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Abstract

Addition of acid to the pentacoordinate fluorosilane 8, leads to enhanced exchange of fluorine and loss of diastereotopicity of the

silicon methyl groups. A DNMR study of the 1H-NMR spectra suggests a dissociative mechanism involving protonation of the

fluorine leaving group. Variable temperature studies suggest that at lower temperatures the tetracoordinate form is favoured.
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1. Introduction

The mechanism of substitution at silicon has inter-

ested chemists for many years [1�/4]. Most of the

research has focussed on nucleophilic mechanisms,

particularly for substitution at four coordinate silicon.

We have been interested in the mechanism of substitu-

tion at pentacoordinate silicon and support a dissocia-

tive mechanism, as shown in Scheme 1 [5]. In the

inversion process the oxygen�/silicon bond of the

pentacoordinate species 1 cleaves to give a tetracoordi-

nate species 2, that undergoes an SN2 type exchange to

give 3 which recoordinates to give the pentacoordinate

species 4. Evidence for this mechanism comes from

dynamic NMR studies of the rates of exchange in

compounds of the type 5 and 6. In 5, the NCH2 protons

are diastereotopic and on going from 2 to 3, with

inversion of configuration, the methyl and the phenyl

are exchanged. Thus, if this inversion is slow on the

NMR timescale separate peaks will be obtained for each

CH2 proton. However, if inversion is fast, a single time

averaged peak will be seen. A similar situation obtains in

6 where the two silylmethyl groups are diastereotopic

but can be exchanged on inversion at silicon [6]. A

dynamic NMR study of the reaction of 5 (X�/Cl) with
N -methylimidazole (NMI) gave the total rate of NMI

exchange (inversion and retention) and the rate of

inversion, from which the rate of retentive substitution

could also be obtained [5]. Analysis of the kinetics, order

of reaction and substituent effects favoured the inver-

sion mechanism shown in Scheme 1. In this paper we

report the effect of acids in promoting the inversion of

configuration at silicon.

2. Results and discussion

At room temperature the 1H-, 13C- and 29Si-NMR

spectra of 7 all exhibit doublets for the SiMe2 group

owing to coupling from the fluorine (1JSi�F�/255,
2JC�F�/48, 3JHSiF�/6.8 Hz). Variable temperature stu-

dies between �/50 and �/50 8C show no changes to the

spectrum indicating that exchange of the fluorine is slow

on the NMR timescale. However, addition of a drop of

hydrofluoric acid leads to complete loss of coupling for

all nuclei.

This exchange could arise from electrophilic catalysis

by the proton or nucleophilic catalysis by fluoride ion.
At room temperature the 1H-, 13C- and 29Si-NMR

spectrum of the SiMe2 group in 8 also exhibit coupling

from the fluorine (1JSi�F�/248, 2JC�F�/41, 3JHSiF�/4.9
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Hz), however, if the concentration of 8 is increased the

fluorine coupling is lost, although the diastereotopicity

is retained. Similar behaviour is observed if the spectra

are obtained at higher temperatures. These results

suggest that flourine exchange occurs rapidly without

inversion at the silicon. The X-ray crystal structure of 8

shows some evidence for dimerisation of the type 9 [6,7].

Thus, one possibility involves a bimolecular mechanism

involving a transition state and/or intermediate of the

type 9. However, when the 1H-NMR spectrum is

obtained in the presence of the base, proton sponge,

loss of fluorine coupling is observed only at higher

concentrations and temperatures (ca. 0.4 M, �/50 8C).

This suggests that loss of the fluorine coupling arises

from electrophilic catalysis by trace acid in the sample.

We believe that fluorine exchange also occurs via a

dissociative mechanism, as shown in Scheme 2. Any

protons present in the solution will hydrogen bond with

the fluorine increasing the leaving group ability of the

fluorine and thus catalysing exchange.

To confirm this mechanism we separately studied the

effects of acid and fluoride ion. Addition of tetrabuty-

lammonium fluoride to 8 at room temperature had no

effect on the observed fluorine coupling suggesting that

nucleophilic exchange of F� is a minor route. As

expected addition of trifluoroacetic acid led to collapse

of the doublet arising from the fluorine coupling in the
1H-NMR spectrum. Variable temperature NMR stu-

dies, Fig. 1, confirmed that as the concentration of acid

is increased the rate of fluorine exchange increases in a

regular fashion in accord with an acid catalysed process,

as shown in Table 1.

Addition of acid also catalyses the permutational

isomerism of the diastereotopic SiMe2 group in 8. This

process is slower than fluorine exchange by a factor of

about 100 (Table 1). Variable temperature NMR studies

with different concentrations of acid again suggested a

simple acid catalysed process, as shown in Table 1.

Presumably, this catalysis occurs via protonation of the

carbonyl oxygen, increasing its leaving group ability and

thus the dissociative process 1 to 2.

An alternative mechanism for the permutational

isomerism involves loss of fluoride as in Scheme 2, but

instead of attack of the fluoride on 10 at the face

opposite the electronegative group, attack occurs at the

face opposite the CH2 group, as shown in Scheme 3

[6,9]. Route (b) leads to exchange of fluorine without

inversion, whereas route (a) after pseudorotation, leads

to exchange with inversion. Face attack opposite the

more electronegative group is the favoured process such

that retentive exchange is the faster process. Route (b) is

a minor pathway that is only revealed because it involves

inversion at silicon, thus, it does not violate the law of

microscopic reversibility.
Use of the Eyring equation gives the activation

parameters for the acid catalysed permutational

isomerism, as listed in Table 2. These values are very

similar to those obtained in the absence of electrophilic

catalysis and reflect a common dissociative process

[10,11].

The variable temperature studies also revealed some

interesting structural changes. Fig. 2 shows how the 19F

chemical shift of 8 changes as a function of temperature

in the presence of acid. A tetrahedral fluorosilane

exhibits a fluorine chemical shift of about �/160 ppm,

Scheme 1.
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thus N -(amidomethyl)-fluorosilanes that involve little

silicon oxygen coordination have fluorine chemical

shifts in the range �/150 to �/160 ppm. However,

pentacoordinate N -(amidomethyl)-fluorosilanes, which

involve substantial silicon oxygen coordination have

fluorine chemical shifts in the range �/110 to �/120ppm

[12,13]. This is presumably due to a reduction in the

silicon�/fluorine bond order in pentacoordinate species.

At high temperature compound 8 has a fluorine

chemical shift of �/138 ppm suggesting a reasonable

amount of pentacoordination, however, the results in

Fig. 1 suggest that on lowering the temperature com-

pound 8 becomes less pentacoordinate. This is con-

firmed by the 29Si-NMR chemical shift of 8 that changes

from �/1.7 ppm at 25 8C, to �/19.3 ppm at �/60 8C.

Fully pentacoordinate silicon compounds have 29Si

chemical shifts of around �/40 ppm, whereas tetracor-

dinate species have 29Si chemical shifts around �/30 ppm

again suggesting compound 8 is more pentacoordinate

at room temperature than at low temperature [14].

Variable temperature studies show that as the tempera-

ture is lowered such a silicon usually becomes more

pentacoordinate [15]. This study suggests that prefer-

ential coordination of the carbonyl with a proton at low

temperatures disfavours coordination with the silicon

leading to tetracoordinate silicon.

Scheme 2.
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Kummer has suggested that an equilibrium exists

between the fully pentacoordinate compound and the

tetracoordinate extremes, as shown in Scheme 4 [16,17].

On changing the temperature the position of equilibrium

shifts between 7 and 10 or 7 and 11. Since lowering the

temperature leads to a less pentacoordinate species with

a larger fluorine�/silicon bond order, this suggests the

equilibrium would be between 11 and 7. Nevertheless,

throughout the temperature range only one 19F peak

was observed. The 19F-NMR chemical shift difference

between the species 7 and 11 is estimated to be around

20 ppm, suggesting that exchange between the two

species must be very fast if the equilibrium in Scheme

4 were operating.

3. Experimental

The preparation and characterisation of compounds 7

and 8 are given in Refs. [18,7], respectively. The 1H-,
13C-, 19F- and 29Si-NMR spectra were recorded on a

JEOL JNM-EX400 and Varian XL-400 spectrometer at

399.9, 110.1 and 79.5 MHz, respectively. A standard 5

mm 13C�/
1H probe head was used. The 1H, 13C and 29Si

chemical shifts were measured using Me4Si as internal

references for 0.5 M solutions in deuterochloroform or

deuterodichloromethane. The 19F chemical shifts were

Fig. 1. 1H-DNMR spectra of compound 8 showing the Si(Me)2 resonance at various temperatures (400 MHz, mixture of CDCl3 and CF3COOH, 1�/

0.5).

Table 1

First order rate constants at 298 K obtained by NMR for fluorine

exchange and permutational isomerism of 8 in the presence of acid in

CDCl3

[H�],

M

k (s) for fluorine ex-

change

k (s) for permutational isomer-

ism

0.25 120 53.0

0.32 504 48.2

0.43 710 39.1

0.5 �/ 35.3

2 �/ 34.0

Table 2

Activation parameters for permutational isomerism in compound 8 in

CDCl3

[H�],

M

DG% (kcal

mol�1)

DH% (kcal

mol�1)

DS% (kcal K�1

mol�1)

0 �24

0 a 14.490.1 6.790.1 �2698

0.25 14.990.1 12.990.3 �793

0.32 14.690.1 12.390.2 �1093

0.43 14.090.1 11.990.1 �1396

0.5 13.890.1 12.390.1 �592

2 13.790.2 10.590.2 �1193

a In the presence of (Bu)4N�F� �3H2O (0.01 M.).
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measured using BF3 as external references. Negative

values are to high field.

Coalescence of the separate 1H resonances resulting

from diastereotopic SiMe2 groups could be determined

visually with a precision of 9/0.5 8C.

Activation parameters for the stereodynamic pro-
cesses resulting in coalescence of NMR signals were

calculated using a DNMR-SIM program [8].
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