considerable improvements on e 0° relationships 

(see 19) para +R e::","",, __ 1 close to, or on the 

line in cases (Fig. 9). 

A r Yukawa-TBuno corre results for base 

benzenes (f - 0.108 with f = 0.292 

log 1 VB 0°) in which +R substituents lie on the 

fit 1 

0+0 9.23[0 .- 0.217 (0 -'0 ) ] + 0.26 (Fig. 10). 
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i t.uents are so 

13 and ~O.12 e aqueous a to 

in non~hydroxyl or mixed 

values been adopted 

being (with correlations as a 

re o 'The () 

65 dependent 

ues for E~ra ~R s 

o 
n-NO". cr £.-=> ~ , 

media) to 0.82 (pure aqueous 

tituents are so 

from 0.73 (non~ 

most mixed 

organic media). In the cleavage aryltrimethy1si s, the 

former value is adopted (as DMSO is an aprotic solvent) with a 

consequent improvement in correlation. 

(b) :!.be!1 model 

As men'tioned ea , there no substituent effect 

es carried out reactions involving purely phenyl. 

carbanion formation as the rate de s'tep. However, a 

which is isoelectronic and structurally simi is 

sociation of the pyridinium ion. 

As phenyl formation, six-membered aromatic 

idine ring a proton (or some group) to an 

aromatic species th a lone pair () electrons in plane 

of the ring. The value reflects the stability of dine 

ive t.o the pyridinium ion, just as the rate constant 

should reflect lit~y of a carbanion re ive to 

i.ts precursor. However, since e withdrawing 



substituents decrease ; P is ive. 

The thermodynamic ac soc ion constants meta 

and subs pyridinium ions have been meastired in 

wa·ter at 25°C 70. The pK_s the ITI.eta subst:ituted compounds 
d. 

correlate well with 0
0 even when constrained through the pK 

a 

of the unsubs compound 

(f -- 0.069). 

Both +R and -R subst,it,uents 1 above the line, but by 

extrapolating the pKa values for 1 sUbstituents onto this 

best- t line, a set of substituent constants ~ can be 

60 

generated (Fig. 11). Table 23 gives pK , a and comparable 0° a 

values for meta and subs'!:i tuents. 

Table 23 

0° and 0 Values for SUbstituents 

- 0
0 l - 0° SUb. pK a Sub. pI<: a a a 

ro'-NO 1.18 

I 
0.67 0.70 E.-NO 2 1. 39 0.63 0.82 

- 2 

m~CN 1.35 0.64 0.62 

I 
p-CN 1.86 0.55 0.69 --

m-Br 2.85 0.39 0.38 l2.~Br 3.75 0.24 0.26 
~-

m-Cl 2.81 0.40 0.37 1 3 0 83 0.23 0.27 - I 
m-F 2.97 0.37 0.35 --

f m'~Ph 4.80 0.07 0.04 E.~Ph 5.35 ~0.03 0.00 

lU-OMe 4.78 0.07 0.13 , 12.-0j\le 6.58 -0.23 ~0.12 - I 

H 5.21 ! 0.00 0.00 

n1"-Me 5.67 -0.08 -0.07 p··Me 6.03 0.14 -0.15 

6.03 -0.14 -

In this analysis sllould be ,that the pK s for m~F a 

were meas separate 1,72 from . )ot:her va s 
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so the a s them may be Although 

E-NMe
2 

have been measured, of 

the up occurs, making caleu of an 

accurate pyridiniurn ion difficult. These 

stituents fore been deleted. 

For c of aryltrimethylsi meta 

£rt s corre well with ~ about the 1 

1 
:::::: 6.l5~ + 0.07 (f = 0.092). 

Only m-F m-Br lie off the line. Para +R sub tuents are 

y above the line, but p-NO 
- 2 

not deviate 

(Fig. 12). Good overall correlation (f == 0.095) is achieved 

using sion 

log 6.06[0 0.176(0 + -0) ] + 0.15; :=: -

only rn-Br m-F lie noticeably off the relationship 

log k 1 6.06[0 
+ 0 

0.13 :::::: - 0.167 (0 -0 )] + re 

gives ~lightly better correlation. (f :::::: 0.090). , only 

rn~Br and m--F 1 off the line (Fig. 13). 

For cleavage of aryltrimethylstannanes methanol, 

meta ituents (except ~-Br, ~-F) corre well with 0 

about 

1 2.090 + 0.07 (f == 0.098) 

and +R substituents lie not above it (Fig. 14). 

Both and. substituents can be by the 
.-~-

== 2.04[0 -~ 0.536(0+-0)] + 0.08 (f ::::: 0.109) 

and log = 2.06[0 

In I only !!!.-F and Etl-Br 1 f (Fig. 15). 

For same reaction in H20/DMSO, was insufficient 

data a correlation of meta sub tuents with 0, but the 

1 of met.a and s studied correlate 

ofac ly using the express 



2 ~ 

0-

2-

-

10 
12 

.12 

2 

Log k 1 VB cr for the KOH Cleavage of XC 6H4SiMe 3 in 10% v/v re. 

1 



2 1 

2 06 
8 

o 

2 

'1f57( + 

I.og KOH C 

in 10% v/v H20/DMSO 



0-4 

o 

kre1 VB cr the KOll C 



0-4 

o 

Log vs a ~ 0 G 472 ( KOB 

MeOH 

ge of XC
6 

in 
3 



1'6 

0-8 

o 

~O 

0-
.16 

( 

0-4 

erO ) 

". + 0 
k
re1 

vs a ~ 00368 (0 ~O ) for KOH Cleavage of XC
6 

S~l{e3 

1:6 v/v H
2

0/D.iY1S0 

l 



4 

2 

0-

-2 

Log k 1 VS 0 re 

17<) 0 
16 

o 

Base Substituted Benzenes 



2 

10 

0-

16 

o 

18 
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log k 4.33[0 0.432(0 + ~o) ] -I- 0 02 (f 0.086) :;;::: ::::: 
1:."el 

and log k 4.34 [0 0 + 0 ] 0,01 (f 0.093) ~ 368 (0' ,coG ) -, -l'el 

(see Fi(J, 16) a 

For base catalysed H-exchange in benzene, the limited 

range of meta subs 

about line 

log k:cel 

Both meta and 

expressions 

log k reI 

and log k reI 

(see Fig. 18). 

= 

=: 

-correlate well (f 0.089) with CJ 

9.270 + 0.09 (Fig. 17). 

substituerrts can be correlated by the 

8.85 [0 0.338(0 + -0)] + 0.19 (f 0.104) - ::::: 

8.93[0 
+ 0 

0.21 (f 0.108) - 0.297(0 -0 )] + ::::: 

62 

Regardless of whether 0
0 or 0 is the better model for cor-

ating substituent effects on a carbanion, the degree of 

precision achieved in the Yukawa-Tsuno relationships deriv~d for 

the three reactions is strong evidence that the rate determining 

step is indeed carbanion formation involving electrophilic 

assistance by solvent. Using the 0 set of relationships, a 

comparison of r values suggests that electrophilic assistance 

is less important in the cleavage of aryltrimethylsilanes' 

(r = -0.167) than in the cleavage of aryltrimethylstannanes in 

H20/DMSO (r = -0.368). This may explain the greater sensitivity 

of the aryltrimethylsilanes to sub tuent changes (p = 6.06 

for the former reaction, p 4.34 the latter). The extent 

of electrophil assistance in the rate determining step 

appears to solvent dependent; greater as stance is evident 

in the cleavage of aryltrimethylstannanes in methanol (r = 

-0.472) than in H20/DMSO (r = -0 368). This might be expected 

since strong hydrogen bonding occurs between H20 DMSO GO that 

able t~o provide lie assistance are not as 

as in methanol. 
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Greater electrophilic assistance may so contribute 

to loHer sensit ty of the reaction methanol (p ::::: 2.06) 

than in H
2

0/DMSO (p = 4.34), though the dominant tor is 

undoubtedly greater solvation of the transition state in 

H20/DMSO which would make rates more sens ive to tituent 

changes. Such solvent fects cannot be used to explain the 

high sensi ty to substituents in base-catalysed H-exchange 

(p = 8 93). One explanation might be that a greater degree of 

bond breaking occurs the transition state than in aryltri-

methyls or -stannane ,compounds I where bond breaking occurs 

d 'l 68 more rea 1. y • 

These conclusions were also arrived at 

, 66 
analysls based on the relationship 

log k 1 re 
::::: 

a previous 

where 6 values are resonance parameters based on the 

deviations of para +R substituents from the best line 

through the ~ po in the cleavage of rimethyl"-

,(14 ) 

stannanes in methanol. This approach has not been adopted in 

th ' d' . 0 h ,1.S lScUSS10nj 0 as used in preference to 0, and 

much tter correlations were obtained using the Yukawa-Tsuno 

relationships already scussed. As a comparison, best fit 

expressions involving simi ranges of 

log k 1 re 
5.83(0 + 0.5686-) + 0.11 

log 

The 

1 
::::: 

o 
5.32[0 

ision of 6 values is doubt 

rate constants tor the c 

and 

sUbstituents are 

(f "" 0.213) , 

(f ::::: 0.083) 

use in 

of aiyltrimethyl-

si and base H-exchange indicates the 



same 

all 

a 

It 

are 

4 

mea 
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s are significant in the rate determining s of 

consistent deviation of m-Br in correlations 

silane series is difficult to explain. It 

to arise from experimental errors, as the same 

in the cleavage of aryltrimethylstannanes. 

shown that the inductive effects of s tuents 

tered in DMSO?3. For example the acidit 

bicyclo [2,2,2J octane~l-carboxylic acids 

D~1S0 or 10% v/v H
2

0/DMSO correlate poorly with 

es measured in methanol or ethanol (and -Br is one of 

deviations). However, in the c of 

stannanes in methanol, ~-Br still deviates. 

-also deviates in correlations based on the a 
... 

, but this could be attributed to inaccuracy 'in a 

value, as the pI< value of the 3-fluoropyridinium ion was 
a 

meas s ly from the remaining sUbstituents. 

L . 



Table 24 

Comparison of Correlations based on 0 and 0° 

Reaction I Sub. I Best fit line f Best fit line 'I f 
: 

j 
0 I XC,.-H SiHe m c 6.150 + 0.07 0.092 6.080 + 0.12 0.100 

\) 4: 3 - I - + 0 , (H~O/DHSO) I 0.09U o + 0, ~ O.llS 
L I ~'R 6.06(0-0.167(0 -0 )~0.13 ,5.62(0 -0.073(0 -0 )~O.~8 

XC 6H4SnHe 3 m 2.090 + 0.06 u.098 ,2.150 U + 0.09 0.O~5 -
(IYleOH) , - + 0 

0.101 ° + 0 0.149 ~/P 2.06(0-0.472(0 -0 )+0.08 2.05(0 -0.367(0 -0 ))+O.lu 
: 

c, 

" XC 6H4snMe 3 m - - 4.740° + 0.001 0.005 -, 
(H20/DMSO) I - + 0 o + 0 

i 0.151 !!!,E.. 4.34(0-0.368(0 -0 )-0.01 0.093 4.39(0 -0.187(0 -0 ))+0.03 

base 
: 

, catalysed m 9.270 + 0.08 0.089 9.4800 + 0.13 10.045 -H-exchange , - + 0 o + 0 I 
(NH

3
) I !!!, p 8.93(0-0.297(0 -0 »+0.21 u.I08 9.23(0 -0.217(0 -0 ))+O.26lO.108 

0'\ 
U1 
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_. 
(j mod(~ls 

As 'J:able 24 I use of (j s better overall 

correlations than aD, and the correl s themselves are 

'good' by the ·teria scuss (f ~ 0 1). The meta 

stituents correlate equal well with 0° a as might be 

(since meta substituent constants very little 

-between es) so that the I correlations with a 

se largely from use of a values for substituents. 

As mentioned, two assumptions are inherent in aO 

scale: 

(i) direct resonance between substituent and reaction site 

is absent; 

} there is a s lar balance between inductive and 

resonance effects between sUbstituent and ring in both ground 

state and transition state • 
. 

A r6action in which 

cleavage by 

conditions appear to be satisfied 

15 e of substituted pheny1ethynylgermanes . 

In s system, the negative charge developed in the stable 

carbanion is sulated from ring. 

Using published , the meta substituents correlate well 

o (f = O.069) with a • and 1 substituents can successfully 

correlated using ssion 

1.43[aO + O.158( (f -. ° 091). 



In the react. studied here, neither is 

satisfied. Although no direct conjugation can occur between 

substituen"ts and 

-SiMe
3 

and -SnMe 3 

withdrawing so 

below may occur 

pair of the negative charge, the 

are known to be moderately electron 

ground state stabilizat of the type 

X-\-;-SiM83 + 
"'":(---7> X 

However, since 

more likely to 

such stabili 

vacant 1 

precursor in the rate 

a species such as 

X SiM83 
I 

OH 

ing step is 

may be negligible, as the attraction of 

d orbitals for 1T is partly satis 

by hydroxide ion attack. 

Secondly, if carbanion development occurs, the 

67 

of a lone would disturb the resonance interaction 

of a subst with the ring. SUbstituents capable of 

conjugation the ring localize at the ortho and 

positions, so subst will tend to localize 

charge at reaction site. 
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+ -.I===-
<'--~ X j 

If the trans state involves carbanion , electron 

repulsion would rule out structures such as II (Fig. 19). 

j--

x / 
\ 

x 

I ill 

Fig. 19 

The re ing destabilization of the transition state would 

activation energy to a rate constant lower 

than from the 0° value of the substituent. Such an 

etfect has suggested -to the discrepancy between 

a and aO values for Eara +R , as similar electron 

repuls s occur in one of the structures contributing to the 

carboxylate anion (see earlier scussion) 



Similarly, in 

pK values of a 
+R 

69 

dissociation of pyridinium ions, 

stituted compounds are higher than 

expected l suggesting that the pyridine form lacks the resonance 

stabilization of pyridinium ion. Because of the simi 

between pyridine and a phenyl carbanion, electron 

repulsion would rule out the pyridine form II (fig.19a) and ex

plain the high pK s (and hence Iowa values) for +R sUbstituents. a 

TI 

Fig. 19a 

-Although the a sea there appears to be a better 

model than aO for the effects of +R substituents on a phenyl 

carbanion, low a values -R substituents are not readily 

rational ed. high values for substituents such as 

o 
E-'N0 2 and 12.~CN give rise to a values closer to a I than a 

rfhe expl ana t given ,is that normal resonance between 

substituent and ring is inhibited due to opposing resonance 

withdrawal by the electronegative nitrogen both pyridine 

and the pyridinium ion. Such an argument is invalid. if 

reac is to 'tak en as a mode 1 carbanion 
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until an ion is put forward which is consistent with 

both pyr a , the ° model is unsa s 

and the apparent 

the cl of aryltrimethylsilanes may be 

(iv) The Dual Parameter Relationsh 

6Ll 
In a recent paper ~, Ehrenson, Brown 

a comprehens statistical analysis showing 

t sen ted 

the overa.Ll 

effect of a substituent is a blend of polar and resonance 

effects, and can be expressed as 

log k rel 

where A = PR/P r , and the mixing coeffic 

on the pos ot the substituent, the nature 
. 

and the reac conditions. A single sea 

is postulated, but four distinct scales 

at 
x 0 

ts (oR OR' OR I 

+ 
oR I OR ) are 

dif reaction types. These are: 

(i) reactions in which the 

(15 ) 

PR depend 

,the reaction 

polar effects, 

resonance 

to cater for 

s is a 

TI ectron acceptor (e.g. ionization of benzoic 

ac 

(ii) reactions in which resonance interaction 

occurs on between substituent and (e.g. ionization 

ic acids) 

(iii) e - for reactions in which the reaction site is a 

s -tingrr electron (e g in electro-

phil substitution) 
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(iv) a scale - tor reactions in which the reaction site is 
-·R--~~-~~ 

a s-trongly acting TI electron donor (e.g. ionization 

of an inium s) . 

As Tab 25 shows, m substituents in cleavages both 

aryltrimethylsilanes and -stannanes correlate most satis 

tarily using OR" However the correlations using ORO, a R+ are 

not signif ly worse, as might expec since the 

resonance component for meta sUbstituents is 1. Para 

sUbstituents in neither reaction corre torily wi,th 

of the resonance parameters. Although substituents 

in cleavage of aryltrimethylsi s show a reasonable 

° correlation using oR (f = 0. 5), the correlation of similar 

substituents with aR
O the cleavage of imethylstannanes 

is (f 0.291). One can only conclude the resonance 

effects of substituents in these reactions do not· the 

usual 'categories represented by This 

might be expected if the resonance effect of a sUbstituent on 

the reaction is a twofold one, as the previous analysis suggests. 

By contrast, the 6pK s of the pyridinium ions correlate 
a 

h f t '1 lly ~7l'th ~R+ (t = 0.033 for muc more sa s ac·orl y, espec V1 - v -

meta substituents, f = 0.037 for substituents) •. 'Ehe A. 

values of 0.169, (meta s~ries) and U.S17 (para series) are 

considerably lower than the walues usually prevailing for 

reactions where conjugation occurs between +R substituents and 

the si-te (A ~ 0.4 (!!!) and 1.0 ( ). This suggests 

resonance interaction between substituent reaction site 

is inhibited the transition state, probably because 

such as 



Table 25 

Best Fit Dual Parameter Relationships [ 

Sub. 1 n 
x-

I. f PI 

5.45 0.294 

10 6.05 0.272 0 9 
3 In 

m 1.0 
0 

6 '.07 0.364 0.133 

10 + 5.97 0.141 0.134 

10 5.67 0.301 0.176 

9 I 1.81 0.302 

in m 9 2.19 0.253 0.098 

Jl.leOH 9 0 2.24 0.360 0.129 

9 + 2.12 O. 4 0.130 OR 

7 OR -5.94 0.3 0.034 

7 ° 0 -6.00 0.437 0.096 m 
sociation R 

7 + -5.96 o. 9 0.033 + 
XC5H~N 

7 OR -5.37 0.364 o. 8 

= PICO I 

SUb. n 

9 

9 

9 I 12. 
I 

II 9 

9 

P 9 

9 

9 

7 

p 7 

7 

II 7 

+ >"°RX-)] 

x-
PI 

3 69 

oR 4 99 

OR 
0 

5 

OR 
+ 4.74 

OR 4.40 

1.49 

0 1..52 

1.43 

.01 

0 -5.03 

+ -5.20 

-3.75 

0.614 

0.563 0.147 

o .782 ' 0.115 

0.292 0.255 

O. 'lSI 0.206 

0.072 0.297 

0.132 0.291 

0.011 o :)05 

0.880 0.057 

1.063 0.124 

0.517 0.037 

0.968 0.281 
-.J 
!\) 



are 

-I
X 

favoured ( reasons already d ussed). Although 

the rates of cleavage of ~~ substituted aryltrimethyl 

73 

s and -stannanes show poor correlation with 0R+' the low 

obtained (0.292, 0.011) are informative s , if +R 

groups enhance electrophilic assis,tance yet hinder development 

of negative charge at the reaction site, ~ should consider-

ably reduced (and possibly negative). Also, the value of ~ 

for aryltrimethylstannanes than -silanes, consistent 

wi previous conc ion that electrophil 

assistance occurs in the former 

A similar but inverted pattern of substituent e ts 
with the reactions being studied, occurs in the 

salvo , f b 't ~- d hId' . , 74,75 :LS a su Stl u.ce p eny lazonlum lons The 

rates can be corre using 
, 64 

expresslon 

log k 1 re = + 4.09(or - 0.670R ) (.f = 0.081) . 

This one of reactions exhibiting a negative ~ 

it is thought that +R ef inhibit transition state 

tion (even though electron enhances the overall 

reactioIl), because the resonance stabilization possible in 

the zo reactant is dlminished in the carbonium ion-like 

transition state 



x N N 
+
X 

In addition, nucleophilic assistance by so 

74 

N-N 

+ 76 accompanies C N2 bond cleavage , and such assistance would 

be aided by resonance withdrawal from the reaction site. 

KOH CLEAVAGE OF HETEROCYCLIC DERIVAT 

The e effects of replacing the - CH ::::: Cll -

linkage ene by heteroatoms such as oxygen or sulphur 

are: 

(i) inductive ectron withdrawal towards oxygen or sulphur, 

as both are more electronegative carbon; 

(ii) conj electron release by oxygen or sulphur, as 

both atoms possess pairs of unshared electrons, e.g. 

o 0 

Because 

(~~ 
S 
+ 

~>-

is more electronegative 

o s 
+ 

sulphur, it is a 

st:ronger withdrawer, but sulphur is a stronger lone 

77 pa donor than oxygen 
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In electrophi1ic aromatic substitution, conjugative 

release is the clominant factor: intermediate formation is 

stabilized by +R effects from the heteroatom, so both furan and 

thiophene are more reactive than benzene. For example, the 

relative rates for perch10ric acid cleavage of 2-fury1-, 

78 2-thieny1- and pheny1trimethy1si1ane are 17,200 : 4810 : 1 • 

Although sulphur is a stronger +R group than oxygen, 2-fury1-

trimethy1si1ane reacts more rapidly because lower 10ca11zation 

. . 1 d' f . h' d' 77 (f . energy lS lnvo ve ln ormlng t e lnterrne late uran lS 

less aromatic than thiophene or benzene). The fact that 

2-thieny1trimethy1si1ane cleaves 43 times faster than 

3-thieny1trimethy1si1ane79 is attributable to the greater 

stabilization possible in the intermediate. While three 

canonical forms can be written for the intermediate in 

2-thieny1trimethy1si1ane cleavage, only two can b~ written fo~ 

the intermediate from the three substituted compound. 

+ 

(S):~iMe3 nH< » OH< , + . 
S/ SiMe3 S SIMe3 .. " o 0 

+ 
H H 

d~~e3 ~ dSiMe3 
S S 

II 0 + 

In alkali cleavage of these compounds, a simiiar order 

of reactivity is evident. In 33% v/v H20/DMSO, 2-thienyl

trimethy1si1ane cleaves 1330 times faster than 3-thieny1-

trimethy1si1ane, and in 50% v/v HeOH/DMSO, ~-fury1trimethy1-



silane c 

All 

trimethylsi 

least L!O t 

silane, 

to (m~f 

s 1.3 times faster than 2~thienyl 

es are considerably more reCtC 

i ~- and 2-thienyltrimethylsi 

than trimethyl 

imethylsilane is 

l)trimethylsilane (see Ie 7). 

76 

si 

are at 

) -

reactivity 

'1'he88 results can be explained in terIUS ·the mechanism 

suggested a i cleavage. The high overall react ty of 

these compounds is understandable since electron withdrawal 

by sulphur or oxygen would enhance the development of 

negative 

would also 

reactive 

on the aromatic ring. Simple inductive effects 

in why 2-thienyltrimethylsilane is more 

3-thienyltrimethylsilane, and 2-furyltrimethyl-

silane more reactive than 2-thienyltrimethylsi However, 

the impact of electrophilic assistance must so be consi~ered. 

Electrnphilic occurs preferentially at 

further enhancing the relative reactivity of 

2 position, 

2-substituted 

compound compared with the 3-substituted compound. Because 

sulphur is a 

assistance 

2-· 

s is 

si 

lone pair donor than 

be more effective in 2 

r electrophilic 

1 than 

ilane. This may explain why 2-fury-ltrimethyl-

slightly more reactive 2 ltrimethyl-

ation of heterocyclic aromatic compounds is 

bell.eved to rate by a mechanism simi to that proposed 

for li c , $0 it. is relevant to note that metallation 

of th by n-BuLi in D~lS0 occurs 2.5 :x: 10 5 times more 

rapidly at 2 position than at 'the 3 sition 
80 



THE ACIDITY FUNCTION H 

The of media s11ch as 

measured by the acidity function 

placed in such a medium, the equil 

abstracts a 

AI-! + on A 

is 

+ H 0 
2 

if hydroxide ion is highly solvated. 

KAH of the indicator 1S based on the 

= where a == 

where f - activity coefficient. 

Hence 

= 

and rearranging: 

= 

in very dilute , f + 1 r 

i.e pH := 

77 

alkal ine DJ'.1S0 is 

If an indlcator AH is 

set up 1"llhen the ium 

equilibrium constant 

librium 

f ~ 
A 

(16) 

(17) 

(18) 
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In solutions, pH is the accepted measure of the anility 

of the medium to abstract a pr6ton; cone C.lons 

s 

comparable measure is H_, where 

H 

H 

-loglO 

aI::r 0+ f -
.1

3 
A 

::::: ::: log [ J + 
lu tAHT 

value of a solvent system may be 

(19) 

using 

s of known KAH and measurlng the extent of their 

ion ation. 

rate 

By 

If nucleophilic activity in a reaction (as measured by 

eudo f t order rate constant k b ) is a s 

on basicity, it can be shown that a I 

should exist between log k b ' and H_, or more o s 
81 

log kobs and H_ + log10 aH 0 • 
2 

Where a proton is removed from the substrate SH 

termining step 

SH + OR ~ S -sIow7 

S products, 

the absolute rate theory 

and are activity coefficients 

transit state respectively. 
f

A
-

= ··1.ogJ .. O a +.=~~ 
- H 30 fAB 

·the 

ily 

relation-

cisely, 

(20) 



or 

1< w 

s ituting 

where II :;;:: h 
10 

If ground and transition states of reactlon be 

studied bear a s relationShip to that between the 

indicator used to set up the H_ scale, and its anion, 

"" 
ft: 

fAH fSH 

K w 
i 0 e • h := 

a OH-

subfjti'c:.uting for 

d[Sn] - ~-~dt = 

but d[SH] 
:::: 

~ d~t 

since the reac 

i e. k ::::: 
obs 

log k bs o. 

kK w 

in equat.ion (20) 

k.K 
W

aH
2

0 
(SH] 

k obs [SH] 

is first 0 in substrate, 

log h + log aH 0 + log Kw + 
2 

pK + constant. 
w 

k 

(21 ) 

(22) 

(23) 

(24) 

(25) 



Assuming to be constant, there should a linear 

re hip the ithms the pseudo ftrst 

rate constants and H + log a H 0' with unit s 
2 

To seel if such a relationship exists the reaction 

~O 

under tigation, the rates of cleavage of ArSiMe
3 

by 0.05M 

KOB were meas in media ranging 3% v/v H20/DMSO to 

3 o v/v H20/DMSO, at 40.U C, and the pseudo first order rate 

constants derived from these rate data using the ORGLS least 

s program (see Table 8). 

Because of the wide range of reactivity encountered, one 

substrate could not be used for measurements; four sub-

strates of varying reactivity were employed (2-thienyl-, 

E-nitrophenyl, !!!,-fluorophenyl"'" and luorophenyltrimethyl 

silane) the results overlapped (see Table 26). Unfortun-

ately rate dependence on the medium di slightly between 

strates p so to determine overall relative rate constants, . 

the cleavage of !!!,-FC6H4SH1e 3 in 85% v/v H20/DI>1S0 was taken as 

the standard reaction (krel = 1.00) and overlapping of results 

achieved by measuring the rates for of substrates in 

several By extrapolating the log-log correlation of 

these rate constants, it is possible to derive log k re1 values 

for other Inedia. For example, the plot ot log m-E' versus 
F . 

log krei- for rates measured ln 92, 94 and 95% v/v H20/DMSO 
ffi'~ F 

can be extrapolated to find log k -1 in 96% and 97% v/v re 

H
2
0/DMSO. 

1 s, s 

The log-log plots were all lent straight: 

~ 1, and could be accurately extrapolated. As 

Table 26 shows, a 105 variation in reac was achieved by 

overlapping measurements It was not convenient to measure 

l"a:tes in >33% v/v H20/DM~0; none of the substrates. was 

suffic react.i ve. 



mole % HO. 01lM 
DHSO -

I 
33.41 15.83 

42.94 16.78 

I 46 -~ 1:2.12 I - . .j:;J 

! 50.09 17.57 

I 58.70 18.35 

I 61.99 18.69 

1
69

.
30 19.42 

74.26 19.95 

79.72 20.52 

82.66 20.90 

85,76 21.27 

89.02 21. 78 

90.73 22.05 

Table 26 

H Values and Relative Rate Constants for KOH in Aqueous DMSO 

.05M I O. 05M 
(ArSiMe

3
) 

- f 0 I H - + log aH 0 
H2 2 2-Thieny.L- pN0

2
C

6
H4" mFC

6
H

4
-

16.49 0.668 17 .59 1.000 I 
17.44 0.562 18.33 8.175 1.000 

17.78 I 0.531 18.61 17.50 2.475 

18.23 I 0.490 18.97 

I 
37.77 6.519 

19.01 0.432 19.57 51.71 1.000 

19.35 0.410 19.83 122.7 ' 2.067 

20.08 0.370 20.40 10.00 

20.61 0.345 20.80 37.04 1.000 

21.18 0.322 21.21 105.2 3.058 

21.56 ! 0.309 ! 21.49 186.7 5.739 

21.93 ! 0,297 21. 75 9.975 

22.44 0.283 22.11 15.49 

22.71 0.277 22.29 25.06 

- '--

k 1 (overall) 
re 

-2.38 

-1.44 

-1.11 

-0.760 

0.000 

0.315 

1.00 

1.57 

.2.02 

2.27 

2.49 

2.67 

2.87 

co 
1-' 
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H shown Table 26 were del' by 

polation of a ot II versus mole percent DMSO on the 

ionization ot substituted anilines in O.OllM 

ammonium 

were mea 

aceo 
83 

ngly 

82 As the rates of cleavage of 

0.05M KOH, the H values have been 

HO OllM + 10910 0.05 o:orr 
HO.OIIM + 0.66 

It assumed that the same H values hold 

3 

(26) 

KOH; only h concentrations (>2M) do f for 

dif ses b f . . t· 84 ecause 0 lon aSSOCla lon • 

The coefficients fH 0' for water DMSO, were 
2 

derived by rpolatj_on from a plot of log f
H20 

versus mole 

85 fractlon DMSO , and the activity of water a H 0 calculated 
2 

using the ssion 

(27) 

where [~20] is the molar concentration of water. 

There is excellent correlation (f 0.Q~3) even between 

log 1 and (slope 0.945) over 3 3 • 41 - 74 • 26 rna 1 e 

DMSO, corresponding to a 10 4 var in rate (Fig. 

20). Above 74.26 mole percent DMSO (92% v/v), the slope 

ases. Such a correlation of log 

the of wat.er does not 

1 with H assumes that 

with changing water 

concentrat However, not only 

(f 

reasing mole percent DMSO, but fH 0 also drops markedly 
2 

extensive DMSO-H 20 interac 

o 026) occurs up to 82.66 mo 

Good correlation 

DMSO (95% v/v) 
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2 

1 -

CD 
b 

:I. 
J) 
) 
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-1 

~2 
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0-05M 
H~ 
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+ 
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Logk J vs HO.O SM for Cleavage of Aryltrimethylsilanes by re. 
O.05M KOB in Aqueous DMSO 

+ 
+ 



o 

F 

L) ~I~·a5M + ],og og {reI V5 L_ . a H. O 
5i s by a.OSa KOH 

O·05M 
log aH 0 

2 

Cleavage of Aryltr 

Aqueous DrJlSO 



log k rel and H_ + 10910 a H 0' with slope 1.20, aIDS 
2 

reactivity lsee Fig. 21). The deviation 

95% v/v DMSO may arise because DMSO is hygroscopic;' 

10910 

s 

of water probably occurs sufficiently to have a 

on H values at low water concentrations s e 

with [H
2
0]. 

Tne excellent correlation between log k 1 and H + 
re 

over a wide range of reactivity, and 

are cqnsistent with hydroxide ion acting as a base 

un 

83 

step, abstracting a trimethylsilyl group 

than a proton trom carbon. In proton removal, it is 

thought the unity slope may be interpreted as showing 

s·t complete bond formation between proton and base in 

81 
trans state. If the same holds for removal of a 

silyl group, the results are consistent with a mechanism 

which the rate determining step is separation of Me
3

S 

from the aromatic centre, since in such a mechanism, bond 

ion with base is complete. 

One criticism levelled at establishing a reI 

s is that the H scale is highly on the 

used, in this case substituted anil s. In a . 

of 

s such as the one considered here, ind ator and 

struc'cures differ markedly r and the assumption 

if it is true, will only be so tonsly. 

However, it been shown that a similar results 

us b . ~ . d' 81 car on 8C10S as ln lcators • 
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'rhe rate ot c of 2 -~·thieny lsi in 33~35 

v/v H20/DMSO 1.S 

above 0.lQrl1 

st order in KOH at low concentration, but 

-to order 1.25 0.4M and 0.6M (see 

Table 9). H 

[OH~J alone is 

aqueous alkaline DMSO media in whic h 

have not been , but t::.his rate 

increase can be In aqueous DMSO, there is strong 

hydrogen bonding H
2

0 and DMSO, 1 
above 33'3- mole 

percent DMSO (i.e. below 33~ v/v H20/DMSO)26. As [OH-J 

increases, the of solvation of OH decreases because of 

competition DMSO and OR for water molecules. As a 

result, the nucleophilicity of OR (or 

increases. At much higher [OH-J, (or 

nucleophilicity diminishes because ot 1 

other small anion) 

mole percent water) 

solubility 1n 

the medium. For , in 10% v/v H20/DMSO, the reaction is 

less than first orde~ in KOH between O.lOM and 0.20M (see 

Table 5). As mentioned later, some cliff lty was experienced 

preparing such 0.20M solutions. 
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CLEAVAGE BY OTHER NUCLEOPHILES 

Earlier it was shown that nucleophilicity is a function 

of both basicity and polarizability. In protic solvents, 

polarizability is more important~ basic species, notably small 

anions, are highly solvated because of hydrogen bonding with 

the solvent. In aprotic solvents the situation is reversedr 

solvation occurs through interactions depending on po1ariz-

ability, not hydrogen bonding, so that large polarizable 

anions are more effectively solvated than small anions. 

- -As Table 10 shows, strong bases such as OH , MeO , NH2 ' 

H and PhD rapidly cleave 2-thienyltrimethylsilane in DMSO at 

40oC. Weakly basic species such as I , Br and SCN would not 

cleave this substrate even after 40 hours at 70oC. The order 

of nucleophilicity is: 

OH > MeO > NH2 > H > PhO > CN > I , Cl-, Br-, N~ , SCN , 
J 

Reaction appears to be facilitated if 10% v/v H20/DMSO is 

used as 'a solvent instead of DHSO (Table 11). 

Mass spectroscopic studies of the reaction products from 

the cleavage of 'trimethyl (~-chloropheny1) silane and 2-thienyl

trimethy1si1ane in KOH/DMSO confirmed the presence of hexa

rnethy1disiloxane by the distinctive (P-15) peak at m/e = 147 86 

The presence of trimethylsilanol could not be established as 

solvent obscured the spectrum. In earlier work87 it was found 

that p-trimethylsilylbenzyltrimethylsilane was cleaved quite - ' 

readily by fluoride ion in DMSO. The main by-product proved 

to be hexamethyldisiloxane, not fluorotrimethy1silane. 

However, fluorotrimethylsilane is known to hydrolyse to tri-



methylsilanol which read 88 
Y condenses • 

86 

The extent cleavage by the nucleophiles 1 ted in Tables 10 

and 11 was determined by following the appearance of the 

product(s) conta ing the trimethylsilyl group by n.m.r. It 

appears from the positions of these peaks that common products 

occur the reactions when carried out in DMSO or aqueous 

DMSO. One major product appears to be formed in eavage by 

- - 2-OB , MeO and O2 ' and a of different products in cleavage 

by other nucleophiles. From mass spectroscopic studies, the 

former product is undoubtedly hexamethyld iloxane; the latter 

were not identified, although one may be trimethylsilanol. 

In 5% v/v MeOH/DMSO, there is clear evidence that Me 3SiOMe 

is formed (~ 60%) as well as (Me3Si)20 (~ 40%) when 

2-thienyltrimethylsilane is cleaved by MeO-; the mass spectrum 

of the product shows a distinctive (P 5) peak at m/e 89 86 

This product could arise from condensation of Me 3SiOH with 

89 methanol , although further inve tion verified that 

MeO-, not OH-, was the active nucleophile. The rate of 

cleavage of trimethyl( -nitrophenyl) silane by O. MeONa in 

10% v/v MeOH/DMSO is more noticeably accelerated by the 

addition of water is the cleavage of the same species by 

O,lM KOH, even though KOH cleaves almost twice as fast. This 

suggests that different nucleophiles are active in each case 

Also, if there was enough water present to convert sufficient 

MeO to OH (i e. ~ 0 06M) to in observed rate, such 

an arnount of wa-ter should have been no,tic in the n.m.r 



However, the n.m.r. trum of the MeOH/DMSO 

e emphasis should be trace of water" L 

of the products 

products, and 

derivatives 

because of equilibria 

ease with which many tr 

87 

ium showed no 

on the nature 

ssible between 

silyl 

Difficul s arise in interpreting these results because 

the attacking s in many of the reactions could be 

hydroxide ion re ting from the equilibrium 

since Dr.1S0 is scopic. In 10% v/v H20/DMSO, the higher 

concentration would increase 

ion concentration, explaining the accel 

However, this explanation is unlikely 

librium hydroxide 

cleavage. 

two reasons. 

Firstly, the 

because 1 

ibrium would lie strongly to the left 

'free' water is present - the water is bound up 

with DMSO. Secondly, the order of nucl 1 ity should 

basicities of the Sf as measured by correlate with 

the pKas of 

such as OH , 

order is not 

conjugate acids. Although strong bases 

, NH2 and H are the st nucleophiles, this 

than ,the mor e 

lowed; both OH and MeO are more reactive 

sic NH2 ,and H-, and PhO is noticeably more 

reactive than CN (see Table 10). In 

such as NH
3

, Oel and AcO react to some 

weak base, is a good nucleophile (see 

with stronger s, the high reactivity 

is not consistent with hydroxide ion act 

nucleophi increased reactivity 

aqueous DMSO can be attributed to 

are only marg ly soluble in DMSO. 

DMSO weak bases 

, and F-, a 

11). Compared 

species such as F 

as the sale 

nucleophiles in 

ubility, as most 
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The most reasonable explanation of the observed is 

t nucleophil i is governed not only by the bas of 

the species, i.e. s ability to a pair of e 

bond formation, but also by of the bond formed. 

Fluoride ion, ies containing nucleophilic oxygen, are 

more react:i ve might be expec from their pK values. a 

As Table 27 shows, fluorine and oxygen form partie 

bonds with silicon. 

Table 27 

Ionic Bond Energies l 

Bond Ow Imol) Bond Energy (kJ/mol) 

Si-C 932 s 748 

Si-O 1014 8i-I 700 

Si-F 992 S 805 

L~~-_C_l_,---~~= __ 7_9_6~_~~_S ___ ~ ___ 1_0_4_2 ___ -I 

One would expect to be the best nue Ie since hydrogen 

the strongest 

are ficiently bas 

(pK - 32) to form a 

H + cn -c- S '~-CH 
3 II 3 

o 

with silicon, however Hand NH2 

to abstract a from DM80 

d ·' l' 90 l.msy lonG 

CH ~ S -CH + H2 
2 11 3 

o 
dimsyl ion 

If traces of water are present, hydroxide ion is formed 

CEL~' 8 ~ cn + H
2

0 
2 II 3 

CH -8-CH + OB 
3 II 3 

o o 
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Hence s that small compact spec s such as OH 

H I F and are the best nucleophiles c the 

aryl~silicon bond, reactivity is greatly in 

dipolar aprotic vents such as DMSO because absence 

of solvation. exception of f most nucleophiles 

are highly bas , so there is a degree of with the 

pK values of a conjugate acids of the nuc s. The 

strength of bond formed is also an important , as 

might be the mechanism involves bond formation in 

an equilibrium or rate determining step. 

CLEAVAGE BY SODIUN r.1ETHOXIDE 

Except potassium hydroxide, the only other nucleo-

philic ies whose behaviour could be studied was 

sodium methoxide, which in 5% v/v MeOH/DMSO, cleaved about 1~6 

times slower than potassium hydI'oxide. For example, k = 
P 

1 0
-2 .-1 

5.04 x _ ml.n for the cleavage of ~-BrC6H4 SH1e3 by O. 03M 

KOH, while 

(see 

difference 

= 15.74 

log 

As in cl 

nucleoph 

1 b 0 03M ~1 ON k = 3.05 x 10-2 ml.'n- l 
c, eavage y. ~e ,a, p-

~ 12,14). This rate di 

basicity between OR 

.50 := 0.24 and 

_ log k HeO ' 
reI log 

by KOH in aqueous DMSO, 

is greater than first 

correlates with the 

. H20 MeOH Sl.nce pK . .- pK 
a a MeO 

0.22. 

rate dependence on 

over the range O.03M 

to 0.27M HeONa in 5% v/v MeOH/DMSO, ion is order 

1.35 in ion (see Table 13). s high dependence, 

compared with that of KOH in aqueous DMSO (between order 1 

L25) can ly attributed to solvent rather than 

nucl , since hydroxide ion in 5% v/v MeOH/DMSO shows 
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even higher (order ~1.8) dependence (see Table 12) 0 These 

effects probably arise because methanol is less protic than 

water; hence the absence of solvation is more marked in 

methanolic DMSO than aqueous DMSO. 

A limited range of substituents was cleaved by both KOH 

and MeONa in 5% v/v MeOH/DMSO (see Tables 12,14). The 

patterns of substituent effects are very similar, and there is 

excellent correlation between the two sets of results. 

log kl'1eO /MeOH 
reI = 1.015 log kOH-/MeoH + 0.010 

reI 

(f = 0.022) 

The near unity slope indicates that the sensitivity of the 

reaction to substituent changes is not influenced by the 

nucleophile involved, despite the greater overall nucleo-

philicity of hydroxide ion. The log k 1 values for both re 

reactions also correlate well with those derived from cleavage 

by KOH in 10% v/v H20/DMSO. 

kMeo-/MeoH 
log reI 

k
OH-/MeoH 

log reI 

= 

= (f = 0.098) 

The greater than unity slope in both cases, shows that the 

reaction is slightly less sensitive to substituent changes in 

10% v/v H20/DMSO than 5% v/v MeOH/DMSO. As mentioned earlier, 

dipolar aprotic solvents solvate large diffuse anionic 

species such as the transition state of the reaction being 

studied; hence 5% v/v MeOH/DMSO should solvate the transition 

state more effectively than 10% v/v H20/Dl'1S0. The results are 

consistent with this, since the more stable -the transition 
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sta-ce, greater the sensitivity to substituent 

If nucleophilic at 5il were -to occur the 

rate determining step (either in a synchronous reaction, or to 

form an intermediate) one "']QuId expect varia-cion of the 

nucleophile to have some influence on the pattern of 

subs effects, although there are no such cases in the 

literature to illustrate this. However, the rate dependence 

on nucl Ie rules out any mechanism in which the rate 

determining step is completely independent of the nucleophile. 

The most reasonable mechanism cons with the results is 

that suggested; rapid equil ium formation of an 

inte , followed by rate determining decomposition of 

the intermediate to products. 

REACTION IN OTHER SOLVENTS 

Although the aryltrimethylsi s synthesized could &11 

be by KOH in aqueous DMSO, not even the most reactive 

substrate could be cleaved in media where DMSO was absent. 

2-Thienyltrimethylsi was not eaved by 0.20M KOH in 10% 

v/v H2o/HeoH, 10% v/v H2o/acetone, or 10% v/v H20/DMF, even 

after several days at 40 0 C. By contrast, the half life in 

-1 
10% v/v H20/DMSO is about 10 secona.s. No reaction would be 

expected in aqueous methanol which would extensively solvate 

hydroxide ion, but both acetone DHJ:i' are dipolar aprotic 

so with similar solvent properties to DMSO. For 

example, acetone, DHF 'and DMSO 1 enhance SN2 substitution of 

n-butylbromide by azide ion, and nucleophil 

substitution of fluoronitrobenzene by az 

'rab 28), 

aromatic 

ion23 (see 



Relat Ra-tes 

Solvent 

Df1S0 

DMF 

acetone 

Table 28 

t: Dimc 

Various 

log 

D.-BuBr + N3 

3.1 

3.4 

3.6 

lar Subs tution Reactions 

23 vents 

(measured at 250 C) 

E.':"N0 2C6H4F + N3 

3.9 

4.5 

4.9 

~ 
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Both reactions invo rate determining nucleophilic attack so 

the comparable rates in the three solvents might suggest that 

enhanced nuc1eophi1icity of species such as azide ion, is an 

inadequate basis explaining the ro of m,1SO in the 

cleavage of aryltrimethy1si1anes. However, other tors ,must 

be important in aryltrimethylsi1ane cleavage, because it has 

ready established that the reaction rate is linearly 

dependent on the ba ity of medium, and azide ion is a 

very weak base (pK = 4.62). Unfortunately, basicity a 

functions in med such as H20/DMF and H2o/acetone have yet 

to be reported. It is thought that DMSO is more basic than 

DHF or acetone. From the influence of aprotic solvents, both 

on the displacement of C ~ H absorption band in the i. r. 

91 trum of pheny1acety1ene I and on the proton shift the 

. 92 n.m.r spectrum of chloroform , the ity order 

hexamethy1phosphoramide > DJIilSO > DMF > acetone has been 

established Hence water should hydrogen bond more strongly 

wi th DJl.lS0 with DMF or acetone, to med of higher 

basici because of less solvation of bases such as 
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until bas func·tions such media as hydroxide in 

are 

establi , one can only speculate as to whether differences 

in basicity are fic to explain 
6 large (> 10 ) rate 

difference reac·t:.ion in aqueous DHSO compared with other 

media, evident in the results. 
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CONCLUSIONS 

The pattern of substituent fects the KOH cleavage of 

sUbstituted phenyltrimethylsilanes in aqueous DMSO is best 

explained by a mechanism in which ion of a phenyl 

carbanion, accompanied by electrophil attack by solvent, 

takes place the rate determining step. Such a path is also 

supported by evidence in the literature, especially the 

sizeable isotope effects observed in the cleavage of phenyl-

trimethylstannanes, and benzyltrimethylsilanes and -stannanes. 

Of the possible mechanisms already outlined (see Introduction) 

two are consistent with the observed results: 

(i) an SN2 mechanism in which nucleophilic attack and 

separation of a phenyl carbanion (with electrophilic 

assistance) are more or less synchronous. 

k'l 
-,-~ 

slow 
~- 0 I' -OR ---7

x 
+ )3(-OR 

+ RO 

(ii) a mechanism involving equilibrium intermediate formation 

followed by rate determining ion of a phenyl 

carbanion (with electrophilic ass tance). 
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OR 

xO+ 

Although mechanisms cannot be distinguished 

kine'tical 

for 

from 

pas 

studios, 

could 

shows tl:l.e 

the bond 

, silicon is able to utilize vacant 3d orbitals 

most evidence, especially s cal 

to intermediate formation. 

zation of 'trialkylfluorosi 

for an initial equil 

le the cleavage of ArS 

more substantial evidence. 

ion between rates and 

e of anion basicity, a 

between silicon and the nuc 

I as by the reactivity of 

However, apart 

59 
I there is no 

Exchange 

18 -
20 Me by MeO , 

ac function H 

stability of 

is also 

ion, a weak 
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The unique ability of DMSO to facilitate the reaction 

cannot be satisfactorily explained, as all dipolar aprotic 

solvents are known not to solvate small nucleophiles so 

enhancing their reactivities. It is known that DMSO is a 

stronger proton acceptor (i.e is more basic) than solvents 

such as acetone or DMF, so that DMSO/protic mixtures are less 

solvating towards nucleophiles than comparable acetone or DMF 

mixtures. 
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EXPERIMENTAL 

All ultraviolet spectrophotometry was out on a 

Sh zu M.PS-,50L spectrophotometer with an 

ly thermostatted cell holder. N.m.r. spectra were 

on a Varian A-60,mass spectra on an AEI MS 902, and in 

on either a u IR-27G or a Perkin-Elmer 337. 

gas chromatography was carr out on a Varian 

Aerograph 1200, preparative gas chromatography on an 

Aerograph Autoprep 705. A Nester Faust 5 mm x 55 cm annular 

Teflon spinning band column was used the fractional 

llation of compounds for kinetics. 

A. KINETIC RUNS 

The cleavage reactions studied ayed kinetics 

order in aryltrimethylsilane. 

where k is the p first rate constant k 
p 

- n k[OR ] • 

Reaction was followed by (i) ultraviolet spectro~ 

photometry or ) n.m.r. spectroscopy. 

(i) Ultraviolet 

In the s st form, the reaction studied can be written 

as 

Ar -SiMe3 + (I) 

R == H, Me 

where the only ies absorbing the ultraviolet region are 

the aryltrimethylsilane (ArSiMe
3

) the corre arene 

(Ar-H). The rate of cleavage can therefore be lowed at a 



wavelength at the two extinction coef 

signif the ab~orbances of 

changing, 1 rate constant measured 

rate constant cleavage of silane, as 

analysis shows. 

The dis 

where [R]t is 

of reactant can be wr 

-k t 
[RJ

O 
e p 

reactant concentration at 

98 

dif 

5 are 

sents the 

lowing 

as 

(2) 

t, [R]O is 

the initial concentration, and kp is the pseudo first 

order rate constant. Unless a buildup of intermediate occurs, 

the appearance 

= 

product must occur at 

-k t 
[pJ (l-e p) 

f 

same rate, so that 

(3) 

where [P]t is product concentration at t'and [pJf is 

of a sp(..!cies the final product concentration. The ab 

is related to its concentration; 

where AR(t) is the absorbance of the 

the reactant extinction coeffie 

Subs·t 

larly 

( 4) in to (2), and ( 5 ) 

-k t 
Ap ( f) (1 ~ e p) 

(4) 

t at time t, €R .is 

tR is the cell path 

(5) 

(3) gives 

(6) 

(7) 
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Fron1 (6) (7) , net absorbance at time t can 

express as 

(t. ) (f) + (AR (0) (f) ) e (8) 

So the rate const.ant kp is common to the ai 

reactant change in the net absorbance two 

species. 

Proc 

o of DMSO and OR-/ROB solutions to initiate 

kinetics was unsatisfactory because of an cloudiness 

in the res solutions which upset measurements) 

80 a technique involving pre-mixing was The X% v/v 

ROH/DMSO so were prepared by mixing X volumes of 

OR-/ROH and 95-X volumes of DMSO, and the solutions allowea to 

clear '( s ly took several hours at 40 0 q). A solution of 

the appropr te imethylsilane in DMSO was also prepared; 

the cone ion of thfs solution being s the 

concentrat necessary to give an absorbance of about 0.8 at 

the chosen ength. 

Runs were carried out as follows. OR-/ROH/DHSO 

medium \vas s 

medium was 

and 

silane/mJiSO 

from a 

run in 

thermos 

in a water bath at 40.0oC; 2 mls of the 

pipet ted into a 1 cm sil 

o to 40.0 c. 105 Microlitres 

absorption cell 

trimethyl-

(also stored at 400°C) was then added 

and t,he mixh.lre shaken. Fast reactions were 

photometer with the cell 

at 40.0oC, and the ab continuously 

recorded. For slow reactions, the cell was a constant 

o at 40.0 C and rap ly trans 

THE UBRAFW 
UNIVERSITY OF CA~JTERBURY 

CHRISTCHURCH, NZ 

to the 
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thermostatted cell" compartment of the spectrophotometer at 

appropriate intervals for measurement. All .reactions were 

followed for 3-4 half lives except for the two least reactive 

compounds (!!::.-f.1e 2NC 6H4SH'!e
3 

and E-Me 2I'>JC
6

H
4

SH1e
3

, which were 

followed for two half lives. Wavelengths used may be found in 

Tables 5 and 7. 

(ii) N .m.r.~ Spectroscopy 

It was not possible to follow the cleavage of 2-furyltri

methylsilane in the ultraviolet, as the reactant does not 

absorb significantly above 250 nm, and the reaction medium is 

opaque below 250 n.m. However, cleavage of 2-furyltrimethyl

silane shifts the trimethylsilyl peak in the n.m.r. sufficient

ly upfield to allow the relative quantities of reactant and 

products (Me 3SiOR and hexamethyldisiloxane) to be determined 

by integration of their respective trimethylsilyl peaks. This 

made it possible to follow the cleavage of 2-furyltrimethyl

silane by n.m.r. spectroscopy using the procedure outlined 

below. Cleavage of 2-thienyltrimethylsilane was also monitored 

by n.m.r. to check if the results were consistent with those 

obtained by the u.v. method. 

Procedure 

A volume (usually 5 ~ls) of the reaction medium X% ROH/DMSO, 

prepared by mixing X volumes of OR-/ROH and 100-X volumes of 

DMSO, was placed in a vial sealed with a rubber septum, and 

brought to 40.00C in a constant temperature bath. To initiate 

reaction, a quantity of reactant was injected into the vial 

and the mixture shaken. At appropriate intervals, 0.5 milli

litre aliquots were withdrawn and quenched with 0.4 ml methanol 

in an n.m.r. tube. For most runs, 10 samples were taken over 

3-4 half lives. The spectra of the samples in the region 
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20 cps to -30 cps (relative to TMS) were recorded, and the 

peaks present integrated at least eight times. 

B. ANALYSIS OF KINETIC DATA 

All reactions studied were carried out under pseudo first 

order conditions, using [OR-] > 10[ArSiMe
3

]. Kinetic data 

were analysed with a least squares computer program, an 

93 adapt ion of the ORGLS program . The program fits a calculated 

first order curve to the experimentally obtained curve by 

varying the parameters of a function for first order decay. 

The criterion for fitting the curve is the minimization of the 

sum of the squares of the differences betwe~n actual and 

calculated observations. For reactions followed by the u.v. 

method, the function is 

= 
-k t 

P 

where At is the calculated absorbance at time t, A6 is the 

net absorbance change during reaction, and Af is the final 

absorbance. Data input consisted of approximate values of the 

three parameters A
6

, Af and k p ' and a set of observed 

absorbances with their times. Usually fourteen observatio~s, 

all equally weighted, we~e taken at increasing intervals over 

four half lives. Approximate values of kp were obtained from 

the data by the Guggenheim method
94

• 

For reactions followed by n.m.r., the trimethylsilyl 

peaks were integrated at least eight times per sample, and 

from the integrations, mole percentages of reactant present 

determined. The mean percentage of reactant in each sample 

was calculated, and the standard deviation of the mean 

calculated using the formula 
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X. is the ob 
1. 

percentage of reactant, X is the mean 

of reactant, andN is the of integrations. 

Data was analysed by least squares program using 

funct 

Pt. e + 

where is the of reactant at time t, Pt. is the 

ch in the percentage of reactant during the reaction, and 

Pf is the final percentage of reactant. Ideally, Pt. = 100, 

and Pf = 0; however, se parameters were varied to low for 

any extraneous n.m.r. signals. 

Data inpu'c consi of approximate values o~ Pt.' Pf.and 

kpl and a set of obs mean percentages of reactant, 

(weighted according to their standard deviations) their 

B. Usually ten observations were taken at increasing 

s over 3 f lives. 

Analysis using the program elded estimated values of 

rame·ters I and ir errors, as well as a set of 

calculated data po and the standard deviation of the 

curve. A sample u.v. kinet run and a.nalysis is 

shown in Appendix A. 

Sources of Error 

1. 

For all k work, AR KOH and Koch-Light 

II ssn sodium e was Any errors to 

impur s should temat eventually . in the 

culation of rates. 



2. Vo 

3. 

e 

or a 

control 

4. 

bo·th 

and to 

reac 

which 
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Heasurements: Errors ing (either in 

reaction media or in c runs) should be 

; the same equipment was 

a water bath controlled to i a.osoe by a Tempunit, 

tatted cell within the u v spectrophotometer 

to + Ooloe. 

For reactions followed by u.v., errors were 

for t reactions an accurate was used 

the scanning speeds of the spectrophotometer, 

the time necessary to ini runs. For slow 

, the same stopwatch was used to the times at 

sorbances were measured. 

For reactions followed by n.m.r., the conditions of 

react were adjusted so that the rate was s enough for 

the several seconds time delay in quenching to be in-

The quenching technique adopted was shown to be 

tra of the quenched samples were run vii thin a 

was found that negligible reaction 

over three days. 

5. the reaction medium: A blank was run with 

most llowed by u.v., and the absorbance 

medium seldom changed by more than 0.01 during the course of 

a run., the rved absorbances were corrected ac 

6. Calcu of rate constants: In u.v. runs, 

absorbances were from data to within; 0.001, 

corres absorbances derived by 

usually as close as this to the observed values. The 

standard error 

in runs cover a 

rate constant k was usual p t 
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long period, or where the absorbance change to be followed was 

small. Runs were usually carried out in triplicate with 

good reproducibility; the standard deviation (~) of the 

estimate of the mean rate constant (~ ) was usually comparable 
p 

with the standard error (0) of the individual k values (see 
p 

Table 5). 

Similarly, in nam.r. runs, reproducibility was satis-

factory although errors generally were much higher than in 

u.v. runs; in some cases a number of data points were rejected 

because they were greater than 3 standard deviations from the 

curve of best fit. As the cleavage of 2-thienyltrimethyl-

silane shows (Table 7), the u.v. and n.m.r. methods gave 

consistent results. 

C. REACTION v.~THER NUCL!2PHILES, AND IN OTHER HEDIA 

(i) Cleava,ge EY nucleophiles in DMSO and 10% v/v H20/DMSO 

Solutions of nucleophilic species in DMSO and 10% v/v 

H20/DMSO were prepared and 2 mls of each placed in vials which 

were sea'led and placed in a water bath at 40 0 C or 70oC. 

Sodium phenoxide was generated by adding an appropriate 

quantity of NaNH2 to 10% w/v PhOH/DMSO. 40 Microlitres of 

2"--thienyltrimethylsilane were introduced to each sample and the 

contents thoroughly mixed; ~ ml samples were then withdrawn 

at intervals and their n,m.r. spectra recorded to determine the 

extent of reaction. The position of the product trimethyl-

silyl peak in each case was also noted (see Tables 10,11). 

(ii) C les in other solvents 

Solutions (0 .2~1) of KOB in 10% v/v H;?,O/DMF, 10% v/v 

H2o/acetone, and 10% v/v H2o/MeoH were prepared and 2 ml of 

each placed in vials which were sealed and placed in a water 
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bath at 40°C. The outlined in (i) was llowed. 

]) 0 REAGENTS 

ed"off 

calcium hydride 

(Koch-Light) was 

reduced pressure at 80°C stored over 

molecular s s. 

Methetnol \vas over calcium ox tilled off 

the Grignard formed from magnesium and methanol, and 

stored over "molec sieves. 

-------~"~----------
was dried by the azeotropic removal of 

water with ene, redistilled, and over molecular 

sieves. 

AR grade; MeONa, NaNH2 , LiB, KF (oven 

NEt 3 , K2Si0
3

, and NaOCl were pure 

before use), ~aN3' 

E. PREPl'~RATION OF ARYLTRHlETHYLSILANES 

A s of sUbstituted phenyltrimethylsilanes, XC 6B4SiMe 3 

(where X = ~~, p-N02 , ~-CF3' ~-, 

~.-, E.-Ph, ~- f E.-OMe, H, !!:,-, £,-Me, 

prepared as ined. Tne syntheses 

methylsilane 2 uryltrimethylsi 

Most compounds were prepared by 

trimethylsilane and the appropr 

, 
, m-, E.-NMe

2
) were 

2- and 3-thienyltri-

are also described. 

Wurtz reaction from 

chloro or bramoarene, or 

by "the Gr reaction from chlorotrimethylsilane and 

appropriate Gr reactions were carried out 

under in sodium dried or dry THF, using 

ethy as an ini a trace of to 

indicate e beginning of Gr Compounds 



106 

r kinetics were identi by ir mass , and by 

the tra with spectra in 

literature. Unless otherwise stated, all gave a single peak 

checked for purity by gas chromatography on both 3% 

PDEAS/Aeropak 30 and 3% S.E. 30/Chromosorb G co 

L Tr thyl(m-nitrophenyl) silane 

The Gri from m~bromochlorobenzene (30g) and 

magnesium (3, 8g) in ether was reacted wi-th excess chlorotri-

methyls ane to (~-chlorophenYl)trimethYlSilane95 (21g, 

72%). This was treated with chlorotrimethylsilane (13.6g) and 

sodium (5. 7g) toluene to give, work up and fractional 

disti ion, ~-;-bis(trimethYISilYl)benzene95 (9.5g, 36%) b.p. 

82
0

C/4mm. ~-Bis(trimethylsilyl)benzene (5g) was nitrated96 , 

the crude product ia11y pur ied on a filtration 

column of 5% deactivated alumina using ligroin as 'solvent, 

then fractionated to give 96% trimethyl(~-nitrophenyl) 

silane, (1 , 30%). 

2. Trimet.hyl( ) silane was prepared by the method 
----=-~---~------~----~--,-------

outlined. 1. p-Bromochlorobenzene (50.2g) gave 

chlorophenyl)trimethylsilane, (17g, 35%) which, in turn, 

yielded after tallizat from me'chanol, s(trimethyl-

silyl)benzene
95

, (7.9g, 38%), m.p. 

. 96 
6 5g of this compound was nitrated and product recrystal 

liz from ligro , giving pure trimethyl(E,-nitrophenyl)silane 

(0.3g, 5%), m.p. 35-360 C, (1 .96, 370C). 

3 (m-Tri uoromethylphenyl)trimethylsi 

Excess chlorotrimethylsilane was added to the Grignard 

formed fluorotoluene (25g) and magnes 

(2 7g) in 60 mls of e I and mixture refluxed overnight. 

The reaction was hydro ammonium. 
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chlor solution, the organic phase 1 and 

phase several times th ether. The 

phase and the ether extracts were comb , washed once with 

water, dried over chloride, the solvent 

distil the crude gave 

trifluoromethylph~nyl)trirnethylsilane, (4.3g, 18%), b.p 

6loe/10 nun, (lit. 97 , 5.1oC/760 mm). 

4 )trimethylsilane was prepared from 

bromobenzen~ (20g) by method out 1 , 398 
~n • The crude 

ic 

product was brominated in acetic ac to convert the by-

product, E.-bis(trimethylsilyl)benzene, to (~-bromophenyl)tri-

ilane. Fractional distillation then gave pure 

(m-bromophenyl)trimethylsilane, (4.3g, 22%), b.p. 80oC/4 rom, 

(lit. 98 , 7SoC/l mm). 

5. '1 99 d f Slane was prepare rom 
-=~----~--~--------~~-------

ibromobenzene (lO-Og) by the method ined in 3. 

(trimethylsilyl) was brominated with bromine in acetic 

and fractional stillation pure (p-bromophenyl)-

trimethyls~lane, (11. 

146 148°C/50 flUl1) • 

, 11%) I b.p. 87oC/5.5 rom, (1 99 

6. m-

bromochlorobenzene (40g) -by the method outlined in 3, but 

us THF as solvent. Fractional distillation gave 

(!!!.~-chlorophcnyl) trimethylsilane, 

(lit 95, 206-207oC/740 rom). 

o . 
(15.2g, 40%), b.p. 80 C/8 rom, 

7 . lorophenyl)trimethylsilane99 was prepared from 

E~bromochlorobenzene (50 g) by the method used in 3, but with 

THF as solvent Fractional distill gave pure 

(E,-chlorophenyl) silane, (14 , 30%) 1 b.p. 78oC/7 rom, 

(1 99, l19-120oC/50 rom). 
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8. (m-Fluorophenyl) lsilane waR from m~bromo-
....,.-::'-v-~_~~ ___ ~=,r~""''''''"''''~~~~~·~=_ =-="""""'~-= ..... 

fluorobenzene (16g) by the method used in 3, but with THF as 

solvent. Fractional distillation gave (m-fluorophenyl) 

trimethylsilane, ( , 33%) I b.p. 58.SoC/11 mm. 

9. luorophenyl)trimethylsilane lOO was from p-

bromofluorobenzene (40g) by the method 3, bu:t with 

THF as sol ven-t. I distillation 

o phenyl)trimethyls , (17.6g, 46%), b.p. 54.5 C/lO.S mm, 

(lit. lOO , 92-930 C/60 mm). 

10. 3 silane was from 3-bromobi-

phenyl (16g) by the method used in 3, but with THF as solvent. 

Fractional distil gave pure 3 trimethylsilane 

silane A of 4-bromobiphenyl 

(20g) and chlorotrimethy1silane (llg) 25 mls of toluene was 

added dropwise to sodium (4.8g) in 50 mls of refluxing 

95 toluene . When reaction was complete, acetic acid was added 

to destroy excess sodium and the mixture washed several times 

with sodium solution and once with water. The 

organic phase was over calcium chloride, the toluene 

removed by ion and the crude recrysJcallised 

twice from methanol, giving pure 4-biphenylyltrimethylsilane, 

(5g, 26%) f m.p. 5 52oC, (lit. 95', 50-5 ). 

12. (m-Methoxyphenyl)trimethylsilane m-Bromoanisole (20g) 

prepared in 45% y Id from the me thy of !!!:,-bromophenol 

with dimethyl 01 
, was silyl by the method used in 

3, but with THF as solvent. stillation gave 

(!!!.~methoxypheny1)trimethylsi1ane, (5. , 27%), b.p. 97oC/1l mm, 

(1 " 102 216oC/'7r-:1 ) l.<C. v~' .J mm. 

! ' 
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13. 103 was from J2.-

bromoani (30g) by method outI. in 3, t using THF 

as solvent Fractional distillation pure (p-methoxyphenyl) 

° . 103 0 trimethylsilane (19g, 66%), b.p. 92 C/7.6 mm, (ll.t. , 222.5 ~ 

223.SoC/760 rom). 

from chlorobenzene 

(40g) by me'chod 0 in 11. Fractional tillation 

gave pure trimethylphenylsilane (20.9g, 39%), b.p. 58oC/ll.4 

1 0 
mm, (1 • , .171.5 C/760 rom). 

15. Trimethyl-m-tolylsi was prepared from m-bromotoluene 
. -

(19.2g) by the method outlined in 11. Fractional distillation 

gave pure trimethyl··!!!,-tolylsilane (4.9g, 20%), b.p., 70oC/11.5 

rom, (lit. 95 , 18SoC/748 rom). 

16. Trimethyl was from p-bromotoluene 

(25.6g) by the method outlined in 11. Fractional' llation 

gave pure trimethyl ' 

(lit. 95 , 192oC/748 rom). 

° 1ylsi1ane (lOg, 41%) I b.p. 67 C/7.8 mm, 

17. l)trimethylsilane was prepared J2.-bromo-

ethylbenzene (2707g) by the method outlined in Fractional 

distill gave pure (:e,-ethylphenyl) trime'thy1si (llg f 

41%), b.p. 830 C/91Uffi (1 .104, 207-208.50 C/760 rom). 

18. N,N-Dimethyl-ci- trimethylsilyl) line. !!!,-Bromo-N,N-

dimethy ine (18.2g) prepared 32% yield by 

105 methylat.ion of m-,brornoaniline with dimethyl sulphate , was 

reacted th chlorotrimethylsilanel06 by the method used in 3, 

, but \-\lith THF as solvent Fractional d tillation gave pure 

N,N~dimethyl-!!l.,~(trirnethylsilyl) 1 , (4.6g, 26%), b.p 

104oC/7.5 mm, (lit 0 107 
I 59~60oC/O 4 mm) • 

19. N,N-Dimethyl line was prepared from 

(907g) the method used in 3 but 



with THF as 
06 

Fractional distillation gave 

1 

(trimethylsilyl) aniline I (2. 6q p 28%). 

silane 

lithium, prepared from n~butyl~bromide (14 

(18.2g)108, was reacted with thiophene (40g), then 

silane (52g), after the method of ser 

110 

109 
distillation of the crude product gave 

2··thienyltrimethylsilane, (29.4g, 39%), b.p. 53°C/II rom 

(1 109 0 , l59~160 C/.748 mm). 

21. 3 silane 
------~~---~--~----~~ 

(1080g) was added slowly to thiophene (188g) in 75 

mls chloroform
llO

• The reaction mixture was washed with 

sodium hydroxide solution, then refluxed for x hours with 

ss hydroxide (133g) in ethanol. After being 

water and dried over sodium sulphate, the crude product was 

dis lIed to give 2,3f5~tribromothiophene, (467g, 66%), b.p. 

° . 113 0 140 C/20 rom (11t. i 123-124 C/9 mm), and 2,3,4,5 

thiophene (7l9 1 8%), b.p. 190oC/20 mrn. 

2,3,5-Tribromothiophene (267g) was s to a 

re uxing mixture of zinc dust (163g), acetic ac (145 mls)' 

water (400 m1s) and refluxing continued overnight. The 

reaction mixtu.re was steam distilled, to c product 

(1 ) which "vas dried and redistilled to 98% pure 

3-brorl1ot.hiophene, (95g, 70%), b.p. 159 160oC/760 rom, (lit. 110 , 

159-1600 /760 mm). 

(36g) 

A mixture of ethylbromide (50g) 3-bromothiophene 

500 m1s of ether was added slowly to ium 

(20g) in 150 mls ether and the re t 

. ht79 overnJ.g· • Ch1oro·trime"thyl (100q) 'tv-as added 

refluxing continued for four mixture 



was 

was 

cuts r 

up the usual way to give crude product (49g) wh 

1 yielding 3-thienyltrime"thylsi 

ty from 95% to 100%. 

79, l68oC). 

(5.2g, 

f 

), b.p. 

22, 2 silane was prepared from furan (40g), 
~~"'C __ ~ ____ "~.". __ ~~~~~~~ 

, and chlorotrimethylsilane by route 

for 2 1 'I 109 . 1 d' ~'l . s~ ane . Fractlona lScl lon 

1 

2- silane about 80% o pure (6g, 7%), b.p. 124 C/760 

o mm, ., 124 125 C/750mm). The best fraction was 

by gas chromatography, using a 25% Carbowax 20M/ 

Celite column. Two fractions (0.23g, 0.46g) were 

latter, 100% pure, was used for kinetics. 
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APPENDIX A 

The following shows the s involved in 1ning rate 

constants for base of imethylsilanes. The 

cleavage of (!::!.-chlorophenyl) trimethyls i1ane used as an 

e. 

(i) u.v. spectra of (m-chlorophenyl)trimethylsilane 

(2.16 x 10-3M) and chlorobenzene (2.13 x 10-3M) in DMSO (Fig. 

22) show that the most suitable wavelengths to low the 

reaction are 270 and 277 n.m.i former was chosen. 

(ii) 10% v/v li20/DMSO (2 ml) containing O.lM KOH was added to 

a 1 cm silica cell and brought to 40.00 C using thermostatted 

cell holder. To this, 4.66 x la-2M !:!l~CIC6H4Si11e3 (105 ]19.) in 

DMSO was added, solution mixed, and the absorbance of the 

reaction mixture at 270 n.m. followed using an ap~ropriate 

time scan (see Fig. 13). Allowance was made for mixing 

time required. 

(iii) Approximate values the parameters Af (final 

absorbance) . A~ (net absorbance change during reaction) 

were obtained by spection from the curve. An approximate 

value of the o·ther parame'ter k was obtained , p a Guggenheim 

plot (not shown) which was an lent straight line, 

indicating a f t order reaction in substrate. 

Note: A simpler method adopted later to find is to estimate 

the half Ii 

absorbance to drop by 50% 

k 
P 

log 2 e 

reaction, i.e. the time for the net 

Hence can be found, since 
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(iv) Data 

Approximate values: 

1. A (x 1000) = 570 

2. 

3 Af (x 1000) 330 

Table 29 

Observed Absorbances 

.- -.== 

a 
A b (xl000) o s no. of sions(cm) Time/divisionb(sec/cm) 

703 3 9.06 

664 4 .. 

627 5 " 

596 6 " 

567 7 " 

539 8 .. 

5 9 II 

481 11 " 

452 13 " 

427 15 " 

409 17 " 
388 20' " 

374 23 " . . . , , , .. 

~-- ~- . ""-"""""" 

a. Adjusted for sorbance change in the medium during the 

reaction. 

b. S each scan is divided cms, the used 

calculate res was modi to calculate the time 

observation as(secs/cm~ X 00. of ems at which the 

observat taken.) 



(v) 9u·tput 

J.R. Base C Run 5 

Number cycles in s job is 6. 

Number of parameters to be varied 3. 

Number of independent var s per observation is 5. 

Value of weighting constant is 0.0. 

ives programmed by user. 

Unit weights to be set by program. 

Parameters to be as input data. 

corrected parameters not to be saved for later use. 

Number of parameters read is 3. 

Number observations read 

Inpu)c Data 

I 

1 
2 
3 

P(I) 

0.5700E 03 
0.1350E-Ol 
0.3300E 03 

13. 

KI (I) 

1 
1 
1 

DP(I) 

0.0 
0.0 
0.0 

Agreement factors based on parameters before cycle 6. 

Sum (Wk (a-C) *~'<2) 0.10SE 02. 

SQRTF(Sum(W*(O-C)**2)/{NO-NV» is 1.0368. 

6 



J.R. Cretney Base M Chloro Run 5 

Parameters after least squares cycle 6 

OLD CHANGE NEW 

1 o 5198B 03 -.703 O.5198E 03 
2 0.1313E-01 -.528 0.1313E-01 
3 0.3401E 03 0.365 0.3401E 03 

J.R. Cretney C M Chioro Run 5 

Calculated Y Based on Parameters Before Cycle 7 

Y(OBS) 

703.0000 
664.0000 
627.0000 
596.0000 
567.0000 
539.0000 
517.0000 
481.0000 
452.0000 
427.0000 
409.0000 
388.0000 
374.0000 

Y (CALC) 

703.9446 
663.1406 
626.9128 
594.7483 
566. 
540.8369 
518.3264 
480.5962 
450.8545 
427.4 2 
408.9297 
388.2795 
373.8274 

OBS-CALC 

-0 446 
0.8594 
0.0872 
1.2517 
0.8086 

-1. 8369 
.3264 

0.4038 
1. 55 

-0.4 2 
0.0703 

.2795 
0.1726 

SIG (0) 

1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

(O-C)/SIG(O) 

-0.9446 
0.8594 
0.0872 
1.2517 
0.8086 

-1.8369 
-1.3264 

0.4038 
1. 55 

-0.4102 
0.0703 

-0.2795 
0.1726 

ERROR 

O. 50E 
0.133 
0.152 

x (1) 

27. 
36. 
45. 
54. 
63. 
72. 
82. 

100. 

X (2) 

3.0000 
4.0000 
5.0000 
6.0000 
7.0000 
8.0000 
9.0000 

11.0000 
13.0000 
15.0000 
17.0000 
20.0000 
23.0000 

Agreement Factors on Parameters Before 7 

Sum (W*(O-C)**2) 0.107E 02 

SQRTF(Sum(W*(O-C)**2)/(NO-NV» is 1.0368 

X (3) 

9 '.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 
9.0600 

Subroutine Test that job is to for reason 2. 

J.R. Cretney Base Cleavage 

Correlation 1 
2 
3 

M Ch1oro 

1.0000 
0.0 
0.0 

Run 5 

0.3676 
1.0000 
0.0 

0.0395 
0.9272 
1.0000 

CT.TIME 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

BKGRD 

o 0 
o 0 
0.0 
0.0 
0.0 
o 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

I-' 
I-' 
--.J 
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(vi) Parameter values derived 

1. At:;.. (xlOOO) 

2. k 
1 (sec ) 

p 

3. Af(xlOOO) 

(vii) 

Est 

519.8 

1.313:x 10 

340.1 

Error 

1.55 

1.335xlO 4 

1.529 

The number of independent abIes observation 

shown as 5, however only the 3 time variables are used, count 

time background are redundant. All observations are given 

equal weight. KI(I) == 1 shows that the Ith parameter P(I) is 

to be varied. 

Y(OBS), OBS, 0 

Y (CALC) , CALC, C 

ERROR 

NO 

NV 

w 

SIG (0) 

x (1) 

X (2) 

X (3) 

A erved absorbance (xlOOO) 
obs' 

At' calculated absorbance (xlOOO) 

estimated standard errors of the parameter 
estimates 

number observations 

number of parameters varied (==3) 

weight (=1 since unit weights set by 
program) 

standard erro2 in the observation (1.000 
s e \"J ::: 1/ (J ) 

observation time X(t) ~ X(2)~X(3) 

observation position (cms) 

time/scan sion (sec.cm- l ) 

sum of deviations squared 

standard deviation of a point from line. 
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APPENDIX B 

The lowing illustrates use the ORGLS least 

s program to examine linear free energy relationships. 

The example chosen is a Yukawa-Tsuno relationship involving 

the rate constants the se cleavage of substituted 

Itrime silanes 

log k = reI 
- + 0 p[o + r(o 0)] + c 

(i) Data 

Approximate parameter values 1. p = 7.00 

2. r = 1.00 

3. c "'" 0.10 

Table 30 

Observed Constants 

, 
- + 0 I + -0 Q 

, 
Sub. log 1 a a -0 Sub. log 1 a a 

~ 

~-N02 4.11 0.67 -0.03 1m-Ph 0.58 0.07 0.06 -

2 
4.00 0.63 0.06 E.-Ph 0.40 0.03 --0.17 

m=Br 2086 I 0.39 0.02 m-OMe 0.34 0.07 --0.01 - -
m-Cl 2.60 0.40 0.03 H 0.00 0.00 0.00 -
m-F 2.03 0.37 '0.00 m-Me -0.34 -0.08 0.00 .-
:e.-Br L 70 0.24 0.11 -0.58 -0.14 -0.16 

:e.-C1 1.54 0.23 0.16 E.-OMe -0.63 -0.23 -0.62 
I 



(ii) ~t}2,!-lt 

Run 219 

Number cycles this job is 6& 

Number of parame-'cers to be varied is 3. 

Number of independent s per 
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ervation is 2. 

Numerical derivatives unless r increment is zero. 

unit \veights to be set by program. 

Parameters to read as data. 

Corrected parameters not to saved for later use. 

Number of parameters 

Number of observations 

Input data 

I P (I) 

1 0.7000E 01 
2 0.1000E 01 
3 O.lOOOE 00 

is 3. 

is 14. 

K1 (I) 

1 
1 
1 

DP (I) 

0.100E 00 
0.100E 00 
0.100E 00 

Agre8me~t Factors on before cycle 6. 

SUM{W*(0-C)**2) is 0.47 00 

SQRTF (SUM (~'l* (0 -C) ** 2) / (NO-NV) ) is 0.2073 

Run 219 

Parameters a 

1 
2 
3 

OLD 

6.0625 
-0.1665 

0.1291 

r least squares cycle 6 

CHANGE 

-0.0000 
0.0000 
0.0000 

NEW 

6.0625 
-0.1665 

0.1291 

ERROR 

0.2458 
0.0611 
0.0871 

Estimated agreement factors on parameters 

SU~l(W* (0~C)id2) is 0.473E 00 

(SUf\'lO'V*(O )*"(2)/(NO~NV» is 0 2073. 

cycle 6. 



Run 219 

Calculated Y on before Ie 7 

Y (OBS) 

411E 01 
o 400E 01 
0.286E 01 
0.260E 01 
0.203E 01 
0.170E 01 
o 154E 01 
0.580E 00 
0.400E 00 
o 340B 00 
0.0 

-0.340E 00 
-0.580E 00 
-0.630E 00 

Y(CALC) 

0.422E 01 
0.389E 01 
0,247E 
0.252E 
0.237E 
0.170E 
0.168E 
0.493E 
o 1 
0.564E 
0.129E 

.356E 
-0.558E 
-0.640E 

01 
01 
01 
01 
01 
00 
00 
00 
00 
00 
00 
00 

OBS-CALC 

-0. 00 
O. 00 
0.387E 00 
0.761E-01 

-0.342E 00 
0.484E-02 

-0 5E 00 
0.870E-Ol 
0.28 00 

-0.224E 00 
.129E 00 

0.159E-Ol 
-0.219E-Ol 

0.952E-02 

SIG (0) 

O. OE 01 
0, OE 01 
0.100E 01 
O. 01 
0.100E 01 
O. OE 01 
0.10 01 
O. OE 01 
o 100E 01 
O. OE 01 
O. OE 01 
0.100E 01 
O. OE 01 
0.100E 01 

(O-C) IG (0) 

-0.1 00 
0.11 00 
0.38 00 
0.76 01 

-0.34 00 
0.484E-02 

-0. 00 
0.870E-01 
0.28 00 

-0.224E 00 
-0. 9E 00 

O. 01 
-0. 219E--0 1 

0.952E-02 

Agreement Factors ba on parameters before cycle 7 

SUM(W*(O-C)**2) is 0.47 00 

SQRTF(SUM (O-C)**2)/(NO-NV) is 0.2073 

Run 219 

Correl matrix 

1 
2 
3 

1.0000 
0.0 
0.0 

-0.4678 
1.0000 
0.0 

-0.7138 
0.5926 
1.0000 

X(l I) 

0.67 00 
0.63 00 
0.390E' 00 
0.40 00 
0.370E 00 
0.24 00 
0.230E 00 
0.70 01 

-0.300E-Ol 
0.700E-Ol 
0.0 

-0.80 01 
-O.140E 00 
-0.230E 00 

X (2 I) 

-0.30 
0.60 
0.2 
0.30 
0.0 

-0.110E 00 
-0. 00 

0.60 -01 
-0.170E 00 

.100E-Ol 
o 0 
0.0 

-0.16 00 
-0.62 00 

X(3,I) 

0.0 
o 0 
0.0 
000 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

i-' 
tv 
i-' 



(iii) Paramet~er values derived 

Parameter 1:;' .1.:, Error 

1 P 6.0625 0.2458 

2 r -0. 65 0 0611 

3 c 0.1291 0.0871 

i. e. log k reI (Fig.l0) 

(iv) anation of 

The number of independent variables per observation is 

two, i.e. ~ and 0+-0°. All observations are given equal 

weight. 

Symbol 

log 1 (observed) Y(OBS), OBS, 0 

Y(CALC) 1 CALC, C log k re1 (calculated) 

ERROR, NO, NV, W, SIG(O) as Appendix A 

x (1, n 
X(3,I) 

first variable (0) 

second variable (a+-o O) 

SUM(W*(O-C)**2} J 
SQRTF (8U1I1* (a-C) '1'* 2) / (NO-NV) ') 

as in Appendix A. 

(v) Calculation of f 

R.M.S. 

:= S.D. = 

N. . 
E (pl. _ pI. ) 
lobS calc 

f :::: 0.184 0.090. 

0.184 

122 



123 

1',PPENDIX C 

D 

1 m-NO 2 
13 II 

2 p-NO 
- 2 

14 m-Me 

3 m-Br 15 

4 3 16 E~Me 

5 m=C1 17 :e.-OMe 

6 m-F 18 m-NMe 2 

7 19 E,-NMe 2 

8 E,-C1 20 E,-SMe 

9 p-F 21 ~-NH2 

10 m-Ph 22 p-NH 2 

11 23 m-CN 

12 m-O,Me 24 :e.-CN 

o meta subst,ituents <:> para substituents 

As the a scale is derived from a correlation using the aO 

scale, the same error (+ 0.03) is used both aO and cr 

values. The horizontal components of po in the diagrams 

are based on this error. For the cleavage of aryltrimethyl-

si1anes, the errors in'log have also been calculated, 

but are not incorporated in the substituent points. For the 

reactions included in the analysis, no errors were 

avai 
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