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Abstract

Using multinuclear n.m.r. spectroscopy (1H, 13C, 2951 and 170), the

- interactions of diastereotopic (PhCHMeSiMezx; X=CL, Br, OSOZCF3) and
chiral (PhMeHSiX; X=Cl, 0SO,CFz) silanes with a diverse range of

nucleophile (Nu = amides, ureas, pyridines, phosphine oxide and amines)

are examined in detail.

The dominant species in the diastereotopic silylating solutions are four
coordinate 1:1 donic [PhCHMeSiMeZ-Nu]+X— adducts. These complexes

undergo exchange with nucleophiles and their parent silanes at a rate
~limited by the initial attack of nucleophile or counterion at the silicon
atom of the adduct. The halide counterions of stable silane-nucleophile

adducts can also induce isomerization of uncomplexed silanes.

The kinetic and thermodynamic results are consistent with the operation
of two different mechanisms for the racemizations of PhCHMeSiMéZX (x=CctL,
Br). Racemization involving less stable silane-nucleophile complexes may
proceed via rate determining attack by a second molecule of‘nucLeophiLe
at the adduct, formed in the initial, rapid, pre-equilibrium step. Two
molecules of nucleophile are utilized resulting in an order of 2 or 1.5
in nucleophile, depending upon the degree of ion-pair dissociation. An
alternative pathway is preferred with increasing stability of the silane-
nucleophile salt. Adduct formation is followed by halide exchange
Leéding to racemization of silane. One molecule of nuéleophile is

required in this case corresponding to a first>or a half order in

nucleophile.

The kinetic results are correlated with the rate of alcoholysis reported
by Frye, the relative equilibrium constant for the formation of EMe3Si-
Nudtx” complexes and the donor strength of nucleophile as measured by
Taft's Beta values. The good correlation with the Beta values provides
evidence that the rate of racemization is dependent upon the

nucleophilicity of the donor species. The excellent Llinear correlation



with Frye's Ln k4 values further verifies the mechanism first postulated
by Chojnowski. Rapid pre-equilibrium formation of ER3Si-Nu]+X- adducts

is followed by slow attack of a second molecule of nucleophile.

With strong nucleophiles, four coordinate ionic [PhMeHSi-NulTCL™ salts

undergo second nucleophilic attacks yielding stable pentacoordinate
[PhMeHSi-(Nu),17CL™ ionic adducts. The collapse of the N-methyl
resonances of DMF observed in the interactions of PhMeRSiCL (R=H, Me)

with DMF may serve as an indication of N-silylation of DMF.
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1.1 The importance of organosilicon chemistry

Organosilicon compounds are increasingly important in many areas of
chemistry, especially in organic synthesis. There are three main areas
where organosilicon reagents are particularly useful. The reactioh
pathway and hence the stereochemical outcome can be controlled in certain
cases, for example the Peterson reaction. Undesirable side reactions can
be eliminated by providing temporary protection to functional groups,
such as hydfoxy, amino or thiol moieties,m'z'S'l':I as silyl derivatives.
Silicon compounds can also serve as catalysts to enhance the reactivity
of some reagents. This can be clearly illustrated by the group transfer

polymerization process, where the silyl ether group initiates the chain

£51

polymerization reaction. In each of these areas, it is essential to

have a detailed understanding of the precise role of silicon compounds in

1

order to design more efficient reagents.

OSiR, RO RO._ _o|RO_ _o|RO OSiR,

RO fo)
o X
=

Scheme 1.1.1 Group transfer polymerization

n

1.1.1 Background of the project

Nucleophiles such as amines are generally believed to promote silylation

reactions hence they are frequently used in combination with silylating
agents.[1'2'6] Three different silylation mechanisms are currently
postulated to account for the precise mode of action of nucleophiles.

RgSiX + R'OH + Nu —_— RzSTOR'  + NuHt X~

Scheme 1.1.2 Nucleophile activated silylation of alcohol
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It was initially thought that the nucleophile was acting only as a base,
scavenging protons and driving the equilibrium towards products. 1In this

mechanism the nucleophile is not involved in the activated complex.

However this has been disputed by Chaudhary and Her‘nandez,t?:I who

provided evidence that enhancement by nucleophiles is not related to
their basicities, although a base may be required to regenerate the

catalyst in specific cases.

L8l proposed that expansion of coordination at silicon is involved

Corriu
in the initial step, leading to penta- and hexacoordinate molecular

intermediates as illustrated in Scheme 1.1.3. 1In the third mechahism,{

91 suggested that a four coordinate ionic silane-nucleophile

Chojnowski
complex is formed in a rapid pre-equilibrium step. The silylated species
then becomes the active intermediate in the subsequent rate determining

bimolecular displacement. However this concept of ionic adduct formation

was questioned by Corriu.

R3SiX + Nu === R3SiXNu = R3SiXNUHOR' —> R3SiOR' + HX + Nu

5 coordinate 6 coordinate

Scheme 1.1.3 Proposal by Corriu

RzSiX + Nu === [RgSiNul*X™ ——> RgSiOR' + HX + Nu

4 coordinate
Scheme 1.1.4 Proposal by Chojnowski

With the latter two mechanisms being kinetically identical, it is vital
to have a better understanding of the exact nature of the intermediate
species formed during silylation reactions. It js this aspect, together
with the kinetic and the thermodynamic behaviour, of nucleophile induced
silylations which is investigated in this study. A knowledge of the
stereochemistry at silicon and the kinetic behaviour are particularly

valuable in the elucidation of the mechanism of silylation reactions.
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1.1.2 Outline of the project

This work has bearing on the mechanism of substitutions at silicon which
is the fundamental reaction in the synthesis of siloxane polymers.
Functionalized silanes having diastereotopic methyl groups attached to
the silicon atom, RCHMeSiMe,X (R=Et, 'Bu, Ph; X=Cl, Br, 0S0,CF3), were
synthesised. The majority of the work concentrates upon the nature of
the interactions of these compounds with a diverse range of nucleophiles.
Structural changes in both silanes and nucleophiles, as well as their
kinetic and thermodynamic behaviour are assessed in detail. In several
cases, solid-nucleophile adducts were isolated and characterized. The
structural and electroni¢ factors governing the interactions between
silanes and nucleophiles are briefly surveyed by studying silanes with

various aryl or alkyl groups.

Multinuclear n.m.r. spectroscopy has proved to be an extremely powerful,
‘easy and convenient tool for obtaining structural and dynamic
information, thus it is predominantly employed in this work. For
instance silicon-29 n.m.r. spectra provide useful information on the
coordination number at silicon. The dynamic n.m.r. technique (DNMR) is
particularly valuable in studying chemical exchange processes and
obtaining kinetic data as well as thermodynamig parameters, by examining
the exchange-broadened spectra using total bandshape analysis. This
method has numerous advantages over other'cLassicaL kinetic approaches.

A more detailed analysis on this technique is given in a later section.

1.2 Physical properties of organosilicon compounds

A comparison of the chemistry of silicon and carbon is useful to fully
comprehend and hence predict the behaviour of organosilicon compounds.
The successful and extensive use of organosilicon reagents in organic
synthesis can be interpreted in terms of the fundamental physical
properties of silicon. These include the electronegativity of silicon,

the bond strengths of silicon to other elements, hyperconjugation and the
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participation or lack of involvement of its valence p- and empty d-

orbitals.

The major difference between the chemistries of carbon and silicon is
often interpreted with reference to the possible expansion of
coordination at silicon. Hypercoordinate carbon compounds are not common
in organic chemistry but they play an important part in organometallic
chemistry; a pentacoordinate carbon species with trigonal bipyramidal

£10,113

geometry has been isolated. In contrast, a Llarge number of penta-

and hexacoordinate silicon complexes have been identified, many of which

[121 The relative ease

have been characterized by X-ray crystallography.
of silicon in extending its coordination shell to accommodate more than
four ligands can be related to its size, the bond lengths,

hYperqonjugation and the utilization of low lying vacant d-orbitals for

bonding.

The addition of an extra valence shell of electrons, descending down each
group of the periodic table, is reflected in the increase in the covalent

radii of the elements. Silicon is considerably larger than carbon (77

pm for € and 117 pm for S1');|:13:l nucleophilic attack is therefore
faciLitated. In nucleophilic substitution at carbon the bond to the
Leaving group must be broken, at least partially, prior to nucleophilic
attack. 1In the case of silicon, the bond can be broken more readily

owing to its increased length compared with the carbon analogues (189 pm
for Si—C and 154 pm for C—C bond).[éj Furthermore, the pentacoordinate

transition state is less sterically hindered and more stable therefore
its formation is facilitated. The combination of these factors helps to
minimise steric strain and stabilize extra covalency at silicon, thus the

reactivity is promoted by lowering activation energies.

Several scales of electronegativity have been established, however the
values remain relatively consistent whichever scale is chosen. Silicon
js significantly less electronegative than carbon (H, 2.79; €, 2.35; Si,
1.64),[6:l thus polarization of the Siaﬁ——ca' bond results. This also

helps to explain the greater susceptibility of silicon towards
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nucleophilic attack, although it is also important to take into account
of electronic factors, for example the presence of electron donating (+I)

substituents on silicon, which may offset this trend.

Compared with their carbon analogues, silicon forms markedly stronger
single bonds with electronegative elements (oxygen, fluorine and
chlorine) but weaker ones with carbon, nitrogen and hydrogen. The
relative inertness of the Si—F bond to hydrolysis reflects upon the fact
that it is one of the strongest single bonds known. It is rather
surprising that the Si—X bonds can be cleaved more readily than the
corresponding bonds to carbon, considering their significant strengthé.
This may be attributed to the greatef poLariéabiLity of.the bonds
relative to their carbon counterparts. Partial double bond character, as
a consequence of pr-dr bonding is believed to be responsible for the
considerable strength of the Si—0 bond; the dative oxygen 2p lone pairs ‘

overlap with the empty 3d orbitals of the adjacent silicon. A more

quantitafive jllustration is shown in the following table.

Table 1.2.1

Approximate bond dissociation energies of Si—X and C—X bonds“l’:l

Bond Bond dissociation energy Bond Bond dissociation energy
Ckdmol™T) (kdmol™™
si-C 318 ' c-C 334
Si-N 320 C-N ‘ 335
Si-H 339, 378, 382 C-H - 340
si-cl 471 ; c-cl 335
Si-0 - 531 c-0 340
Si-F 807 C-F ‘ 452

There are three main areas of organosilicon chemistry where d-orbital
participation is considered to be important. They are useful in the
formation of additional & bonds, the stabilization of reaction

intermediates and transition states, as well as in the formation of
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internal = bonds by accepting electrons from atoms such as nitrogen,

halogens, oxygen or carbon in moieties capable of conjugation.

The utilization of d-orbitals to form § bonds is well established as
demonstrated by the octahedral hexafluorosilicate ion, SiFéz_, where
silicon forms six 3sp3d2 hybrid bonds with the fluorine atoms. The fast
SNZ reactions at silicon of chiral silicon compounds observed by
Sommert15] are consistent with the hypothesis that the involvement of d-
orbitals Lowers the transition state enefgies. The contribution of d-
orbitals in the m-bonding of silicon is, nevertheless, highly

controversial; a comprehensive account of the arguments has been covered
£13,16,17,181

by several authors and will not be discussed in detail here.

The extent of d-orbital contribution by silicon has been investigated by

Kanyha et aL.[19]

using multinuclear n.m.r. spectroscopy and evidence for:

L[131

pr—-dr bonding is provided. Ebswort proposed that d-orbital

participation is not essential for the expansion of coordination.
[20]

Pitt preferred to employ the hyperconjugation or 5-8*7conjugation

hypothesis in explaining the electronic properties of organosilicon

compounds... However Nagy et aL.[17] stressed that both the
hyperconjugation effect and d-orbital contribution have to be considered

in interpreting any experimental outcome.

A recent detailed review on the theoretical aspects of bonding in carbon-
functionalized silanes has been provided by Ponec.[18] He concluded that
both Ccncepts should only be treated as simplistic models, however no
alternative hypothesis was proposed. A more sophisticafed quantum
mechanical treatment is necessary to fully understand the bonding in
organosilicon compounds, nevertheless the d-orbital participation and

hyperconjugation approaches serve as useful and qualitative guides.
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1.3 Stereochemistry and coordination at silicon

Hypercoordinate silicon compléxes are formed as a EesuLt of the
interactions between neutral tetracoordinate silanes and nucLeophfLes,
which normally contain one or more electronegative atoms such as
fluorine, chlorine, oxygen or nitrogen. Aliphatic or heterocyclic amines
and nitriles are typical nitrogen donor ligands; however no open chain

complexes containing oxygen donor species have been observed to date.

It is important to assign the geometry of a silane-nucleophile adduct
correctly, otherwise confusion in the coordination number at silicon may

result. A compound of known molecular composition may adopt a number of
geometrical structures.£21] For example a R3SiNuX species may exist in
two different geometries, four coordinate tetrahedral ionic or

pentavalent trigonal bipyramidal covalent with sp3d hybridization at

silicon. Similarly, for an adduct with a formula of RzSiXNuy, there are

two possibilities, it can be either a pentacoordinate trigonal
bipyramidal ionic species or alternatively a six coordinate covalent

octahedral compound having sp3d2 hybridization at the silicon atom.

Multinuclear n.m.r. spectroscopy, conductivity measurements and X-ray
crystallography have proved.to be extremely helpful for determining the
coordination number at silicon. The structures of the pyridine—Me3SiX

(X=I, Br) solids were resolved by Hensen et al.[22) yith the application
of X-ray crystallography. Chojnowskitg] used phosphorus-31 n.m.r. and

conductivity studies to characterize 1:1 HMPA-Me3SiX (X=1, Br, CbL)
adducts. The phosphorus-31 n.m.r. chemical shifts of the adducts were
very similar, irrespective of the counterion, thus indicating that the
complexes adopt a four coordinate tetrahedral geometry. The formation of
ionic complexes was confirmed by the findings from conductivity
measurements. However these observations have been strongly questioned

by (:or'r"iu.m:l

Some examples of penta- and hexacoordinate silicon complexes, which have

been isolated and identified, are presented in Figure 1.3.1. The
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pentacoordinate complexes
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Figure 1.3.1 Examples of penta- and hexacoordinate silicon complexes
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stereochemistry of hexacoordinate silicon compounds is usually octahedral
-with several electronegative ligands. The majority of five coordinate
silicon complexes have a trigonal bipyramidal structure, although a

" series of siLicon‘compounds with geometries varying from trigonal
bipyramidal to square pyramidal was reported by Holmes.[12]
Pseudorotation has recently éained popularity as an alternative mechanism

for nucleophilic substitution at silicon, although this proposal has been

L153 Internal ligand exchange or pseudorotation is a

presented before.
distinct feature in the chemistry of trigonal bipyramidal molecules, thus

the observation by Holmes is a particularly interesting one.

1.4 Silicon-29 n.m.r. spectroscopy

The changes in the chemical shifts of the carbon and the proton atoms
attached to a silicon atom often provide cbnsiderable information about
the changes in the environment and the stereochemistry at silicon.
Moreover, silicon-29 n.m.r. spectroscopy has proved to be an even more
powerful tool and has become a rouﬁine technique in the structural
elucidation of organosilicon compounds.t23'24’25'26] The knowledge
gained from the peripheral nuclei may not be related to the actual events
taking place at the site of coordination i.e. the silicon atom. Its use
as an analytical technique has expanded rapidly over the Llast decade,'in
parallel with the development of improved multinuclear n.m.r.
spectrometers of increasing sensitivity. Nonetheless difficulties are

still encountered in making silicon-29 n.m.r. measurements.

Silicon=29 has a low natural abundance of 4.67% and a negative
gyromagnetic ratio ¥ of -0.555, which means that under proton decoupling
conditions the nuclear Overhauser effect enhancement (NOE) is negative,
causing a reduction or cancellation of the silicon-29 signal intensity.
Its characteristic long spin—-Lattice relaxation (T1) prolongs the data
accumulation times, which hinders the observation of silicon=29 n.m.r.
signals. Fortunately, the recent introduction of special pulse

€271

sequences, particularly the polarization transfer techniques,
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together with the application of paramagnetic relaxation reagents have

overcome these problems by enhancement of sensitivity.

1.4.1 Sensitivity enhancement techniques

Transition metal complexes such as chromium acetylacetonates, Cr(acac)3,

can serve as paramagnetic relaxation agents. The presence of a small
concentration (ca. 1%) of these compounds can increase the sensitivity of
silicon=29 n.m.r. by shortening its spin-lattice reLaxatioﬁ time and
allowing faster pulsing. However the drawback of this approach is that
these reagents may contaminate the samples under investigation, and react

with the organosilicon compounds producing undesirable side reactions.

The fundamental mechanism of polarization transfer involves the
application of a weak irradiation on a sensitive nucleus with a large
gyromagnetic ratio and considerable Boltzmann population difference. The
nuclear spin polarization induced is then transferred from the sensitive
nucleus e.g. proton to the insensitive one such as silicon-29, thus the
intensity of a silicon-29 signal is increased significantly. The degree

of enhancement of the silicon signal normally depends upon the number of

[24]

coupled protons. Another advantage of this technique is that the

short relaxation time of the proton nuclei enables fast pulsing, which

may reduce the recording time by 30 to 300 foLd.EZ?J

In the INEPT method (Insensitive Nuclei Enhancement by Polarization

?lransfer), the enhancement is governed by the pulse parameters, which can

be evaluated from the 1H——29S1' coupling constants. Improper use of. these
parameters may lead to signal distortion or cancellation, therefore it is

essential to have a knowledge of coupling constants.
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1.4.2 Factors affecting silicon-29 chemical shifts

In spite of the numerous suggestions for reference compounds,
tetramethylsilane (TMS) is now accepted as the reference standard for
silicon-29 as well as for carbon-13 and proton n.m.r. spectra. At
present, the span.of silicon-29 n.m.r. chemical shifts reported is
greater than 500 ppm, although most organosilanes can be found within a

250 ppm range.[23’24]

Silicon-29 n.m.r. chemical shifts are generally influenced by both

electronic and steric effects, introduced by the substituents.[26] These

inter-related factors may reinforce or oppose each other. The silicon
chemical shifts are dependent upon the electric field and magnetic
anisotropy of the neighbouring groups and the polarization of the Si—X
bonds, which is controlled by the electronegativities of the
substituents. These inductive effects can lead to a decrease in the
nuclear shielding at silicon. Nevertheless, back donation as a
consequence of the involvement of d-orbitals in pr=dr bonding increases
nuclear shielding. The coordination number at silicon as well as the
deviation from the tetrahedral bond angle are also major factofs

affecting the silicon chemical shifts.

As yet, no satisfactory theory has been developed to encompass both
electronic and steric effects in predicting the silicon-29 chemical
shifts. An empirical attempt in correlating the substituent

electronegativities with the silicon chemical shifts yields a U-shaped

curve for a given series of siLanes.[23'24]

For example, with Mensix4_n,
where X is an electronegative substituent; as the methyl groups are
replaced by chlorine atoms an initial increase followed by a gradual
decrease in chemical shift is observed. Prediction is made easier when
the structural changes occur at a site remote from the silicon, since the
silicon shielding becomes dependent mainly upon the electronic effecté of

the substituent.
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The solvent dependence of silicon-29 n.m.r. chemical shifts are usually
not significant‘(smaller than 1 ppm), however pronounced chemical shift
changes of greater than 5 ppm have been observed for specific classes of

[28]

organosilanes. An excellent linear correlation is obtained when the

silicon chemical shifts of a series of silanols and silylamines are

£29,303 which measures

plotted against the Gutmann solvent donor number,
the electron pair donor ability of the solvent. Such changes in chemical
shifts are normally accounted for by solvent-solute interactions. Strong

hydrogen bonding of the type R3Si—-0—-H6——-:donor together with repulsion

of the 0—H bonding electrons with the donor solvent electron pair
contribute to an increase in the electron density at silicon. This
indicates that solvent donicity plays an important role in the chemical
shifts of silanols, with basic solvents inducing pronounced shifts to

lower frequency.
1.4.3 Structural elucidation

As emphasized earlier, éiticon-29 n.m.r. offers a unique approach for
determining the coordination number at silicon, since the chemical shifts
of extracoordinate silicon complexes deviate significantly from those
observed for comparable tetravalent silicon compounds. For example in
_the’formation of silatranes, a shift of about 20 ppm to lower frequency
on going from four to five coordination is reported.[313 Although the
chemical shift ranges for each coordination number at silicon overlap
considerably, the assessment of the stereochemistry at silicon from a
given silicon chemical shift is relatijvely straightforward provided that
analogous silicon compounds with the same R groups are compafed. The
currenfly recognized chemical shifts for penta- and hexacoordinate
silicon complexes ‘range from =176 ppm to -53 ppm and -200 ppm to =120 ppm

respectively.t23’24]

X-ray'crystallography and the recently developed high resolution solid
state n.m.r. have become invaluable for studying hypercoordinate silicon
species, which dissociate readily into their individual components in

solutions. These two techniques are also useful for investigating
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whether the structures remain consistent in both solid and solution
phases, by comparing with the data obtained from solution state n.m.r.
studies. Good agreement between structures resulting from solution state

n.m.r. and that from solid state n.m.r. together with x-ray studies has

been report‘ed.l:zl’:I

1.5 Dynamic nuclear magnetic resonance spectroscopy

1.5.1 Genefal background

Dynamic n.m.r. (DNMR) is an application of n.m.f; spectroscopy employed
to examine the changes in n.m.r. spectra arising from a chemical exchange
process.[32'33j N.m.r. spectra provide considerable information
concerning the changes in the environment of magnetic nuclei, induced by
exchanges between sites with different chemical shifts and/or different

coupling constants.

The Line shape of a n.m.r. signal is related to the Life time of the
species under study, which can be expressed as the reciprocal of a rate
constant as well as a function of Larmor frequency and spin-spin

transverse relaxation time (Tz). A dynamic process usually causes a
change in the Larmor frequencies and the magnetization of the species,
therefore the Lline shape of n.m.r. signals is dependent upon chemical
exchange processes. Hence evaluation of rate constants of such processes
is feasible by examining the variation in the line shape of n.m.r.

signals.[32’33] : '

The growing popularity of this technique may be due, in part, to the
advent of sophisticated n.m.r. spectrometers since Line shapes dépend
very crucially on field homogeneity, together with fast digital computers
for storing and calculating spectral data using a quantum mechanical

density matrix technique. Furthermore, it possesses several advantages

compared with other classical kinetic methods.[33]
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DNMR can be applied to fast, first or pseudo-first order and reversible

processes. Activation parameters as well as a diverse range of rate

constants (1077 to 107 s™1) with energy barriers of 20 to 100 kdmol ™1
can be evaluated. It provides direct information about the nuclei
affected by exchange, which is often very difficult to achieve by other
methods. Systems at thermodynamic equilibrium and/or degenerate systems,
in which exchanges lead to molecules indistinguishable from the original
ones, can be investigated using this technique. Dynamic processes can
also be studied over a wide range of temperatures since n.m.r. spectra of
many compounds are temperature dependent. Furthermore, this method is
invaluable in that it helps in the elucidation of exchange pathways,
mechanisms and conformational transformations using standard n.m.r.

equipment.

Some typical examples of dynamic reactions studied by DNMR are inversions
of lone electron pairs on nitrogen and phosphorus, inversions of cyclic
and heterocyclic rings, degenerate valence isomerizations, intramolecular
rearrangements énd hindered rotations around sterically crowded systems
with partial double bond character, for instance the hindered rotation of
the C(0)—N boﬁd in N,N-dimethylformamide. The theoretical background
and the statistical treatment of this technique are extremely
complicated. This topic has been reviewed eLsewhere[33] and thus will

not be discussed here.

1.5.2 Line broadening of n.m.r. signals

The bandshape of a n.m.r. signal is determined by parameters such as the
chemical shifts of each exchanging magnetic environment or site (v), the
coupling constants (J), the populations of each site (p), and the natural
Linewidth (w) which is related to the spin-spin transverse relaxation

times (TZ)'

Consider a two-spin system where nucleus A is undergoing chemical

exchange with nucleus B, induced either by the addition of a catalyst or
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an increase in temperature, the chemical shifts are Va and Vg with
Linewidths w, and wg respectively. At slow rates of exchange, slight

line broadening of each species is observed, the broadening becomes more
pronounced as-the rates increase until the two signals merge and
coalesce. Further increases in the exchange rate cause gradual
sharpening of the signal until eventually an averaged signal with natural
linewidth is observed. The chemical shift of this signal is governed by
two factors; the relative populations and the positions of the two

exchanging species (A and B), as demonstrated by the following equations.

Vobserved = VAPA t VgPp : Equation 1.5.1
Pp *+ Pg = 1 Equation 1.5.2

An illustration of the changes in the Lline shape of the tQO'n.m.r.
signals as a result of the exchange between two equally populated,
uncoupled sites is given in Figure 1.5.1. The signals of species with
equal populations broaden rapidly in a symmetrical manner, accompanied by

a change in the chemical shifts.

Comparatively Llittle use has been made of silicon-29 n.m.r. in dynamic
n.m.r. line shape analysis, this may be largely owing to the signal;to-
noise problem. 1In many cases, a further obstruction arises from the
greater separation of the peaks, which can result in the disappearance of

the signal into the baseline at coalescence.

1.5.3 Evaluation of rate constants

One of the main objectives of studying the exchange-broadened n.m.r.

spectra is the evaluation of rate constants. There are various methods

of analysing the n.m.r. spectra of exchanging systems;[33] the complete
Line shape technique is the most accurate and reliable, however it is
time=-consuming and laborious. For very simble, uncoupled spin systems,

approximate rate constants can be calculated using simplified methods.
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Figure 1.5.1 Line broadening of n.m.r. signals
Calculated bandshapes for an uncoupled, two site exchange system with
equal populations (PA = Pg, T5 = 0.2, 6v = 600Hz), scaled to the height

of the reference peak C.
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These rely upon the relations between rate constant and the readily
measured parameters -such as peak separations, bandwidths at half maximum

intensity, ratio of maximum to minimum intensity.

The equation derived from the separation of exchanging sites (where 8v is
measured in Hertz) at coalescence is one of the most commonly used

expression for obtaining an approximate rate constant.

k = — _ Equation 1.5.3

However this expression is only valid if the peak separation (8v) and the
rate constant (k) are much greater than the Llinewidth in the absence of
exchange. If this condition is fulfilled, the calculated rate constant
is réasonably'accuhate. The main limitation of this approach is that it

provides the rate constant at one temperature onLy.

Precautions must be exercised for a non-exchanging system to obtain
symmetrical, narrow Llines with Lorentzian linewidths, otherwise
significant errors will be introduced into the total Lline shape anaLySis.
The concept behind this technique 1is to compare the entire experimental
spectrum, recorded at a specific temperature, with a series of
theoretical spectra calculated for different rate constants. The
computer evaluated spectra can be plotted on the same scale as the
experimental spectrum. The best possible fit and hence the correct rate
constant can be found by trial and error matching, either visually or by
a computer, of the spectra. If computer matching is adopted it is
advisable to make a visual comparison of the final calculated spectra
with the experimental ones to eliminate obvious errors. A comparison of
the experimental and theoretical data will be provided in the following
chapter. More sophisticated computing programs are now available to suit
individual needs. This line shape analytical approach is superior to the
one~parameter approximation methods since all the information contained
in the bandshape is analysed, therefore it is less susceptible to

systematic errors and errors in the measurements.
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1.5.4 Evaluation of activation parameters

According to Arrhenius, molecules must possess an excess quantum of
"energy known as the activation energy (Ea) prior to reaction, thus the
Arrhenius activation theory is based on the equilibrium established
between the activated and unactivated molecules. The treatment of this
equilibrium with the van't Hoff isochore gives the Arrhenius equation.

-E_/RT
k=Ae @

Equation 1.5.4
Activation parameters can be indirectly measured by examining the
variation in the line shapes of n.m.r. signals at different temperatures
to determine the rate constahts for the series of temperatures
studied.[32’33] However this approach relies upon two important
assumptibns; namely, the temperature independence of the peak separation
and the linewidth at half-height of the n.m.r. signals in the absence of

exchange.

An Arrhenius plot of the natural Logarithm of the observed rate conétant
against the reciprocal of temperature yields the Arrhenius activation
‘energy (Ea) and the pre-exponential or frequency factor (A) for the
reaction investigated, both E; and A are also assumed to be independent
of temperature. From transition state theory the activation parameters,
the enthalpy (aH*) and the entropy (as*) of activation, together with the
free energy of activation (AG*), can be evaluated using the following
equations. It is importaht to note that all three entities are

temperature dependent.

AH = E;- RT Equation 1.5.5

st = R InC ) - R Equation 1.5.6
kT

set = aWt - TS Equation 1.5.7
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kB is the Boltzmann constant with the value 1.3805 x 10723 JK_1, h is
Planck's constant 6.626 x 10—34 Js, T is the absolute temperature in
Kelvin and K is the transmission coefficient which is the fraction of
activated molecules reaching the transition state and proceeding to form

product molecules, it is usually set as 1.

The importance of this témperature dependence factor can be reduced by
applying the Eyring'equation which is based on statistical
thermodynamics. The plot of Ln(k/T) against 1/T gives a straight line
with a slope of -AH*/R and an intercept of ln(Kkg/h) + as* /R.

' $
kgT -4H AS

) exp( ) exp(

%

k =K ( ) Equation 1.5.8

1.5.5 Analysis of errors

As mentioned earlier, additional Lline broadening due to magnetic field
inhomogeneity and partial saturation of the resonance signal may
introduce a large systematic error. Fortunately these errors can be
eliminated by using an internal standard which is not affected by the

exchange process under investigation.

It is crucial to have a reasonable chemical shift difference in order to
achieve an accurate determination of the rate constants; this is
particularly essential'when the experiment is performed over a narrow
temperature range. The assumption that the peak separation and the
linewidth at haLf—height of the n.m.r. signals, in the absence of
exchange, are temperature independent may not be always valid. It may be
necessary to measure their temperature dependence during slow exchange
and extrapolate to temperatures where fast exchange take place. The
precision of the s and 8s* values depends upon a large chemical shift

separation and a wide temperature range.

The accuracy of the rate constants may be greatly improved if the

simulation is based near the coalescence region rather than near the fast
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and slow exchange Limits. The poor signal-to-noise ratio around the
coalescence point may also create considerable problems in the comparison

of the experimental and theoretical data.

1.6 Stereochemistry of nucleophilic substitution at silicon

As in many reactions, nucleophilic displacements at silicon are affected
by the nature of the substrate, the leaving group, the nucLeophile and
the solvent. Unlike carbon, substitution reactions at silicon generally
proceed with high stereoseledtivity, either retention or inversion of

configuration at silicon and only rarely racemization.

1.6.1 Frontier-orbital hypothesis

Anh and Minottsk] provided a theoretical Frontier-orbital treatment to
rationalize the geometry of attack by nucleophile at silicon. This
Frontier-orbital approximation is based upon the Salem orbital treatment
of the Walden inversion. It is assumed that the major interaction during
a reaction is that between the HOMO (Highest Occupied Molecular Orbital)
of the nucleophile and the LUMO (Lowest Unoccupied Molecular Orbital) of

the silane S*Si——X‘

bst MO,
inversion wsmmwO%H

Q —os ) pxO
o ) 3’
b retention -

Nu

Figure 1.6.1 Geometry of attack by nucleophile

As described in Figure 1.6.1, the front side attack of nucleophile on the

hybrid orbital of silicon leads to retention of configuration. When the
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unfavourable out-of-phase overlap between the nucleophile and the orbital
of the leaving group predominates, inversion of configuration takes place

with the nucleophilic attack at the rear side of the molecule, opposite

to the leaving group. .

The site of attack depends upon the extent of in-phase or out-of-phase
overlap between the HOMO and the LUMO orbitats.[35] The
electronegativity of the leaving group and the nature of the nucleophile
have dramatic effects on the size.of the LUMO and the HOMO orbitals
respectively. The s character at the silicon atom increases as the
leaving group becomes more electronegative, a bigger lobe between silicon
and the leaving group results and retention of configuration is therefore
favoured. Rear side attack is enhanced with a soft nucleophile having
diffuse valence orbitals since the unfavourable out-of-phase overlap with
the leaving group dominates and cannot be ignored, thus inversion of
configuration is observed. The energy level of the HOMO orbital of the
nucleophile is also an important factor in determining the geometry of

attack.

1.6.2 The structure of silanes

The reactivity of a silane is a delicate balance between steric and
electronic effects of the substituent, the latter includes the inductive
and conjugative effects together with anchimeric assistance. Retardation
of the solvolytic rate of trialkylchlorosilane is observed when an
electron releasing group, for example an isopropyl group, or a sterically
bulky ligand such as the phenyl ring or naphthyl group is introduced to

the silicon skeLeton.[36'37]

The successful application of steric parameters, derived from the

reactivities of carbonyl compounds, to the reactions at silicon allowed

Cartledge[38] to establish a set of parameters to describe the steric

€151

effects at silicon specifically. Sommer stressed that cyclic silanes

behave very differently mechanistically and stereochemically from acyclic
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ones. Nucleophilic substitution of cyclic silanes normally occurs with
retention of configuration, if the leaving group is not a part of the
ring. However a shift towards inversion is observed when both the

silicon atom and the Leaving‘group are in a strained ring.

1.6.3 The leaving group

The dependence of the reactivity of silanes, R1R2R3Six, towards

nucleophiles upon the nature of the leaving group is reflected by the

£35] The tendency of halosilanes to undergo

observations made by Corriu.
racemization and the pfeference for inversion over retention of
stereochemistry upon nucleophilic attack at silicon both follow the same
trend as that of the relétive ability of the leaving group to be
displaced. However the attempted correlation of the stereochemistry of
nucleophilic displacement at silicon with the PK, of the conjugate acid
of the leaving group or its electron polarizability has not been

satisfactory.

Corriu further proposed that the abitify of silicon compounds to
pentacoordinate is not related to the electronegativities of the
substituents but depends upon the tendency of the S$i—X bonds to be

~ stretched under the influence of an incoming nucleophile. His extensive
n.m.r. studies on the o-(Me,NCH3)CgH,SiRX5 and o-(MeZNCHz)C6H4SiXR1R2
systems indicate the formation of an intramolecular Si—N bond, leading
to the expansion of coordination at silicon. The relative ease of

pentacoordination at silicon can be summarized by the following sequence.
X =18r, CL, OAc > SR, F > OR, H

The variable temperature fluorine-19 n.m.r. studies on a very similar
silane o-(MeZNCHZ),Si(*'IeFXB"-:I led Corriu to define a scale of relative
apicophilicity of the various substituents on silicon. Apicophilicity is
a measure of the ability of the ligands on silicon to adopt an apical

position within the trigonal bipyramidal framework relative to the
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nucleophile. The apical and equatorial fluorine atoms can be
distinguished owing to their different 19F n.m.r. resonances. As the
temperature is lowered the n.m.r. signal either shifts to lower field
indicating that it is apical, or to higher field showing that.it is
equatorial. The fluorine atom occupies the apical position when X=H, OR
or NR, or equatorial when X=ClL. Moreover when X=p-YC6H4C02 (Y=H, OMe,
NOZ), a mixture of the two configurations results, the ratio of Faxial o

F L depends upon the nature of the para substituent Y.

equatoria

Analogous to the ease of pentacoordination, apicophilicity is not
affected by electronegativity. Furthermore the ease of expansion of
coordination at silicon, the increasing apicophilicity, the increasing
rate of racemization as well as the increasing proportion of inversion of

configuration all follow the same order.

1.6.4 The attacking nucleophile

The stereochemistry at silicon is usually affected by the nature of the
nucleophile. Nucleophilic substitution at silicon normally proceeds with
inversion of configuration for silanes with good leaving groups such as
bromide and chloride, except with very hard nucleophiles. Apart from the
case wWith Ph,CHL1, retention of configuration is predominantly observed
when poor leaving groups such as H are involved. However with moderately
good leaving groups, such as SR, F or OMe, the stereochemical outcome is

largely governed by the nature of the incoming nucleophile.

According to Corriu[35], for a given leaving group, hard nucleophiles
lead to retention whereas soft nucleophiles give inversion of
configuration at silicon. Hard nucleophiles, for instance Ar , PhC=C~
and RLi, have localized negative charge and prefer equatorial attack on
silicon giving retentibn; however, the reverse is observed for good
Leaving groups for example bromide and chloride. Soft nucleophiles, such

as benzyl or allyl anions as well as Grignard reagents with more covalent
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C—Mg bonds, possess delocalized negative charge and tend to attack from
an apical position yielding inversion, unless the leaving group is
exceptionally poor. By altering the properties of the solvent, the
nature of the hucLeophiLe can be reversed, from a hard to a soft dne,

thus a corresponding change in the product stereochemistry results.
The general relationships between the various contributing factors
affecting the stereochemical outcome of nucleophilic substitution at

silicon can be outlined as follows.

H < OMe << F, SR << CL < Br, OCOR, OTs

Stereochemistry: retention inversion
Nature of nucleophile: hard soft
Racemization -ability: e

Pentacoordination ability: —p
Ease of displacement: | —_

- 1.6.5 The solvent effects

Prediction of the stereochemical outcome of nucleophilic substitution at
silicon is further complicated by the dual characteristic of a solvent,
namely, its donicity and its dielectric constant. The donicity of a
solvent measures its Lewis base strength or its ability to behave as a
nucleophile. The dielectric constant describes the dipole-dipole
interactions within the solvent molecule and reflects the ability to
solvate charged species. However it should be noted that the polarity or
the dipole moment is also responsible for the solvating potential of a
solvent. The balance between the nucleophilicity and the dielectric
constant of a medium is important in determining the outcome of a

reaction.

 Consider the simple process of the jonization of a covalent compound to

give a pair of dissociated ions, as illustrated by the following scheme.
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st + AB == (st BT == nt + B
solvent jon pair separate solvated
ions

Scheme 1.6.1 Formation of unassociated solvated ions

The ihitiat formation of the ion pair, as a result of ijonization, depends
targely upon the nucleophilic property of the medium, contrary to the
classical belief that the ionizing power of a solvent depends on its
dielectric constant. The dielectric constant of a solvent is the major
factor in determining the degree of dissociation of the ions in the
subsequent step. vThus the concentration of the fully dissociated ions 1is

governed by both properties.

it is therefore crucial to distinguish the role of a solvent in
nucleophilic displacements at silicon}‘ For example, the stereochemical
outcome of the reaction between chlorosilanes and methanol is completely
altered from one producing inversion to one yielding retention, merely by
changing from a non-polar solvent to a polar one such as HMPA, DMF or

DMSO. Using solvents with very low dielectric constant but moderate
donicity to study the racemization of chlorosilanes, (Zorr"iu[:”S:I
discovered that, in these systems, the nucleqphiLiCity of the solvent

becomes much more important than its ability to stabilize and solvate a

charged intermediate.

Several solvent parameters have been defined as measures of the solvent

properties. Gutmannt29'30] believed that the strength of a coordinate
donor-acceptor bond depends partly on the donor and acceptor properties
of the donor and acceptor respectively, and hence proposed two parameters
a donor number (DN) and an acceptor number (AN). The donor number (DN)
is based on the measured reaction enthalpy in the 1:1 adduct formation

between the solvent (donor) and antimony pentachloride (SbCLS, reference

acceptor) in 1,2-dichloroethane. It is therefore a reflection of the

solvent——sbcls bond strength, when the entropy components are assumed to

- be constant.
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The reference for the acceptor number (AN) is taken as the phosphorus-31 -
chemical shift of the 1:1 adduct formed between antimony pentachloride
and triethylphosphine oxide (Et3P=0) in 1,2-dichloroethane, and is given
an arbitrary value of 100. The acceptor number is defined by the
phosphorus-31 chemical shifts of EtzP=0 in the acidic solvents unaer

investigation.

Drago[39] suggested that the reaction enthalpy of the acid-base
interaction is governed by two empirical and independent factors, namely,
the covalent and electrostatic contributions to bonding. They correlated
and predicted the reaction enthalpies of adduct formation in gas phase
and in poorly coordinating solvent using the following equation. E
measures the abilities of the acid (acceptor) and base (donor) to
participate in ionic bonding, whereas C describes their abilities in
covalent bonding.

-0 = E + C Equation 1.6.1

acid Ebase acid Cbase

Using a linear solvation energy relationship, Taft et aL.U’D'“"’ZJ

proposed a much more complex equation encompassing all the possible
factors contributing to solvent effects. The classical Lewis definition
of acidity and basicity is based on the abilities to accept and donate an
electron pair respectively. An alternative definition has been recently
introduced by Taft and his coworkers, they relate the acidity and the
basicity properties to the hydrogen bonding ability. Thus the different
solvatochromic variables incorporated in Taft's unified scale are ’
hydrogen bond basicity and acidity, the coordinate covalency parameter to
allow for various functional groups, the solvent dipolarity and the

Hildebrand solubility parameters.

The hydrogen bond basicity (8) is.defined as the ability of a solvent
molecule to act as a hydrogen bond acceptor in a solvent-so[ute
interaction. Conversely, the hydrogen bond donor acidity (a) measures
the ability of the solvent to donate a proton during the solvent-solute

hydrogen bond formation. The solvent dipolarity (7*) relates the ability
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of the solvent or solute to participate in dipolar interactions, which
can be either between dipoles and/or dipoles with induced dipoles. The

Hildebrand solubility parameter or cohesive energy density (SH) is a

measure of the interrupted solvent-solvent dinteractions in creating a

suitably sized cavity for the solute in the solvent.

1.7 ~Mechanisms for nucleophilic substitution at silicon

Several mechanistic pathways have been postulated for the highly
stereospecific nupleophilic substitution reactijons at silicon. The
stereochemical outcome of the displacement reactions is predominantly
governed by the geometry or site of attack of the incoming nucLedphi[e.
Analogous to the nucleophilic substitution processes at carbon, a back
side (180°) attack of the nucleophile opposite to the leaving group

produces an inversion of configuration. Conversely, retention at silicon

requires a front side nucleophilic attack at 90° to the leaving group.

Extensive coverage on this subject has been provided by various

£3,14,15,35,43] therefore only a brief summary is outlined here.

authors
The major discrepancies between these recently proposed mechanisms do not
relate to the direction of nucleophilic attack, but Lie mainly with the

interpretation of the reaction pathways which concerns the structures of

transition states and intermediates.

1.7.1 Background knowledge

L441 on the stereochemistry and

The pioneering survey by Sommer
mechanistic pathways of organosilicon compounds triggered many further
studies on this aspect of organosilicon chemistry. The Sy1 process is
exceedingly rare, if it happens at aLl.,l_:":I for organosilicon compounds.

This is because the much more rapid SN2 reaction takes precedence and is

not due to the incapability of silicon to stabjlize a positive charge.

This 1is supported by the recent observation by Lambert on the Ph3S1'+
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Figure 1.7.1
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Rate determining formation of
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Rate = k1 ER3SiXJ CNul

Reaction energy diagrams of the SNZ processes at silicon
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species.tas} Eabornt46d has also observed SN1 solvolysis but in some

special, highly hindered systems.

The displacement reaction at silicon which proceeds with inversion of
configuration undoubtedly undérgoes an SNZ mechanism, resembling that at
carbon. However in the case of silicon, the process can either involve a
pentaboordinate transition state or a pentacoordinate intermediate
(SNZ*-Si and SNZ**-Si)[15] depending on the reaction pathway and the rate

determining step.

The greater stability of the transition state for SNZ—Si reactions, as
compared with carbon, can be attributed to the reduced steric strain of
the pentacovalent species due to longer bonds as well as the possibility
of 3d-orbital participation. The reaction energy diagrams and the
corresponding rate laws are shown in Figuré 1.7.1. The preference for
SNZ*—Si and SNZ**-Si mechanisms increases as the alkyl groups in R3Six

are progressively replaced by highly electronegative group X.

The SNi-Si mechanism involving a quasicyclic transition state is
responsible for the retention of configuration at s1’L1’con,[15:I by
offering electrophilic assistance to the leaving group. The actual
geometry of the transition state is speculated to be either a tetragonal
pyramid or é trigoha[ bipyramid. Nevertheless this is in contrast to the

353 yho proposed that inversion of configuration can be

work of Corriu,
promoted when the electrophilic part of the attacking species is a metal
ion M*. Solvation in polar media and other factors which stabilize the

M+ ion should decrease the proportion of retention at silicon.

R, ? v X - leaving group
'Si----X
R™ E - electrophilic part of

! |
?--—-E' : attacking species EY

Figure 1.7.2 sNi~Si mechanism
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pyramidal pyramidal
Figure 1.7.3 Geometry for transition states

The three currently postulated mechanisms are slightly different from the

proposals of Sommer. Corriuts]

strongly supports the formation of penta-
and hexacoordinate molecular intermediates whereas Chojnowski provides
evidence for the involvement of ijonic intermediates. Inspired by the
stereochemistry and mechanisms of phosphorus chemistry, pseudorotation

has recently been proposed as the alternative route for displacements at

s*iLicon.l:"?’l'S:I

1.7.2 Pseudorotation

The Berry pseudorotation hypothesis has been widely accepted as a
mechanistic pathway for intramolecular ligand exchange in a trigonal

bipyramidal molecule, which is commonly observed in phosphorus compounds.

X~ X c c
S A .
I ‘\\\\:t _\Z\‘:C :5 / X | “‘\\\‘Y
B-——SH\\ —_— B———SI‘ —_— B—Si = B———SL\\
| YA \G [/ | Sx
trigonal square trigonal
-bipyramidal » pyramidal bipyramidal

Scheme 1.7.1 Pseudorotation mechanism

The fundamental concept of this intramolecular rearrangement process is

illustrated by Scheme 1.7.1. It involves the interconversions of the



~32~

axial ligands, X and Y, with two of the equatorial ligands, C and A,
leaving the third equatorial group B, known as the pivot ligand,
unaltered. During a pseudorotation, A and C which are originally
equatorial become axial. Similarly, the ligands X and Y are converted

from apical to equatorial positions.

The stereochemical outcome of the process can be predicted with the
assistance of several empirical rules. The attack of the incoming
nucleophile and the departure of the leaving group take place in the
apiCaL positions, which are normally preferred by electronegative
substituents. Cyclic systems such as four and five membefed rings are

constrained to occupy one apical and one equatorial positions.

The recognition and the growing popularity of the application of the

pseudorotation concept in organosilicon chemistry are reflected by the
'increasing number of publications on the stereomutation of penta—.
coordination silicon intermediate by intramolecular Lligand exchange.
From the fluorine-19 n.m.r. studies on the SiFs~, RSiF,” and RySiFz

(R=Me or Ph) systems, Muetterties[49]

suggested that rapid isomerization
processes via pseudorotations are taking place. A different
rationalization of these spectral results is offered by Janzentso] and

£35]

Corriu, who proposed that the ligand exchange is induced by the

nucleophile assisted hydrolysis of these fluorosilanes.

Additional support comes from the variable temperature fluorine-19 n.m.r.

studies by Farnham and Harlowt>13 £52,53]

as well as Martin and Stevenson.
The spectra of pentacoordinate spirosiliconate anions are unaffected by
concentration, solvent and the presence of nucleophiles such as HMPA;

moreover rapid interconversion of the diastereotopic CF3 groups is

observed at 70°C. They therefore conclude that intramolecular Berry
pseudorotation or a $i—0 bond dissociation-reassociation process is
responsible for such observatiqns. The X-ray crystallographic
characterization of pentacoordinate silicon complexes, with geometries

ranging from trigonal bipyramidal to square pyramidal, by Holmes et
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al..mZ:l provides further contribution to the evidence in support of this

phenomenon.

Corriu originally suggested that the pseudorotation process at silicon
may involve a higher activation energy, compared with the corresponding
reaction at phosphorus. Furthermore the relative apicophilicity of the
ligands in five coordinate silanes is different for the analogous

pentacoordinate phosphorus compounds. However in more recent

pubh’(:a‘c1'ons,[:5"'55:l Corriu has been more prepared to adopt
pseudorotation as a possible mechanism for nucleophilic substitution at

silicon.

1.7.3 Mechanisms involving hypercoordinate silicon intermediates

On the basis of kinetic studies, Corriu[8'35] proposed a mechanism
jnvolving reversible nucleophilic back side attack on a silane to give a
pentacoordinate molecular intermediate. The attack of a second molecule,
such as water, alcohol or another nucleophile molecule, on this five
coordinate silicon species is postulated to be the rate determining step.
The product of this second rate Limiting step of the racemization
reaction may be either a pentacoordinate siliconium ion (C) or a

hexacoordinate octahedral species (B).

The isolation and characterization of the ionic adducts between HMPA and
Me3SiX (X=1, Br) led Chojnowski[9] to propose a slightly different
mechanism. The formation of an ionic adduct between a silane and a
nucleophile occurs in a'rapid pre-equilibrium initial step. This ionic
adduct becomes the active intermediate in the subsequent rate determining
step. Overall retention as a result of two consecutive inversions is
observed in solvolysis induced by the attack of water or alcohol.

However racemization can occur from the attack of a second nucleophile
molecule on the ionic adduct. The low or negative enthalpy of activation
for racemization and solvolysis can be accounted for by the exothermic

formation of the jonic adduct in the pre-equilibrium step. Strong
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support for this mechanism has been obtained by Bassindale and stoutL363

as well as Frye.[57]

Both mechanisms are shown in the scheme 1.7.2 and obey the same

experimentally observed rate law.

Racemization rate 0<[silane][nucleophile]2
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Chapter 2 The nature of the silane-nucleophile adduct
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2.1 Introduction

Several different structures of silane—~nucleophile adducts have been
proposed as described in Section 1.7. Therefore it is essential to
understand the exact nature of the dominant species present during
silylation, prior to investigating the kinetic and thermodynamic

behaviour as well as establishing the mechanism.

Numerous spectroscopic methods are available for monitoring the course of
a reaction and identifying the species present in the reaction mixture.
In selecting an experimental technique, the time scale of observation is
a crucial factor in determining whether the various species present
during a dynamic process can be differentiated. The minimum Llifetime
necessary for the observation of distinguishable entities increases as

£581 For the

the transition energy of the exchanging species decreases.
commonly employed techniques, the minimum half Llife decreases in the
following order: physical separation such as chromatography, magnetic
resonance spectroscopy (n.m.r., e.s.r.), vibrational and electronic
spectroscopy (infrared, Raman, ultraviolet, optical rotatory dispersion)
and diffraction measurements (X-ray, electron, neutron). The time scale
of physical separation studies is fairly long, so they are not applicable

for examining rapid silylation reactions. N.m.r. spectroscopy provides a

suitable time scale, allowing detailed studies of silylation reactions

which take place on a time scale ranging from 10™1 to 107 second. It

also enables the individual exchanging species to be detected.

Another significant advantage of n.m.r. spectroscopy is its efficacy for
studying the stereochemistry of nucleophilic displacement of optically
active silanes, without having to resolve a racemic mixture into its
constituent ehantiomers by physical separation. Furthermore, unlike the
other techniques such as optical rotatory dispersion and polarimetry,
n.m.r. offers direct information on the chemical environments of the
nuclei under study. Thus the structural changes induced in both silanes

and nucleophiles during the interaction can be examined in detail by
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n.m.r. spectroscopy in a non-intrusive manner. This technique is also
frequently employed for determining the optical purity of mixtures of
optically active(species.[59'60] This is complementary to the
polarimetric method which does not always give accurate Qalues for
optical purities because of the very low specific rotations exhibited by

some mixtures of enantiomers.tw:I

In achiral media, enantiomers are indistinguishable because they are
isochronous and have superimposed chemical shifts. 1In contrast,
diastereomers show different chemical and physical properties, for
example melting point, solubility, infrared and n.m.r. spectra, and
consequently are usually distinguishable even in achiratl

L6031 It is therefore not surprising that enantiomers are

[591 1pe

surroundings.

usually converted into diastereomers for optical resolution.
resolution of racemates normally involves the interaction with an excess
of a resolving agent, for instance an optically pure chiral compound, to
produce a mixture of diastereomers. Based on a similar principle, the
interactions between optically active halophenylmethylsilanes, PhMeHSiX

(X=CL, OSOZCF3), and nucleophiles were examined in an optically pure

chiral solvent such as R-(+)=Limonene.

The influence of chirality on n.m.r. spectra is not limited to the
optically active centres. For instance, when a group of the general

structure R'RSiX,, where Si is a prochiral atom, is in the neighbourhood

of a moiety that lacks symmetry (R') the environments of the X
substituents become non-equivalent or dijastereotopic. A pair of
diastereomers are produced if these two diastereotopic groups are
replaced separately by a ligand different from any of those attached to
the prochiral centre. For example, two diastereomers are formed when the
two diastereotopic hydrogen atoms of 2-methylbutanol, EtCH(Me)CH,0H, are
substituted individually. Diastereotopic groups are not interchangeable
by any symmetry operations and possess different chemical as well as
physical properties. Their anisochrony is reflected in their different

chemical shifts in either achiral or chiral solvents.
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CH,
H H

H CH,OH
CH,

Figure 2.1.1 Diastereotopic 2-methylbutanol

The major factor affecting the magnitude of the difference in chemical

£61] is based on the specffic

shifts of two diasteredtopic groups
differences in the environments of the two groups. These include the
type and the anisotropy of the other parts of the molecule, the spatial

distances between the two groups as well as conformational effects.

Changes in the magnitude of chemical shift non-equivalence can also be
induced by altering the’temperature, the solvent or the concentration,
together with the population of each conformer. The effects resulting
from changes in concentration are related to those induced by changes in
solvent, simpLy‘because a change in concentration can alter the

properties of the medium.

The magnitude of the chemical shift non-equivalence diminishes with

increasing distance between the prochiral centre and the asymmetric

moiety in the molecule. This is due to the conformational interactions
between the centres and the anisotropic effects of substituents become
less important at long distance, however this concept is not applicable

to the diastereotopic system, RCHMeSiMeZX, studied in this project. A

more detailed analysis of these factors will be provided in the following

.discussion section.

Interconversion between the environments of stereochemically non-

equivalent groups is observed as a consequence of conformational changes

or tautomerisation.cssl However, the chemical shift non-equivalence is

cancelled and an average signal results if the exchange is fast. As
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explained earlier, the time scale of observation relative to the rate of
interchange is vital in determining whether the stereochemical non-
equivalence is maintained. If the exchange is rapid compared with the
time scale of observation the two groups will be indistinguishable,

whereas the reverse is observed if the exchange is slow. An energy

barrier to interconversion of about 50 kJmoL_1 is sufficient for

detection by n.m.r. spectroscopy at ambient temperature.tss]

It is desirable to choose a simple system which enables easy observation
of the detailed structural changes in both donor and acceptor. Extensive
studies Have been performed on halotrimethylsilanes, Me3SiX (X=CclL, Br, I,
OSOZCF3),[8’9’62’63'64'65] since they are widely used in organic
synthesis. However the kinetic behaviour of these silanes is difficult

to monitor, therefore an alternative system was designed.

A series of carbon functionalized halosilanes with diastereotopic methyl
groups attached to the silicon atom, RCHMeSiMeoX (R=Et, tBu, Ph; X=CL,
Br, OSOZCF3), were synthesised. The similarities between this system and
the halotrimethylsilanes will be oquined'in a later section. The n.m.r.
chemical shift titration studies, at both ambient and variable
temperatures, concentrate upon the interactions of the diastereotopic
silanes as well as the chiral chloromethylphenylsilane with two strong
nucleophiles; hexamethylphosphoramide (an oxygen donor) and N-methyl-
imidazole (a nitrogen donor). The nuclei adjacent to the silicon atom
are most affected as a consequence of silylation. Therefore the analysis
of the chemical shift titration results mainly focuses on the variation
in the chemical shifts and the observed lLine shapes of the SiMe peaks in
the proton, carbon-13 and silicon-29 spectra for both diastereotopic and
optically active silanes. 1In several cases, solid silane-nucleophile
adducts were isolated and Characteriéed by n.m.r. and infrared

spectroscopies together with elemental microanalysis.
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2.2 Studies on halomethylphenylsilanes PhMeHSiX (X=Cl, OSOZCF3)

As a result of interaction with an optically pure chiral medium, each
optical isomer of a chiral silane should, in principle, be anisochronous
leading to two resonances with appreciably different chemical shifts in
the silicon-29‘n.m.r. spectrum. The introduction of a nucleophile will
Lead to variation in the chemical shifts, owing to changes in the
configuration at silicon, thus valuable information concerning the

stereochemistry of nucleophilic displacement may be obtained.

Nevertheless the results were rather disappointing; when
methylphenylsilyl trifluoromethanesulphonate (triflate) was added to an
optically pure chiral solvent, R-(})-Limonene, the colour of the mixture
became red and an exothermic reaction with vigorous effervescence

L35] of the chiral solvent by the silane could

occurred. Hydrosilylation
account for this observation. This reaction may be catalysed by
trifluoromethanesulphonic (triflic) acid which may be present as a trace
impurity in the silyl triflate. Addition of a strong base,

triethylamine, solved this problem by removing the triflic acid.

NonetheLess neither the optical isomers of the chlorosilane, PhMeHSiCL,
nor the silyl triflate, PhMeHSi0S0,CF3, could be resolved in the n.m.r.
spectrum with the optically pure chiral solvent employed. The inability
of the chiral solvent to separate the enantiomers of each silane may be
due to weak solute-solvent dinteractions; further attempts at resolving
these silanes were abandoned since it was difficuLf to select a suitable
resolving agent without creating unwanted side reactions. For example,
the commercially available chiral lanthanide shift reagent, Europium
(111)-tris¢1,1,1,2,2,3,3)-heptafluoro-7,7-dimethyl-4,6-octadionate
Eu(FOD)5, is Liable to be silylated.
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2.3 Diastereotopic silanes RCHMeSiMe,X (X=Cl, Br, 0S0,CFs)

2.3.1 Structural effects

Chlorination of 2-hydroxy-3,3-dimethylbutane, tBuCH(OH)Me, into its
chloride derivative, tBuCH(CL)Me, the precursor for tBuCHMeS‘iMeZH, was

complicated by the accompanying rearrangement reaction yielding 2-chloro-

2,3-methylbutane, MeZCHCClMeZ; as shown in Scheme 2.3.1. These two

ijsomers have very similar properties, for example boiling point and

£é661 their separation was therefore

retention time on a gas chromatogram,
extremely difficult and hence the préparative work on this butyl

derivative was not continued.

YBuCH(OHIMe + SOCL, ——>  TBuCH(CL)Me + Me,CHCCLMe,
Scheme 2.3.1

Difficulties were not encountered in the syntheses of sec-butyldimethyl-
halosilanes, EtCHMeSiMeZX (X=cL, OSOZCF3), and methylbenzyldimethyl-
halosilanes, PhCHMeSiMeoX (X=cL, Br, 0S0,CF3). However, in both the
proton and the carbon-13 n.m.r. spectra, chemical shift non-equivalence
of the two diastereotopic SiMe signals of the sec-butyldimethylhalo-
silanes was not observed; this phenomenon is often known as accidental

isochrony.E67J

In contrast, two individual resonances were observed for the SiMe groups

of the PhCHMeSiMer (X=tl, Br, OSOZCF3) systems. Nevertheless, the

chemical shift separations of these two diastereotopic peaks in the
chloro- and bromosilanes were very small in the proton spectra, and only
a broad singlet was recorded for the triflate. The chemical shift
separations are different in the proton and carbon-13 n.m.r. spectra,
which may be due to the greater chemical shift range for the carbon-13
nucleus. The intermolecular nucleophilic attack of the sulphonyl oxygen
atom at the silicon atom of a neighboufing silyl triflate moLecOLe is too
fast to be monitored on the proton time scale, hence an average, broad

singlet results for the silyl triflate. A summary of the n.m.r. data of
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the two diastereotopic SiMe groups in both systems is given below. The

n.m.r. data were recorded in chtoroform-d1 and referenced to an external

standard.
R33|—0 , F : RJS|_O|'\ ’ CF3 _
P \\ ~— ')S% 0SO,CF,
CO (o] R,Si—O (o]
Rasi-—\J()SOZCF3 . ,u/

R,Si0S0,CF, + R,Si0SO,CF,

Scheme 2.3.2 Intermolecular exchange between silyl triflates

Silane SiMe n.m.r. signals &(ppm) (peak separation Hz)
‘ Proton Carbon-13

EtCHMeSiMeH 0:199- 3.7z -5.9, =6.3 (9.1Hz)
EtCHMeSiMe,CL - 0.37 0.06
EtCHMESiMeOSOZCF3 0.39 sbr -3.33
PhCHMeSiMe,H o 0:ddg 3.0k -5.2, =5.4 (3.9H2)
PhCHMeSiMeZCL 0.40, 0.42 (1.8H2) 0.8, -0.3 (23.3H2)
PhCHMeS iMe,050,CF+ 0.47 sbr ~2.8, -3.8 (24.6H2)
PhCHMeS iMe,Br 0.54, 0.56 (1.8Hz) 0.5, 1.8 (29.8H2)
(PhCHMeSiMe) 50 | -0.16 1.0, -1.1 (2.6H2)

Table 2.3.1 N.M.R. data of the diastereotopicrsilanes

The interpretation of the results demonstrates that the magnitude of

chemical shift non—-equivalence depends upon the anisotropy of the R

group,[59’61] since the only difference between the two systems lies in
‘the nature of the R group. In the sec-butyl substituent, EtCHMe, both
the ethyl and the methyl groups are very similar in size and are
essentially isochronous. Therefore it is not surprising that the
magnitude of the observed non-equivalence is very small, in fact the
chemical shift separation was not detectable in either the carbon-13 or

the proton n.m.r. spectrum. Conversely, the phenyl group is very
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different both in size and in magnetic anisotropy compared with the
methyl group in the methylbenzyl substituent, PhCHMe. Thus the chemical
shift non-equivalence is expected to be fairly large which is indeed

observed.

Apart from the anisotropic effects of the substituents attached to the
asymmetric moiety adjacent to the prochiral centre, another method of
inducing a larger separation of the diastereotopic peaks is to use a
n.m.r. spectrometer with a higher magnetic field strength. Thus two
separate'signals may be observed for the sec—butyldimethy[haLosiLanes

with more powerful n.m.r. spectrometers.

Because a reasonable chemical shift difference between the diastereotopic
resonance is essential for kinetic and thermodynamic studies, all the
titration studies concentrated upon the methylbenzyldimethylhalosilanes,

PhCHMeSiMeZX (X=Ccl, Br, OSOZCF3), so as to compare with the kinetic and

thermodynamic results.

As mentioned before, the diastereotopic systems, RCHMeSiMeZX, bear a
close resemblance to and can be regarded as a trimethylhalosilane, Me351x
(X=cL, B, OSOZCF3), with one of the methyl groups being replaced by the
chiral RCHMe moiety. The major difference between the RCHMe substituent
and the methyl entity is the steric bulk on the chiral group. Their
resemblance is ijllustrated by their similar silicon=-29 n.m.r. chemical
shifts in chloroform-d1, when PhCHMeSiMeZX (X=CctL, BIF, OSOZCF3) are

compared with the correspbnding Me3six.
Table 2.3.2 Comparison of PhCHMeSiMeoX with MezSiX

PhCHMeSiMeZX Silicon=29 n.m.r. (ppm) Me3six Silicon-29 n.m.r. (ppm)

X=CL 32.4 X=Cl 31.0
X=Br ~30.8 X=Br 27 .6%

~* recorded in dichloromethane—dz
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2.3.2 The effects of conformation and temperature

For the methylbenzyLdimethylhalositanes, PhCHMeSiMeZX, there are three

possible staggered cohformations around the Si—C(Me) bond, as depicted
by the Newman projections in Figure 2.3.1. Owing to the free rotation of
the Si—C(Me) bond, each rotamer has a similar population. Nevertheless,
the residual chemical shift non-equivalence of the diastereotopic SiMe

groups is preserved as required by the symmetry rules, this is known as

the "intrinsic non-equivalence" or the "intrinsic anisochrom‘sm".tsa'm:l
Me Ph H
Me Me , Me Me Me Me
Ph H | H Me . Me Ph
X X X

Figure 2.3.1  Three conformers of PhCHMeSiMe,X

Generally, temperature affects the magnitude of the chemical shift
difference by altering either the relative conformer populations or the
individual chemical shifts. With the degeneracy of rotation about the
$i—C(Me) bond, varying the temperature will not significantly alter the
populations of the three rotamers. The variablé temperafure studies on

the samples of PhCHMeSiMeoX (X=CL, Br or a mixture of CL and Br) in
benzene-d6 prove that the chemical shift difference between the two

diastereotopic SiMe groups is independent of temperature. No changes in
the chemical shift separations were recorded, when the samples were

subjected to a variation in temperature spanning between 330K and 280K.
2.3.3 Effects of solvent and concentration
The magnitude of the chemical shift non-equivalence is often

significantly solvent dependent, owing to the medium effects on the

relative population of the conformers and the individual chemical shifts.
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Aromatic solvents normally have a more marked effect on the magnitude of
the chemical shift separation, for instance non-equivalence can be
observed under conditions where diastereotopic signals are accidentally

degenerate in aliphatic sol.vents.[M:l

The solvent and the related concentration effects on the chemical shift -

difference of the methytbenzytchLorodimethylsiLane, PhCH(Me)SiMeZCL, were

examined. From the interpretation of the data, as given in the following
tables, it seems that solvent effects are not pronounced in this
diastereotopic system. Only a change of 5Hz in the chemical shift
difference js observed on diluting the silane with polar dichloromethane-

d2, whereas the separation remains unaltered on dilution with benzene-dé.

Table 2.3.3 Solvent effect on chemical shift difference of the

diastereotopic signals of PhCHMeSiMe,Cl

Solvent Dielectric constant Polarity Chemical shift difference of

(e) (ET) diastereotopic signals (Hz)
C4Dg 2.3 . 34.5 25.9
C4Dg-C03 2.4 33.9 25.9
CDCL3 4.8 39.1 23.3
CDoCLs 8.9 41.1 24.6
CD3NO, 35.9 46.3 23.3

Table 2.3.4 Concentration effect on chemical shift difference of

diastereotopic peaks of PhCHMeSiMeZCl

CeD¢ (v/v %) Separation (Hz) CDZCLZ v/v %) Separation (Hz)
91% 25.9 91% 24.6
45% 25.9 45% 20.7
18% 25.9 18% 19.4

9% 25.9 9% 19.4
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2.4 Interactions of PhCHMeSiMeZX (X=CclL, Br, 0S0,CF3) with
N-methylimidazole (NMI)

The interactions between the donor (NMI) and acceptors were examined by

adding successive aliquots of NMI to a solution of silane PhCHMeSiMeZX
(X=cl, Br, OSOZCF3). The spectral data recorded during the chemical
shift titrations are provided in the tables in the experimental chapter;
some of the data are presented in the accompanying graphs. N-Methyl-
imidazole is a powerful nitrogen donor and is capable of forming stable

Lé631 The proton signals

four coordinate ionic adducts with silanes.
attached to the Cy and C5 atoms of 1-methylimidazole were obscured by the
phenyl resonances of the silane, therefore information concerning the

structural changes in NMI is based on the CZ-H and N—Me signals.

In each case, the spectral results were accompanied by two distinct
features, namely, line broadening and upfield shifts of the n.m.r. peaks.
The degree of Lline broadening depends upon the nature of the counterion
or the leaving group, and provides useful information on the relative
rate of exchange as well as the extent of the dynamic equilibrium,

established between the silane and its imidazolium adduct.

In comparison with the uncomplexed NMI, the C,—H signal shifted
downfield due to complexation of the nucleophile with silane. Addition
of excess NMI induced upfield shifts of the NMI resonances which may be
attributable to medium effects and chemical exchange. The general
upfield shifts of the silane signals can be rationalized in terms of the
changes in the electron distribution in the silane molecule on
complexation with NMI. The utilization of the lone pair on the nitrogen
atom of NMI in forming the dative Si—N bond destroys the magnetic
anisotropy of nitrogen, and causes an increased shielding of the adjacent
silicon atom as well as its neighbouring moieties. The imidazolium
cation becomes less deshielded owing to an increase in the electron

density, which is most pronounced at the s position as demonstrated by

the following resonance structures.
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BY ” |
H,C—N7 “N—Si(,,, +—> H,C—-—N)'\N—-—Si{,,,,“ /g
= N N =

Figure 2.4.1 Resonance structures of NMI on complexation

In all three cases (X=CL, Br, OSOZCF3), the changes in the chemical

shifts of NMI in both proton and carbon-13 n.m.r. spectra follow the

£681

analogous trends observed by Pugmire and Grant as well as Barlin and

~Batterhamc69] for the protonation of imidazole by hydrogen chloride.
However, the possibility of protonat{on in these cases can be entirely
ruled out based upon the evidence frqm silicon-29 n.m.r. spectra and the
absence of any peaks due to hydrolysed products in the spectra of the

three nuclei.

2.4.1 Interaction of PhCHMeSiMe,CL with NMI

The isolation and identification of the four coordinate adduct, readily

formed between PhCHMeSiMeZCL and NMI with a 1:1 stoicheiometry, strongly

suggest that a penta- or a hexacoordinate silicon intermediate is not the
dominant species ih solution. The n.m.r. spectral data of the solid
adduct in solution were similar to those of the mixture of the individual
components in solution. For example, the chlorosilane gave a silicon-29
chemical shift of 32.4 ppm whereas a slightly broadened signal at 30.1
ppm was recorded for the adduct. Furthermore, line broadening of the NMI
peaks was obserVe& in both proton and carbon-13 spectra. These
observations are consistent with a rapid dissociation of the complex in
solution, as a consequence of nucleophilic’attack of the chloride |
counterion at the silicon atom of the adduct, regenerating the
chlorosilane and free NMI. Thus the dynamic exchange between the free
and the complexed NMI molecules is responsible for the slight Lline

broadening of the NMI resonances.
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Except for some of the NMI signals, the observed Line shapes in the
chemical shift titration study did not display significant broadening,
indicative of either a very fast or a very slow exchange. Moreover, the
peaks arising from the twdAexchanging species, the chlorosilane and its
imidazolium complex, were indistinguishable in the proton, carbon-13 and

silicon-29 spectra. This is compatible with a fast dynamic process.

Besides affecting the nature of the medium, increasing the proportion of
NMI also drives the equilibrium further towards the adduct and causes
upfield shifts of the resonances. This is manifested by the low
frequency shift of 6 ppm in the silicon-29 spectra, from 32.4 to 26.1 ppm

with a five molar excess of NMI.

2.4.2 Interaction of PhCHMeSiMeZBr with NMI

PhCHMeSiMeZBr also forms a solid adduct with 1-methylimidazole, though

unlike its chloride analogue, examination of the spectral data reveals
thaf no substantial dissociation of the solid in solution takes place,
reflecting the greater stability of the adduct. Apart frbm the elemental
microanalytical resulté, further evidence for the existence of the four
coordinate ionic complex was based on the proton, carbon-13 and silicon-
29 n.m.r. spectra. The upfield shift of the silicon-29 peak to 23.5 ppm
for the adduct, together with the increased deshielding of the NMI
resonances, particularly at the C2 position, confirm the formation of the
dative Si—N bond, leading to increasing shielding in the silane and

increasing deshielding in the NMI molecules on complexation.

In contrast to the chlorosilane, the results from the titration of

PhCHMeSiMeZBr exhibited slightly different behaviour, both the variation

in the chemical shifts and the broadening of the observed line shapes
were more pronounced. These trends are fully consistent with a slower
exchange accompanied by a larger equilibrium constant for adduct
formation, corresponding to the obsefved stability of the bromosilane-NMI

complex. This is clearly demonstrated by the extremely broad nature of
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the singlet for the diastereotopic SiMe groups, the two exchanging CH
quartets and the NMI peaks in the proton spectrum of a 2:1 mixture of

silane to NMI.

The faster time scale of the carbon-13 and siLicén-Z? spectra enables the
two exchanging silicon entities to be distinguished. The silicon-29
spectrum of a m{xture of the two species in similar proportion produced
two broad resonances, which are attributable to the uncomplexed
bromdsilane at 30.8 ppm and its adduct at 25.2 ppm. The successive
increase in the concentration of NMI drives the equilibrium in favour of
the complex, the dynamic process accelerates and eventually the normal

Line shapes are reproduced.

2.4.3 Interaction of PhCHMéSiMeZOSOZCF3 with NMI

The general chemical shift trends, especially in the carbon-13 and
silicon-29 spectra, resulting from the titration of the silyl triflate
are in accord with those observed in the titration of the corresponding
bromosilane described in the previous section. Nevertheless, intense
broadening was not observed as a consequence of the much slower exchange
between the two silyl species. Furthermore, when the silane to NMI ratio
was at 2:1 the two silicon compounds existed in relatively equal ratios,
separate signals in the spectra of all three nuclei were recorded for
moieties adjacent to silicon, such as the SiMe, CH and CMe groups. The
deshielded NMI resonances in the proton spectra provide important
evidence for the formation of’a four coordinate ionic silane-NMI complex,

resembling that observed for the trimethylsilyl systems.

More interestingly, the two exchanging silicon species produced three
resonances for the diastefeotopic SiMe moieties in both proton and
carbon-13 n.m.r. spectra. Owing to the slow dynamic process and the
comparatively long Lifet{me of the triflate-NMI complex, the two

diastereotopic SiMe entities in the adduct were detected.
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PhCHMeSiMe,080,CF + N:_yMe — PhCHMeSiMeZ@NMe + T0S0,CF4
Scheme 2.4.1

The third SiMe resonance is undoubtedly due to the uncomplexed silyl
triflate. The averaging of the two diastereotopic signals cannot be
accounted for by the intermolecular exchange of the free silyl triflate
molecules, since coalescence is observed in the carbon-13 as well as
proton n.m.r. spectra. Nucleophilic attack by the triflate anion of the
adduct at the silicon atom of the unreacted triflate ?s probably the
major contributing factor. By undergoing fast exchange, the two
diastereotopic SiMe entities of the triflate are indistinguishable from

those of the inverted isomer, therefore an average singlet results.

ey | | CH,
Ph—C\/ \/’c—Ph
WSi—O0SOCF, + "0S0,CF, == CF,0,S0—Si,,, + "OSOCF,
ne'/ \ “CH;
CH, | CH,

Scheme 2.4.2

As more NMI is introduced to convert the silyl triflate into its
imidazolium salt, the stable ionic adduct becomes the dominant species in
solution, thus the intensities of the silané signals diminish whilst
those of the ionic complex increase. Nucleophilic attack of excess
uncomplexed NMI at the silicon atom of the ionic adduct causes an
inversion of configuration at silicon, hence coalescence of the two

diastereotopic SiMe peaks results giving an average signal.
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Figure 2.4.2
Proton n.m.r. btitration studies of PhCHMeSiMe2X (X=Cl, Br, O0Tf)
against NML
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Figure 2.4.3
Carbon-13 n.m.r. titration studies of PhCHMeSiMe2X
(X=Cl, Br, OTF) against NMI.
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Figure 2.4.4
Silicon-29 n.m.r. titration studies of PhCHMeSiMe2X
(X=Cl, Br, OTF) against NMI
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2.h b Comparison of the three systems

The dominant species in solution are believed to be the 1:1 four
coordinate ionic silane-nucleophile adducts. This conclusion is based
upon the results from the chemical shift titration, together with'the
jsolation and characterization of the solid adducts. Furthermore, no
evidence for expansion.of coordination at silicon was noted. The
similarity between the silicon=29 chemical shifts of the four coordinate
adducts for different counterions (X=Cl, Br, OSOZCF3) indicates that the
same type of complex, PhCHMeSiMeZNszVMe X~ (X=CL, Br, OSOZCF3), is

present in each case.

" The equilibrium constants for the exothermic adduct formation with NMI
‘were found to increase in the following order with different counterions

CL << Br < OSOZCF3. The relative rates of exchange between the silane

and its imidazolium complex deduced from the observed line shapes of
n.m.r. resonances produced an entirely different trend. The exchange

accelerates with counterions in the sequence X=OSOZCF3 < Br < ClL. These

two opposing trends are consistent with the order of nucleophilicity and

the solvation of each counterion involved.

The concentration of a silane-nucleophile adduct in a silylation mixture
depends partly upon the relative difference between the bond energies of
the Si—X and Si—Nu bonds. Thus more energy is required for the
cleavage of the strong Si—Cl bond. As a result, the equilibrium lies
towards the uncomplexed silane and free nucleophile in the case of '

chlorosilane with poor donor species.

The intramolecular nucleophilic attack of the counterion at’the silicon
atom of the ionic complex relies upon the nucleophilicity of the
counterion. Thus, being a better nucleophile, the chloride ion attacks
the silicon atom readily resulting in the dissociation of the complex
into its individual components. 1In contrast, the stability of the

complex is enhanced when the counterion is a large, diffuse and
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polarizable species. The triflate anion can be solvated easily and is a

poor nucleophile, which Lleads to a larger equilibrium constant.

Another interesting feature is the increase in the magnitude of the
deshielding effect in the imidazolium cation with different counterions,

which increases in the following order: X=CL << 0S0,CFg < Br.

Deshielding is not observed for the chLorosiLane due to the Llow
equilibrium constant for the imidazolium complex. In the remaining two
systems, solvation of the counterion in the adduct is a decisive factor.
In the absence of sfabiLization by solvent, the anion produced by the
cleavage of the Si—X bond has to be solvated by the cationic charge. On
the contrary to the large and polarizable triflate anion, the bromide ion
is a relatively small, hard species and is less well solvated, therefore
tight ion pairing is observed for the bromide ion with the imidazolium

species acting as the solvent.

The interpretation of the spectral results of the interaction of

PhCHMeSiMeZOSOZCF3 with NMI also yields a very important finding. Being

a potential nucleophile, the counterion of a stable complex can induce
nucleophilic attack on the uncomplexed silane in the absence of added,

more powerful nucleophile. This will be discussed in more detail later.

2.5 Interactions of PhCHMeSiMepoX (X=Cl, Br) with
hexamethy Lphosphoramide (HMPA)

The chemical shift data for the»interaction of PhCHMeSiMeZX (X=CL, Br)

with HMPA are tabulated in the experimental section; the proton, carbon-
13 and silicon-29 spectral data of the diastereotopic SiMe moieties are
jllustrated graphically in accompanying figures. The chemical shift
changes of these silanes with HMPA was similar to that found with NMI.

Ih both cases, the CH peak of the silane molecule was obscured by the NMe

‘doublet of HMPA in the proton spectra.
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2.5.1 Interaction of PhCHMeSiMeZCL with HMPA

Although broadening of the observed line shapes was insignificant, a
gradual but small upfield shift of the n.m.r. resonances was recorded as
the concentration of HMPA increased, indicating that the equilibrium was
pushed towards the side of complex formation. The absence of any
coupling between the phosphorus atom of HMPA and silane, together wifh
the small lower frequency shift from 32.4 to 30.8 ppm in the silicon-29
spectra, are entirety consistent with the instability of the silane-HMPA
complex. As a consequence of the rapid dissociation of the adduct
initiated by the nucleophilic attack of the chloride counterion, as well
as the fast forward reassociation reaction, a fast exchange was
established between the two silicon species, which is in accord with the
sharpness of the linewidths. Furthermore, the silicon-29 chemical shifts
were characteristic of four coordinate silicon, implying that the

presence of any penta- or hexacoordinate complex was not measurable.

At ambient température, the equilibrium constant for the formation of the
four coordinate chlorosilane-HMPA adduct was very low, since a three
molar excess of HMPA only induced a 2 ppm low frequency shift in the
silicon=-29 n.m.r. spectra. Therefore a variable temperature silicon-29
n.m.r. study was undertaken for a 1:1.5 mixture of chlorosilane and HMPA.
Prior to the addition of HMPA, the chlorosilane solution was cooled from
300K to 180K to check for any changes in its chemical shift on lowering
of temperatures. As expected, the chemical shift remained constant on
cooling, the increase in the viscosity of the solution at Llow

temperatures may account for the negligible 1 ppm downfield shift.

Cooling the mixture of chlorosilane and HMPA down to 200K, the silicon-29
signal moves 7 ppm upfield from an initial value of 30.1, which can be
attributed to a trend towards the four. coordinate ionic chloride salt
formation at low temperatures. .The intense broadening and the reduction
in intensity of the silicon-29 peak around 200K provided strong evidence
that the silane was undergoing an intermediate chemical exchange with the

salt. On warming back to ambient temperature, a very similar spectrum
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was recorded to that found initially, proving that the process of complex

formation was reversible.

2.5.2 Interaction of PhCHMeSiMezer with HMPA

Complexes of HMPA with halotrimethylsilanes, Messix (X=Br, I), have been
jsolated and characterized by Chojnowski using microanalysis, phosphorus-

31 n.m.r. spectroscopy and conductiometry.[9'70] Therefore it is Llikely
that the silylation of HMPA by PhCHMeSiMeZBr may proceed vié an analogous
route forming a similar intermediate. This is confirmed by the n.m.r.
data of the four coordinate [PhCHMeSiMeZ-HMPA]+Br- solid complex

isolated, which is also in accord with the observations from the ambient

and variable temperature titrations with the chlorosilane.

Complex formation is reflected by the small higher field shift of the
silane résonances, as well as the deshielding of the proton atoms of HMPA
on silylation. Such shielding decfease is not experienced by the methyL
carbon nuclei of HMPA. Analysis of the spectral data of the adduct in
solution shows that the complex is largely undissociated in solution.

For instance, the solid adduct produced a silicon-29 peak at 24.3 ppm, an

upfield change of 6 ppm compared with the uncomplexed silane.

The titration of bromosilane with HMPA followed the same chemical shift
trendé as that for the chlorosilane. However the progressive low
frequency shift and the broadening of the signals were more pronounced,
indicative of a larger equilibrium constant for complex formation in the
case of the bromosilane. The slow exchange of an equimolar mixture of
silane and its HMPA complex, on the carbon-13 and silicon=-29 n.m.r. time
scale, allows the two entities to be detected separately in these two
nuclei. Further addition of HMPA to this mixture disturbs and drives the
equilibrium towards the formation of the stable bromosilane-HMPA complex.
Thus in the presence of excess HMPA, the spectral data were
characteristic af the dominant four coordinate adduct. The slight

increase in the proton-phosphorus and carbon-phosphorus coupling
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Figure 2.5.1 '
Proton n.m.r. titration studies of PhCHMeSiMe2X (X=Cl, Bn)
against HMPA,
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Figure 2.5.2
Carbon-13 n.m.r. titration studies of PhCHMeSiMe2X (X=Cl, Bm
against HMPA.
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Figure 2.5.3
Silicon-29 n.m.r. titration studies of PhCHMeSiMe2X (X=Cl, Br)

against HMPA.
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Figure 2.5.4
Variable temperature n.m.r. studies of PhCHMeSiMe2Cl and a

1 : 15 mixture of PhCHMeSiMe2Cl and HMPA.
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constants also serve as an indicator for the deshielding effect in the

HMPA moiety on silylation.

2.5.3 Analysis of results

The interpretation of the chemical shift results, the variable
temperature silicon-29 titration of the chlorosilane and HMPA mixture,
together with the identification of the bromosilane-HMPA adduct, are
fully consistent with a four coordinate jonic complex EPhCHMeSiMeZ-

HMPAIYX™ (X=CL, Br) being the dominant species in solution.

The ease of isolation of the solid [PhCHMeSiMeZ-HMPAJ+Br' adduct may

reflect the greater facility of bromosilane for complex formation, in
contrast to that of the chlorosilane, although the lattice energies of

each adduct may also be important. Therefore it is predictable that the

equilibrium constant for adduct formation increases with the counterions

in the order X=ClL < Br. Moreover, the chlorosilane undergoes faster
exchange with its HMPA complex compared with the corresponding
bromosilane, due to the increased nucleophilicity of the chloride ion

over the bromide anion.

These findings»are comparable to those observed in the analogous
silylation of NMI,Ywhich are mainly attributed to two determining
factorg, namely, the nucleophilicity and the soLVating ability of the
counterion. The chloride ion is small, hard and a good nucleophile,
hence dissociatibn of the complex via attack of the chloride ion at
silicon facilitates the exchange process. In contrast, the Llarger,
diffuse bromide anion is comparatively well solvated and Lless

nucleophilic which stabilize the adduct.

The relative rate of exchange between the silane and its adduct, deduced
from the n.m.r. line shapes, increases with nucleophile in the order
Nu=NMI < HMPA. This implies that either NMI is not as efficient as HMPA

in nucleophilic attack at the silicon atom of a given silane, or the



6L~

counterion in the silane-nucleophile adduct is more tightly bound in the
case of NMI. Therefore NMI is a poorer catalyst than HMPA for promoting
chemical exchange between the silane and its adduct. Furthermore, the
unsuccessful preparation of the EPhCHMeSiMeZ—HMPA]+CL— adduct provides
some evidence that PhCHMeSiMe,Cl forms a more stable complex with the
nitrogen donor. However, no such preference is detected in the case of
the corresponding bromosilane, since stable EPhCHMeSiMeZ—Nu]+Br- (Nu=NMI,
HMPA) adducts have been isolated and identified;

2.6 The [PhCHMeSiMe,~NMPO1*Br~ adduct

The potential of PhCHMeSiMeZBr for complex formation is further
manifested by the synthesis of the solid PhCHMeSiMeZBr-NMPO adduct. The
n.m.r. spectral data of the adduct in solution are presented in the
experimental chapter. N-Methylpyridone (NMPO) can exist in two
tautomeric forms as described in the following scheme, however the oxo

tautomer is the predominant species.

N
(L — OL
Yo o
CH, C

oXxo

H,

Scheme 2.6.1 Tautomers of NMPO

The analysis of the spectral data of the solid adduct in solution agrees
well with the hypothesis that silylation takes place on the oxygen atom

of NMPO. Only a small variation is detected in the chemical shifts of

the silane in all three spectra, however the proton and carbon-13 n.m.r.
chemical shift changes occur in NMPO on complexation are rather

complicated.

Apart from the carbonyl carbon and Cg, deshielding is apparent in the

proton and carbon-13 resonances of NMPO. The substantial higher field

shift of the carbonyl carbon in the adduct indicates a reduction of
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double bond character of the carbonyl group, which is consistent with
silylation on oxygen. The enhanced deshielding of the N—Me and C3——H
moieties, adjacent to the carbonyl group, is also a consequence of o-
silylation. The mesomeric and inductive delocalization of the positive
charge into the ring system is the rationale behind the chemical shift
variations in the other carbon atoms. The C4——H and Cg—H groups are

closer to the amide moiety, therefore experience more pronounced

inductive effect and hence shift further downfield.

Based upon the spectral data of the NMPO signals as well as the silane
resonances in the carbon-13 spectrdm, evidence for O-silylation is very
strong and dissociation of the complex in solution seems to be
insignificant. Therefoke, the unexpected similarity between the silicon-

29 chemical shifts of the uncomplexed silane and the adduct may be merely

coincidental.

2.7 Variable temperature titration studies of PhCHMeSiMeZBr with
nucleophiles (NMI, HMPA)

In order to gain a more comprehensive knowledge of the exchange between
the silane and its adduct, and also to ascertain that the chemical shift
changes were reversible, variable temperature silicon-29 and carbon-13

n.m.r..étudies were undertaken for 2:1 mixtures of PhCHMeSiMe,Br and

nucleophiles (NMI, HMPA) in dichloromethane—dz. ALl the recorded
spectral data are shown in the appropriate tables in the experimental
section. The plots of the silicon-29 and carbon-13 diastereotopic SiMe

chemical shifts with temperatures are also provided in the figures.

PhCHMeSiMeZBr undergoes complexation readily with these two strong
nucleophiles, producing stable four coordinate ionic adducts, therefore
it is assumed that the 2:1 mixtures of PhCHMeSiMeZBr and nucleophiles
essentiaLLy consist of equimolar quantities of the bromosilane and its

complex.
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Variable temperutﬁre carbon-13 n.m.r. titration studies of

2 : 1 mixtures of PhCHMeSiMe2Br and nucleophile (NMI, HHPA)
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Figure 2.7.2

Varinble temperature silicon-28 n.m.r, titration studies of
2 : 1 mixtures of PhCHMeSiMe2Br and nucleophile (NMI, HUPA).
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2.7.1 Variable temperature study of PhCHMeSiMeZBr with NMI

Prior to Lowering the temperature of the probe, the mixture displayed
silicon-29 and carbon-13 chemical shifts characteristic of signals -
resulting from the averaging of the silane and its complex. The .
extremely broad line shapes observed for groups directly attached to the
silicon atom are in accord with a slow exchange established between the

two silicon species.

As the temperature descended progressively from 300K to 185K, broadening

became more significant. On reaching 260K, the two silicon entities were
detected separately in the carbon-13 spectfum. The detailed examination

of the diastereotopic SiMe resonances reveals a striking and somewhat

unexpected finding.

Oon CooLing to 280K, the very broad, average singlet split to produce two
peaks with considerable linewidths, corresponding to the exchange between
the uhcomplexed.silane and its imidazolium adduct. Interestingly, as the
temperature continues to decrease, the adduct peak collapses to a doublet
but the uncomplexed silane remains as an extremely broad singlet. The
rate of exchange between these two silicon entities decelerates on
cooling, and allows the aniEochrony of the two diastereotopic SiMe groups

in the complex to be detected, thus two SiMe peaks result.

However, the intense broadening of the singlet of the uncomplexed silane
implies that tﬁe silane is undérgoing chemical exchange. Since NMI is
essentially associated with the silane in forming the imidazolium. adduct,
it is unlikely that this exchange reaction is induced by NMI, this is in
accord with the sharpness of the resonances for the silane-NMI complex.
This also proves that the adduct is not involved in the racemization of

the silane under these conditions.

The nucleophilic attack of the bromide anion of the imidazolium adduct at

the silicon atom of the uncomplexed silane is a possible alternative

711

rationalization for such behaviour. On continuous cooling to 240K,
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the rate of this exchange reaction decreases further allowing both
diastereotopic SiMe signals of the silane to be recorded. The increase
in the viscosity of the medium at low temperatures may cause Lline

broadening, leading to averaging of the phenyl resonances.

The silicon-29 n.m.r. spectra of the mixture were taken as the sample was
gradually warmed baék to ambient temperature; this also confirmed that
the chemical shift changes were fully reversible. At low temperatures,
the silicon-29 spectra consisted of two peaks due to the bromosilane and
its imidazolium adduct respectively. On approaching ambient '
temperatures, the rate of exchange between these two silicon compounds
increases, as indicated by the extreme broadening of the two signals;
Eventually at 300K, coalescence occurs giving an avefage, broad singlet

at 26.2 ppm.

2.7.2 Variable temperature study of PhCHMeSiMezBrvuith HMPA

The general chemical sh{ft trends produced by titrating PhCHMeSiMeZBr
with HMPA are consistent with those observed with NMI. Nevertheless,
compared with the NMI system, broadening and the subsequent separation
into two distinct sets of silane and adduct peaks 6ccurred at lower
temperatures.

Deshielding of the methyl carbon nuclei of HMPA in the silyléted'species
is insignificant, although there is a slight increase in the carbon- |
phosphorus coupling constant. The magnitude of the coupling constant
decreases with increasing distance of carbon atom from the phosphorus
atom. Thereforé it is not surprising that carbon-phosphorus coupling is
not detected in the diastereotopic methyl carbon peaks of the silane~HMPA
complex even at low temperatures. Nonetheless, a small coupling is
registered in the benzylic carbon signal of the adduct, this is possibly
due to the presence of the electron releasing substituents on the
benzylic carbon centre enhancing the spin-spin coupling. Similarly,

silicon-phosphords coupling can account for the doublet assigned to the
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HMPA adduct in the silicon-29 spectra, this further supports the

existence of the silane-HMPA complex in the mixture.

The difference between these two variable temperature studies is
manifested by the diastereotopic SiMe resonances. On cooling to 250K,
the two anisochronous, diastereotopic SiMe moieties of the HMPA adduct
become visibLe‘uhereas those of the uncomplexed silane remain as a
singlet until 200K. However with the NMI system, the two SiMe signals of
the NMI adduct as well as those of the free silane are already observable
at 260K and 240K respectivety. These results can be rationalized by
assuming a more rapid nucleophilic attack of the bromide anion at the
silicon atom of the free silane in the HMPA system. Nevertheless, the
previous comparison of the interactions of PhCHMeSiMeZBr with
nucleophiles (NMI, HMPA) at ambient temperature has demonstrated that
both nucleophiles are capable of forming stable complexes with the
bromosilane. The difference in the rate of this exchange reaction may
therefore be governed by the stabilization of the bromide anion by each
nucleophile, which is in accord with the observations from the
conductivity studies of nucLeobhiLic substitution of halotrimethyl-

siLanes.[9’70]

The conductivity of an equimolar solution of bromotrimethylsilane,
MezSiBr, and HMPA is greater than an analogous solution of Me3SiBr,uith
N-trimethylsilylimidazole. This can be attriSuted to tighter ion pairing
of the bromide ion in the bromosilane-imidazole complex, compared with
the brohositane—HMPA adduct. Thus the higher concentration of the free
bromide anion in the HMPA complex enhances the attack at the

electrophilic silicon atom.

The attack of bromide ion at the silicon atom of the silane-nucleophile
complex Leadé to dissociation of the complex, yielding free nucleophile
and silane with no net change of stereochemistry. Coalescence of the
diastereotopic SiMe peaks in the silane-nucleophile complex can only be
indUced by thé attack of a second molecule of nucleophile on the adduct,

thus the diastereotopic SiMe signals for the PhCHMeSiMeZBr—HMPA are
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anisochfonous at low temperatures. However, the bromide ion attack at
the silicon atom of an uncomplexed bromosilane molecule results in

bromide exchange, accompanied by inversion of configuration at silicon.
This helps to explain the collapse of the diastereotopic SiMe peaks of

the bromosilane.

2.8 Interactions of PhCHMeSiMe,Br with tetra-n-butylammonium
bromide ("Bu,NBr)

In order to demonstrate that the exchange is induced by the nucleophilic
bromide anion of the silane-nucleophile adduct, tetrabutylammonium
bromide was used as an alternative source of bromide ijon complementary to
the nucleophile. The chemical shift titrations of tetrabutylammonium
bromide with PhCHMeSiMeZBr were carried out at various concentrations and
under different conditions. The investigations were initially performed
by introducing successive aliquots of PhCHMeSiMeZBr as‘uéLL as a mixture
of PhCHMeSiMeZBr and HMPA into solutions of tetrabutylammonium bromide.

The effect of tetrabutylammonium bromide was furthervexamined by
dissolving it in a coalesced mixture of PhCHMeSiMe,Br and DMPU, and also
by syringing DMPU to a solution of PhCHMeSiMeZBrAcontaining a small ,
quantity of tetrabutylammonium bromide. ALL the spectral data are
tabulated in the experimental section. Apart from the diastereotopic
SiMe signals, there were no apparent variations in the chemical shifts in
the siLfcon-29,'proton and carbon-13 spectra for all the systems
investigated. However, the silicon-29 resonances gradually moved upfield

when HMPA was present in the system due to complexation.

2.8.1 Interaction of nBu4NBr with PhCHMeSiMe,Br

- Immediate coalescence of the two diastereotopic SiMe peaks of
PhCHMeSiMeZBr occurred as the silane was added to a ten molar excess of
”Bu4NBr solution. Further additions of PhCHMeSiMeZBr led to an equimolar

mixture of PhCHMeSiMeZBr and nBu4NBr, however the SiMe signal remained as
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a sharp singlet. These observations are consistent with the involvement
of the bromide ion of tetrabutylammonium bromide, causing the collapse of
the two SiMe resonances into a sharp singlet by attacking the

electrophilic silicon.

2.8.2 Interaction of nBu4NBr with the [PhCHMeSiMe2~HMPA]+Br-
adduct

As a consequence of the common ion effect, the dissociation of the stable
four coordinate EPhCHMeSiMeZ-HMPA]+Br- jonic complex should be favoured

in the presence of tetrabutylammonium bromide. With a ten fold excess of
tetrabutylammonium bromide, the extensive broadening of the silicon-29
NeMar. sighaL ét 28.4 ppm corresponds to the chemical exchange between
‘the uncomplexed bromosilane and the silane-HMPA adduct. In comparison
with the chemical shifts of the uncomplexed silane at 29.2 ppm and its
HMPA salt at 24.3 ppm, the peak at 28.4 ppm indicates that the
equilibrium Llies towards the uncomplexed PhCHMeSiMeZBr. This is
consistent with the operation of a common ion effect enhancing the
dissociation of the silane-HMPA adduct. Apart from exchanging with its
HMPA complex, the uncomplexed silane also undergoes exchange with the
bromide ion of tetrabutylammonium bromide, however this is a degenerate

exchange and will not cause line broadening.

Nevertheless as the proportion of the silane-HMPA adduct increased, only
a slightly broadened singlet at 24.2 ppm was recorded. Tetrabutyl-

ammonium bromide can act as a common ion as well as a polar solvent. As
the dominant species in solution, nBu4NBr pushes the equilibrium towards

the side of the uncomplexed silane and free HMPA by facilitating the
dissociation of the complex. Nonetheless, when the silane-HMPA adduct is

present in a similar ratio, the relative proportion of bromide jon from
tetrabutylammonium bromide decreases. Furthermore nBu4NBr may behave as

a polar solvent stabilizing the ionic complex; these two factors drive

the equilibrium towards the adduct formation.
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2.8.3 Interaction of PhCHMeSiMeZBr with an equimolar quantities

of tetrabutylammonium bromide and DMPU

Since the bromide ion is responsible for the coalescence of the two
diastereotopic SiMe peaks of PhCHMesiMezBr, further studies were
undertaken to compare the nucleophilic strength of the bromide ion with
that of a good nucleophile such as dimethylpropyleneurea (DMPU). The
addition of nBu4NBr to a bromosilane solution causes immediate collapse

of the SiMe peaks yielding a very sharp singlet. However an extremely
broad, coalesced resonance results when the same concentration of DMPU

was added to an analogous bromosilane solution.

Furthermore, the introduction of an equimolar ratio of nBu4NBr to a

coalesced mixture of bromosilane and DMPU leads to instantaneous
sharpening of the broadened SiMe peak. These findings are also in accord

with the results obtained from the interaction of a mixture of
PhCHMeSiMe,Br and "Bu,NBr with DMPU. The two diastereotopic SiMe
resonances of the silane collapsed to a sharp singlet when only a small
amount of nBU4NBP was used. The observed line shapes and the chemical

shifts are unaffected by the addition of a small quantity of DMPU. These
results imply that the bromide ion is a more effective nucleophile than

DMPU since it induces faster coalescence of the SiMe peaks.

2.8.4  Summary

The halide counterion of a four coordinate silane-nucleophile ionic
complex is proved to be intimately involved in the racemization of
halosilane. The concentration of the halide ion depends upon the
stability of the four coordinate ionic adduct. PhCHMeSiMe,Br forms
stable 1:1 ionic complexes with NMI and HMPA, however the EPhCHMeSiMeZ-

NMII*Br~ adduct is found to be more tightly ion paired in contrast to the
HMPA counterpart. Thus in the NMI system, a smaller proportion of Llabile
bromide ion is available for nucleophilic attack at the silicon atom of

PhCHMeSiMeZBr, resulting in a slower rate of exchange. The observations
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from the titration studies of tetrabutylammonium bromide not only
demonstrate the catalytic promotion of the bromide exchange of
bromosilane by bromide ion, they also show that the common ion effect
only becomes important when a large excess of free bromide ion is present

in the system.

2.9 Interactions of a mixture of PhCHMeSiMeZCl and PhCHMeSiMezBr.
with nucleophiles (NMI, HMPA)

From the preceding discussion, it can be concluded that the stability of
a four coordinate ionic silane-nucleophile complex is dependent upon the
nature of the counterion. Furthermore, the magnitude of the equilibrium
constant for complex formation for a given counterion is controlled by

the attacking nucleophile. Comparisons of the PhCHMeSiMeZBr and
PhCHMeSiMe5CL titrations with nucleophiles (NMI, HMPA) indicate that the

chlorosilane forms less stable jonic complexes and undergoes much faster
chemical exchange with its adduct. In addition, the bromide ion of the
adduct is well solvated and induces a rapid racemization of the

bromosilane.

These findings are further verified by titrating an equimolar mixture of

PhCHMeSiMepCLl and PhCHMeSiMep,Br with nucleophiles (NMI, HMPA) at ambient

and variable temperatures. The spectral data are provided in the
appropriate tables in Chapter 6. Again, the proton, carbon-13 and
silicon=29 chemical shifts of the diastereotopic SiMe groups are

presented in the accompanying figures.

2.9.1 Interaction of the mixture of PhCHMeSiMeZCL and
PhCHMeSiMeZBr with HMPA

Coalescence of diastereotopic SiMe peaks was not observed in the variable
temperature study on a 1:1 mixture of PhCHMeSiMeZCL and PhCHMeSiMeZBr,

this is indicative of the absence of éxchange between these two silicon
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species. As a consequence of titrating the mixture with HMPA, both the
proton and silicon-29 signals shifted slightly upfield, however such
changes are not .apparent in the carbon-13 spectra apart from the SiMe
peaks. Only the silicon-29 signals as well as those resonances for
moieties attached tb the silicon atom in the proton and carbon-13 n.m.r.
spectra show intense line broadening. With increasing concentration of
HMPA, the CH resonance in the proton spectra became obscured by the HMPA
doublet, therefore it is not possible to assign this signal. Although
the proton atoms and the methyl carbon nuclei of HMPA are not deshielded
significantly as would be expected on silylation, there is a slight

increase in the proton-phosphorus and carboanhosphorus coupling

~ constant.

The changes in the proton chemical shifts follow a similar pattern to
that observed in the carbon-13 spectra. Deductions from the proton,
carbon-13 and silicon-29 spectral data are consistent with the opebation
of several dynamic processes. The addition of a 0.1 molar equivalent of
HMPA to the mixture of silanes leads to an immediate coalescence of the

two diastereotopic SiMe signals of;PhCHMeSiMeZBr yielding a singlet,

whereas those of the chlorosilane remain unchanged until more HMPA is
introduced. This is in accord with the expected behaviour, since the
bromosilane has a greater tendency in forming a stébLe complex with HMPA
than its chloride counterpart. Thus nucleophilic attack by HMPA is
mainly at the silicon atom of the bromosilane with the generation of
bromide ion, thch in turn promotes rapid halide exchanges of the chloro-
and bromosilanes. Similarly, the small chloride ion produced by the
attack of bromide ion at the chlorosilane can also induce halide

exchanges of the two silanes.

The transient, unstable EPhCHMeSiMeZ-HMPAJ+CL- adduct dissociates readily
releasing uncomplexed HMPA, which then complexes with PhCHMeSiMeZBr or
undergoes exchange with [PhCHMeSiMeZ—HMPA]+Br'. The attack of HMPA at
the silicon atom of the EPhCHMeSiMeZ-HMPA]+Br— complex is facilitated

with respect to the isolated bromosilane, since HMPA is an excellent,

neutral leaving group compared with the bromide ion. Thus the exchange
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Figure 2.9.1
Proton n.m.r. titration study of a 1:1 mixture of PhCHMeSiMe2X
(X=Cl, Br) against HMPA.
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Figure 2.9.2
Carbon-13 n.m.r, titration study of a 1: 1 mixture of

PhCHMeSiMe2X (X=Cl, Br) against HMPA.
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Figure 2.9.3
Silicon-29 n.m.r. titration study of a 1 : 1 mixture of

PhCHMeSiMe2X (X=Cl, Br) against HMPA.
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between PhCHMeSiMeBr and its HMPA salt is greatly enhanced in the

presence of the chlorosilane.

The formation of the bromosilane-HMPA ionic complex is favoured with
increasing concentration of nucleophile. Hence PhCHMeSiMeZCL and
EPhCHMeSiMeZ-HMPA]+Br" adduct become the major species present at high
proportion of HMPA. Consequently, a dynamic equilibrium is also
established between these two silicon species and averaging of the SiMe
signals of PhCHMeSiMeZCL results. This finding agrees well with the
observation by Cartledge[72’73] on HMPA catalysed halide exchange between

bromo- and chlorosilanes, which also take place via ionic intermediates.

2.9.2 Interaction of the mixture of PhCHMeSiMeZCL and
PhCHMeSiMezBr with NMI

By analogy with the HMPA system, the chemical shift titration‘with NMI
exhibits similar behaviour except for the proton spectra, where anomalous
downfield shifts of the SiMe and CH signals are recorded. Furthermore,
contrary to the HMPA titration, Line broadening‘is more pronounced in the -
resonances of fhe groups adjacent to siLicon, indicative of a slower
exchange. Deshielding and broadening of the NMI peaks are significant

particularly at the C, position, which strongly support the formation of

an ionic imidazolium complex on silylation.

2.9.3 Variable temperaturé study on the mixture with HMPA

A variable temperature proton n.m.r. chemical shift study was performed

on a mixture consisting of an equimolar ratio of PhCHMeSiMe,Cl and
PhCHMeSiMeZBr, together with a 0.45 molar equivalent of HMPA. Prior to

varying the temperature of the probe, the proton n.m.r. spectrum of the
sample and the very broad, average SiMe resonance were consistent with

chemical exchanges taking place in the system. Apart from the SiMe and,
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Figure 2.9.4

Proton n.m.r. titration study of a 1: 1 mixture of PhCHMeSiMe2X
(X=Cl, Br) against NML
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Figure 2.9.5
Carbon-13 n.m.r, titration study of a 1: I mixture of
PhCHMeSiMe2X (X=Cl, Br) against NMIL
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Figure 2.9.6
Silicon-29 n.m.r. titration study of a 1 : 1 mixture of
PhCHMeSiMe2X (X=Cl, Br) against NMIL
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to a lesser degree, the Me signals, there is no apparent change in the

remaining chemical shifts on progressive lowering of temperature.

On cooling to 290K, the SiMe singlet split to give two peaks at 0.33 and
0.37 ppm attributable to PhCHMeSiMeZCL and the two exchanging silyl
bromide species respectively.  As.the temperature continues to decrease,
a shoulder gradually develops on the SiMe singlet of the chlorosilane.
EventuéLLy two symmetrical peaks at 0.31 and 0.28 ppm are observed,

corresponding to the two diastereotopic groups in PhCHMeSiMeZCL. Such

behaviour is in accord with the deceleration of the rate of exchange
between the chlorosilane and the silane-HMPA adduct with decreasing

temperatures.

In addition, rate retardation of the exchange between the bromosilane and
jts HMPA adduct results upon further cooling, accompanied by progressive '
Lline broadening of the cpalesced singlet for these two exchanging siLicoh
species. Finally at 250K, the proton spectrum gives two separate
resonances for the diastereotopic SiMe groups of the HMPA adduct and a
slightly broadened singlet for those of the bromosilane. Again, the
collapse of the two SiMe signals in the bromosilane can be rationalized
by rapid nucleophilic attack of the bromide ion, causing inversion at

silicon of the bromosilane.

Thus the interpretation of the spectral data produces an order for the
‘relative rate of the three dynamic processes, compared with the proton
"nem.r. time scale. The exchange between PhCHMeSiMeZCL and the
[PhCHMeSiMez—HMPAJ+Br_ complex is slower than the exchange of
PhCHMeSiMeZBr with its HMPA adduct, which is in turn slower than the

racemization of the bromosilane.
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Figure 2.9.7

Variable temperature proton n.m.r. titration study of a
1:1: 045 mixture of PhCHMeSiMe2X (X=Cl, Br) and HMPA.
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2.10 Interactions of chloromethylphenylsilane (PhMeHSiCL) with

nucleophiles (NMI, HMPA, DMF)

In contrast to the diastereotopic silyl systems, evidence for five
coordination has been pfovided by the chemical shift trends of the
interaction between methylphenylsilyl triflate (PhMeHSiOSOZCF3) with N-
methyL1'm1‘dazole.[7[':I Therefore it is interesting to investigate whether
an analogous pentacoordinate complex is produced by varying the leaving
group from triflate to chloride. The titrations of nucleophiles (NMI,
HMPA, DMF) with PhMeHSiCl were monitored by proton, carbon-13 and
silicon-29 n.m.r. spectroscopy. ALl the spectral results are shown in
the experimental section. The chemical shift changes in the SiMe moiety

are illustrated in the accompanying figures.

2.10.1 Interaction of PhMeHSiCL with 1-methylimidazole (NMI)

Successive additions of aliquots of NMI to PhMeHSiCL, until a 1:3 ratio

of PhMeHSiCl to NMI was reached, resulted in a steady and marked Llow
frequency shift of 88 ppm in the silicon-29 spectra, from an initial
value of 5.2 ppm. This behaviour is accompanied by a slight broadening
of the silicon Line shapes, indicating that the silicon species are
exchanging with each other. Thus the shape of the titration curve and
the exchange behaviour at Low ratios of PhMeHSiCL to NMI are consistent

with the formation of a pentacoordinate PhMeHSiCl-(NMI), complex, which
is undergoing fast exchange with the four coordinate 1:1 PhMeHSiCL-NMI

complex. This four coordinate adduct in turn exchanges relatively
slowly, on the silicon=29 n.m.r. time scale, with the uncomplexed
PhMeHSiCLl as evidenced by the broad signaLs,'untiL a 2 molar excess of

NMI was present.

The silane resonances experience a small down frequency change in the

proton and carbon-13 n.m.r. spectra, except for the carbon-13 SiMe signal

which moves downfield with increasing concentration of NMI. On

silylation, deshielding of the NMI resonances results which is manifested
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by the high frequency chemical shift changes, particularly at the

imidazolium CZ-H proton.

The chemical shift trends in the silicon-29 n.m.r. spectra of PhMeHSiCl

are similar to those of PhMeHSiOSOZCFs, indicating that an analogous

complex is formed irrespective of counterion. Thus the observations are

in accord with a comparable reaction scheme. ,

M H
PhMeHSiCL + NMI == [NMI~-SiHMePh1Tcl™ =—> [NMI-SIi-NMI]+CL-

W

N

Ph
Scheme 2.10.1

The five coordinate solid adduct, hydridomethylphenyl-bis-(3-methyl-1-
imidazolijum) silicon (IV) chloride EPhMeHSi-(NMI)23+CL“, has been

synthesed. Its n.m.r. spectral data in solution, especially the
broadened silicon=29 chemical shift at =50 ppm, strongly imply the
presence of a five coordinate complex and that dissociation of the adduct

into its components is not substantial.

2.10.2 Interaction of PhMeHSiCL with N,N~dimethylformamide (DMF)
The pfoton and carbon-13 chemical shiftvtitration of PhMeHSiCL with DMF
failed to show any significant changes attributable to adduct fofmation,
since the spectral data remained essentiatly'the same even in a four
molar excess of DMF. However, the 2 ppm upfield shift of the silicon-29
signal was accompanied by intense broadening, which was indicative of a

very slow exchange.

Furthermore, an interesting feature was noted in the proton NMe
- resonances of DMF. The chemical shift separation between the two NMe
peaks reduced by SHz from an initial value of 7.8Hz, when the ratio of

PhMeHSiClL to DMF reached 1:0.8. A gradual increase in the chemical shift
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difference between these two signals was observed upon further addition
of DMF. This anomalous behaviour was also exhibited in the silylation of

DMF by chlorodimethylphenylsilane, PhMeZSiCL. Thus these two systems

were further investigated and a detailed ratjonalization of the results

will be discussed in the following section.

The insignificant adduct formation may be due to a very small equilibrium
constant for complexation at ambient temperatures, therefore a low
temperature silicon-29 n.m.r. study was undertaken for 1:3 mixture of
PhMeHSiCl and DMF. Cooling the solution mixture down to 200K induced a
low frequency shift of 3 ppm from a value of 3 ppm for the uncomplexed
PhMeHSiCl, and a pronounced reduction in peak intensity due to exchange
broadening. Enhanced complex formation is not apparent even at low
temperatures. Nevertheless, these two trends are fully consistent with a

slight shift towards complex formation.

2.10.3  Interaction of PhMeHSiCl with hexamethylphosphoramide
(HMPA)

HMPA is a more efficient oxygen donor than DMF therefore it is expected
to behave differently with PhMeHSiCl. Titration of HMPA against
PhMeHSiCl caused the n.m.r. resonances of all three nuclei to move
steadily upfield. The shape of the proton titration curve for the SiMe
éignal is analogous to that observed in the NMI system. This clearly
implies that the interaction with HMPA follows a similar reaction pathway
to that with NMI. When the silane and HMPA mixture reached a 1:1
stoicheiometry, sharp points of inflexion occurred in both the proton and
carbon-13 titration curves, which can be rationalized by the formation of

a second type of complex.

Nevertheless, such adduct formation is not reflected to a great extent in
the silicon=-29 spectfa. Furthermore, the silicon-29 titration curve
exhibits completely different behaviour to that observed for the

titration of NMI. With a five fold excess of HMPA, the silicon-29 signal
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Figure 2.10.1
Proton n.m.r. titration studies of PhMeHSiCl against
nucleophiles (NMI, HMPA, DMP),
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Figure 2.10.2
Carbon-13 n.m.r, titration studies of PhMeHSiCl against
nucleophiles (NMI, HUPA, DMF).
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Figure 2.10.3
Silicon-29 n.m.r. titration studies of PhMeHSiCl against
nucleophiles (NMI, HMPA, DMF).
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only shifted 8 ppm upfield from a value of 5.3 ppm for the uncomplexed
silane. A low equilibrium constant for complex formation at ambient
temperature may be responsible for this observation and the unsuccessful

synthesis of the solid five coordinate [PhMeHSi—(HMPA)2]+CL- adduct.

To clarify the difference in the results found in the silicon-29'spectra,
a variable temperatdre silicon=29 n.m.r. study was performed on a 1:3

mixture of PhMeHSiCL and HMPA. Lowering the temperature to 200K caused a
down frequency shift to -59.5 ppm together with intense broadening of the

resonance, characteristic of five coordinate silicon and chemical

exchange.

2.10.4  Summary

It can be concluded that both HMPA and NMI interact with PhMeHSiCl via a
similar route forming pentacoordinate ionic [PhMeHSi-(Nu)2]+CL'

complexes, as described by the following scheme. However the silane-

oxygen donor adduct can only be observed readily at Low temperatures,

owing to the low equilibrium constant forvsuch ﬁomplex formatioh. The
ease of pentacoordination at silicon for PhMeHSiCl increases with

nucleophiles in the sequence Nu=DMF < HMPA < NMI.
PhMeHSiCL + Nu === [PhMeHSi-Nul*cl™ === [PhMeHSi~(Nu),1*cL™

Scheme 2.10.2

2.11 Interaction of PhMeRSiClL (R=H, Me) with DMF

N, N-Dimethylformamide (DMF) and amides in general possess two potential
donor sites, the oxygen and the nitrogen atoms. This dual nature of the
amides is often referred to as ambidentate nucleophilicity. Extensive
studies have been carried out concerning the site of protonation in these

species, which has been the subject of considerable controversy. A
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detailed account of the arguments regarding the site of protonation has

been presented by Homer and Johnson.[75]

The greater basicity of nitrogen nucLeophiLe§ suggests intuitively that
this is the preferred donor site. However n.m.r. studies in concentrated

L76] provide convincing evidence that the oxygen atom is the

~acids
predominant site of protonation. This can be rationalized by the extra
stability conferred on the O-protonated species by resonance, as depicted
in the following scheme. Delocalization of the resulting positive charge
on the oxygen, carbon and particularly nitrogen is not possible with

protonation on nitrogen.

| H' Q
HC—NMe, <> HC-—-—ﬂMez
N Z
H
OH & c|>H
i
HC—NMe, <> HC—NMe, <> HC=NMe,

Scheme 2.11.1 Resonance structures of DMF

The magnetic non-equivalence of the two methyl groups attached to the
nitrogen atom can be partly accounted for by differential shielding of
the adjacent carbonyl group. Total line shape analysis of variable

temperature n.m.r. data provides an estimate for the barrier to rotation

for the (0)C—N bond in DMF, which is approximately 80 kJmoL"‘].[:-s:s:l As a
consequence of the hindered rotation about this bond, two singlets for
the N-methyl proton and carbon atoms are observed in the proton and
‘carbon-13 n.m.r. spectra respectively. This is attributed to partial
double bond character derived from the delocalization of electron density
over the three atoms, oxygen, carbon and nitrogen, which also results

from the silylation or protonation on the oxygen atom.
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Restricted rotation due to the additional steric bulk created on nitrogen
as a result of silylation has been disputed by Yoder and Hausman.[77]
Their studies on the structurevand dynamics of N-methyl and N-tert-butyl-
dimethylsilyl amides providéd,evidence that the barriers to rotation
about the (0)C—N bond are lower in those species with highly hindered
nitrogen, compared with the analogous N-trimethylsilyl derivatives. Free
rotation of the (0)C—N bond results when protonation or silylation takes

place at the nitrogen atom, destroying the anisochrony of the two N-

methyl resonances.

2.11.1 Interaction of PhMeHSiCl with DMF

In the preceding discussion on the interaction of PhMeHSiCl with DMF, a
brief account was provided on the interesting changes in the chemical
shift separation of the two N-methyl peaks of.DMF. The variation in the
chemical shift difference between the two proton N-methyl signals depends

upon the concentration of DMF in the system.

The relative shieldings of these two methyt‘groups are greatly affected
by solvent. The solvent effect was investigated by repeating the
experiment in the absence of the silane; successive aliquots of DMF were
added to a similar quantity of chloroform-dq. The separation between the
two methyl peaks remained essentially constant except at very high
concentrations of DMF, in which cases the solution behaved virtually as
neat DMF. Therefore, solvent effect is unlikely to be responsible for

“such a change in the chemical shift difference.

The merging of the two methyLvreéonances implies that the nitrogen atom
may be protonated or silylated. In order to distinguish between these
two processes, the reaction was further studied in the presence of a base
to remove the acid impurity, hydrogen chloride. Pyridine and
triethylamine were used as acid scavengers in the preliminary studies,
however the same feature was still observed as the PhMeHSiCl was titrated

against DMF.
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To confirm that this variation in the peak separation was not induced by
protonation, the titréfion was performed with equimolar quantities of
PhMeHSiCL and the sterically hindered 2,6-di-tert-butylpyridine (2,6DBP),
which has a very large pKa value. ALl the n.m.r. data for the
interactions of PhMeRSiClL (R=H, Me) with DMF are listed in the tables
provided in the experimental‘chapter. The changes in the chemical shift

of the two N-methyl signals are presented in the accompanying figufes.

No apparent changes in the chemical shifts of the silane were detected in
the proton, carbon-13 and silicon-29 n.m.r. spectra, {mplying that adduct
formation was insignificant. However Lline broadening of the proton and
silicon-29 SiMe peaks was observed, which was indicative of a slow
exchange between the uncomplexed silane and its DMF adduct. The two
carbon-13 N-methyl resonances of DMF remained unaltered even with a five
molar equivalence of DMF. NeVertheless, only a singlét at 2.80 ppm was
recorded in the proton spectra for the two N-methyl entities, until a
1:0.6 ratio of PhMeHSiCl to DMF was reached. The chemical shift
separation between these two proton signals then increased gradually from

1.1 to 7.7 Hz, when DMF was in five fold excess.

This anomalous behaviour can be taken as evidence forrN-siLylation at low
concentrations of DMF since differential deshielding of the N-methyls is
not observed undef this condition. Furthermore, the small upfield shift
of the proton N-Me resonances is consistent with the studies of Pugmire
and Grant.tég] They reported that direct protonation on nitrogen ¢aused
low frequency shifts in the attached methyl groups. This feature is not
exhibited in the silylations of DMF by halotrimethylsilanes (Me3SiX;
Xx=CL, Br), bromomethyldiphenylsiLane (PhZMeSiBr) or the diasfereotopic
PhCHMeSiMeZCL, but, surprisingly, it is observed with chlorodimethyl-

phenylsilane (PhMeZSiCL).
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2.11.2 Interaction of PhMezsiCl with DMF

As with PhMeHSiCL; the titfation studies were carried out in the presence
and the absence of 2,6DBP. In both cases, the results are comparable to -
those observed in the correspohding silylation by PhMeHSiCl. Changes in
the chemical shifts and the Lline shapes of the silane resonances were not
noted in the proton, carbon;13 and silicon-29 n.m.r. spectra, indicating
that adduct formation betweenvPhMezsiCL and DMF was insignificant. The
collapse and the subsequent divergence of the two proton N-methyl peaks
of DMF occur at a similar silane to DMF ratio and share the same trend as
in the case of PhMeHSiCl. The magnitude of the chemical shift difference
between these_two signals also varies in an analogous pattern relative to

that of PhMeHSiCl, with increasing proportion of DMF.

Based upon the rationalization for the PhMeHSiCl system, the coLLabse of
these two peaks can also be explained by N-silylation of DMF by
PhMeZSiCL. However, silylation at the oxygen atom of DMF is generally

the much preferred and dominant route. In order to clarify the

situation, the interaction of PhMeZSiCL with DMF was further investigated

using oxygen-17 n.m.r. spectroscopy.

In comparison with the silicon-29 nucleus, oxygen-17 nucleus is more
difficult to observe owing to its low receptivity, although the

-relaxation time is normally very fast. Using water as the reference
standard, the range of chemical shifts for the majority of oxygen-17

species spans from +900 to -50 ppm, with the highly deshielded species at

78] The carbonyl group (C==0) is considerably

higher frequencies.
deshielded with respect to C—0-, thus an upfield shift is expected on 0-

silylation due to an increase in shieLding induced by silicon.

In the oxygen-17 n.m.r. chemical shift titration of PhMeZSiCL against
DMF, no pronounced changes in the oxygen-17 signal of the carbonyl group
of DMF were noted. This indicates either the absence of O-silylation of
. DMF by PhMeZSiCL or, morellikely, a low equilibrium constant for adduct

formation.
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Figure 2.11.1
Proton n.m.r, titration studies of PhMeRSiCl (R=H, Me) against
DMF in the presence of 2,6DBP.
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Figure 2.11.2
Separation bhetween N-Me peaks of DMF in proton n.m.r. titration
studies of PhMeRSiCl (R=H, Me) against DMF.
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2.11.3 Interprétat{on of results

The titration studies on these two silyl systems (PhMeRSiCl; R=H, Me)
provide some evidence for N-siLyLation of DMF. However further detailed
investigations on these systems are required for definite conclusions to
be drawn and to explain why this phenomenon only occurs under certain
conditions. The cotlapse’ié not detected in the carbon-13 n.m.r. spectra
owing to the different time scale of the carbon=13 nuclei compared with

the proton nuclei.

At Low concentrations of DMF, silylation at nitrogen of DMF may take
place leading to free and rapid rotation of the (0)C—N bond, giving an
average N-methyl signal on the proton n.m.r. time scale. With increasing
proportion of DMF, O0-silylation may be more favourable and dominates;
Delocalization of the positive charge on the three nuclei:- oxygen,
carbon and nitrogen, restricts the rotation of the bond by raising the

energy barrier, thus two separate methyl resonances result.

P ~ R,SiX PSRy
H—C = H—C{ X
Ny~ Mea \n—Mea

N\ ~Me}p,
R,SiX
4 y
O o)
4 - -
_ —_—> H— SiR, X
H c\ﬁ Mey, T H c\%)/. -
/'/,’,’, / \
X l ‘Me Mer. M
SiR, © | ®bV¢a

Scheme 2.11.2 0- and N-silylations of DMF
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2.12 General summary

The conclusion inferred from the accumulated results strongly indicate
that EsiLane—nucLeophiLeJ+X- ionic adducts are formed as a consequence of
the interactions between nucleophiles and highly electrophilic silicon

species. For the diastereotopic silyl systems, PhCHMeSiMeZX (xX=CL, Br,
OSOZCF3), the four coordinate EPhCHMeSiMeZ-nucLeophile]+x' ionic

complexes with a 1:1 stoicheiometry are the dominant species present in
the silylating mixture in solution. Conversely with PhMeHSiCl, the four

coordinate jonic salts are susceptible to further attack by a second
molecule of nucleophile, yielding five coordinate [PhMeHSi—(Nu)2]+CL—

ionic complexes.

The stability of silane-nucleophile adducts is controlled by a
combination of structural and electronic factors. For a given silane,
the equilibrium cqnstant for the formation of such complexes depends upon
the electron donafing ability of thevattécking nucleophile. Thus
stronger donors, for instance N~methylimidazo[e and hexamethyl-
phosphoramide, should be more efficient at forming stable complexes

accompanied by a higher equilibrium constant.

Furthermore, the silane-nucleophile complexes undergo chemical exchanges
with other nucleophiles and with their parent silanes at a rate
controlled by the initial dissociation of the complex into its individual
components. The’rate of this dissociation is governed by the
nucleophilicity and the solvation of the counterion, as well as the ion
pairing of the complex, which decreases in the following sequence X=ClL >

Br > 0302CF3-

More importantly, the halide counterion of the adduct is found to induce
rapid racemization of halosilane, which supports the finding by

711

Prince on the chloride exchange reaction of triphenylchlorosilane,

Ph381CL, with radioactive labelled tetrabutylammonium chloride. 1In

addition, the facile exchange between the four and five coordinate

PhMeHSiCl-nucleophile adducts illustrates that racemization of this
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silane by nucleophiles can take place without involving a six coordinate

silicon intermediate.
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Chapter 3  Kinetic studies on the racemization of

diastereotopic silanes
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3.1 Introduction

Having established the nature of the major species present in silylation
reactions, the mechanism of nucleophilic substitution at silicon can be
further elucidated by invesfigating the kinetic aspects of the |
interactions of silanes witH nucleophiles. An advantage of utilizing the
diastereotopic silanes, PhCHMeSiMeoX (X=CL, Br,IOSOZCF3),'for kinetic
studies is the anisochrony of the two diastereotopic SiMe n.m.r. peaks.
This approach is very common and has been widely exploited in other areas
of chemistry, such as the evaluation of the activation energy barriers to

hindered rotation.[79]

Nucleophilic attack at the diastereotopic silanes, PhCHMeSiMeZX (X=ClL,

Br) may induce inversion of configuration at silicon. Consequently, a
dynamic equilibrium is established between the silicon species and its
inverted isomer. If the éxchange is fast on the n.m.r. time scéle,
chemical shift non-equivalence is destroyed and coalescence of the two
“diastereotopic SiMe signals results. The rate of exchange at coalescence
reflects the rate of racemization of the silane under investigation.
Therefore, kinetic informat{on on the racemization processes at silicon
can be assessed by monitoring the changes in the Lline shape of the
diastereotopic SiMe resonanceskusing n.m.r. spectroscopy. This technique
is known as dynamic n.m.r. spectroscopy (DNMR); it requires an
appreciable chemical shift separation between the two diastereotopic
peaks for accurate rate constants to be evaluated. Only the carbon-13
diastereotopic SiMe resonances of PhCHMeSiMeoX (Xx=CL, Br, OSOZCF3) show
sufficient chemical shift differences, thus the kinetic studies were

performed solely on these systems.

"The racemization processes of the diastereotopic silanes, PhCHMeSiMeZX

(X=CL, Br) were examined in detail with a diverse range of nucleophiles,
in various solvents and at different concentrations. Successive aliquots
of a nucleophile were syringed into a silane solution; the two carbon-13

diastereotopic SiMe resonances were recorded after each addition of
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nucleophile until the two peaks coalesced. Complete line shape analysis
was carried out for each silane-nucleophile interaction using a modified
version of the DNMR4 program from the Quantum Chemistry Program

Exchange.tgo]

It is essential to have good quality spectra for Lline
shape comparison. Thus the n.m.r. spettra were recorded with optimal
resolution, correct phase setting and a reasonably long scahning period
to maximise the signal-to-noise ratio. The rate constants calculated by
computer simulation, the reaction conditions and the variations 1in the

concentrations of both silane and nucleophile are tabulated in the

experimental section for each reaction.

3.2 Mechanistic proposals

By inference froh the find{ngs in the preceding chapter, two mechanisms
for the racemization of halosilanes can be postutated to accommodate
different equilibrium constants (Keq) for adduct formation, which are
governed by the nature of the counterion and the donor strength of the

attacking nucleophile.

3.2.1 The first mechanism

In the cases where low equilibrium constants érevobserved, for instance
when X=Cl with most nucleophiles or X=Br with weak nucleophiles, the
racemization of halosilanes may proceed via the following pathway. Salt
formation between the silane and nucleophile is assumed to be minimal,
possibly with NMI and HMPA as the only exceptions. Hence the
concentration of the counterion, [X" ], will be extremely small and the

proportion of free nucleophile in solution, ENuf], will be essentially

equal to the quantity added, [Nuol.
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PhCHMeSiMe,X + Nu === PhCHMeSiMe Nu*X"

PhCHMeSiMe,Nu'X™ + Nu* === PhCHMeSiMe,Nu* X~ + Nu

Rate determining step
Scheme 3.2.2

Assuming that the attack of a second molecule of nucleophile at a silane-~
nucleophile adduct is the rate determining step, the silane-nucleophile
complex is ion-paired and the equilibrium constant for jon-pair

dissociation (Kd) is zero, the rate of racemization can be expressed by

equation 3.2.1.
Rate = kZEPhCHMeSiMeZNu+ X"1CNu*3] Equation 3.2.1

However the équilibrium constant for complex formation (Keq) is related

to [PhCHMesiMezNu+ X~J by the following equation.

kq CPhCHMeS iMe,Nu* X7
K = = - Equation 3.2.2
€q kg CPhCHMeSiMe,X1 [Nul

Therefore [PhCHMeSiMezNu+ X"1 = KquPhCHMeSiMeZX]ENu] and since Nu is the
same as Nu*, the overall racemization rate law can be rewritten as

follows:-

Rate = kyKooLPhCHMeSiMeXIINu 12 Equation 3.2.3
Nevertheless, if the silane-nucleophile adduct is not compLeteLy‘ion-
paired, the [PhCHMeSiMeZNu+ X"1 term in equation 3.2.1 is replaced by

EPhCHMeSiMeZNu+J dgnd the rate of racemization becomes

Rate = kZEPhCHMeSiMeZNu+]ENu*J Equation 3.2.4
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The concentration of PhCHMeSiMeZNu+ depends upon the extent of

dissociation of the complex which can be described by the folLowing

scheme.
PhCHMeSiMe,Nu* X~ === PhCHMeSiMe,Nu* + X~
Scheme 3.2.3
- CPhCHMeSiMe,Nu*1 [X™3
Ky = ' - Equation 3.2.5

CPhCHMeSiMe,Nu™ X71
[PhCHMeSiMe Nu*IIX1 = K [PhCHMeSiMeoNu® X

In the absence of added X", the concenfration of X~ is equal to that of

[PhCHMeSiMe,Nu™1), therefore

PhCHMeS iMe,Nu* (LX7]

[PhCHMesiMe Nu*l = K O-2[PhcHMesime Nt X720+ Equation 3.2.6
The rate equation can be modiffed to

Rate = kK4 " TPhCHMeSiMepNu® x710-2TNu*3 | Equation 3.2.7

However, EPhCHMeSiMeZNu+ X1 = Keq [PhCHMeS iMe,X] CNul, thus substituting

this into equation 3.2.7 yields the overall racemization rate law which

can be expressed as
Rate = kyKo 09K 0-2INu*ICPhCHMesiMe,x10-2tNu10>  Equation 3.2.8
The above equation can be simplified to give the following equation.

Rate = kZKeqo'5Kd0'SEPhCHMeSiMeZXJO'SENu°J1'5 Equation 3.2.9



-107-

The presence of the Kq term indicates that the rate of racemization is
governed by the extent of ion-pair dissociation (Kd) in this situation.
However the overall rate equation is different from equation 3.2.3.

Furthermore, direct substitution of equation 3.2.2 into equation 3.2.5

also produces the same result (equation 3.2.9).

To account for all possibilities, the overall rate equation for this

mechanism can be expressed in the following form.

Rate = Pp{kyKoq[PhCHMeSiMe XINu 1%) +
Pgtky"Kegl 2Kyl *IPhCHMes iMe X102 INu 11 -3 Equation 3.2.10

where Pa and Pg are the proportionality factors

3.2.2 The second mechanism

When X=Br with strong nucleophiles or whean=OSOZCF3 with moderately

strong donor species, the silane-nucleophile complexes are formed readily
and are more stable with larger equiiibrium constants for adduct
formation. Under these conditions, the following mechanism may hold and
the concentration of free nucleophile, ENuf], in solution will be

insignificant. Assuming that PhCHMeSiMepX is present in excess and the

adduct is not ion-paired i.e. dissociated, the concentrations of X~ will
be relatively high. In extreme cases, it can be assumed that salt
formation may account for almost all the added nucLeophfLe, which is
fully supported by the n.m.r. chemical shift titration results in the

previous chapter. If this is the case, the concentration of nucleophiLe
added ([Nu 1) should be approximately equal to the concentration of X~
(LX™1) as illustrated by the following equations.

[PhCHMeSiMe,Nutd [X7]

Keq = - Equation 3.2.11
a CPhCHMeSiMe,X1 CNul
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EPhCHMeSiMeZNu+] = [X"1, therefore the above equation can be rewritten

as:-
X1 = Koq LPhCHMeSiMe X1 [Nugl Equation 3.2.12
INugd = [X71 + [Nugd | Equation 3.2.13
[X"] = {Kgq (CNug] = [X7D) CPhCHMeSiMe,x130+> Equation 3.2.14
[XT12 = Kgq [Nuyd CPhCHMeSiMe,X] - Koo X1 [PHCHMeSiMe,X]
Equation 3.2.15
[X73% + Koq[NuGIEPhCHMeS iMeXD = Ko [X"ICPhCHMeS iMe X1 = O

Equation 3.2.16

If Keq is very large the second and third term will dominate, then the

rate expression becomes

Keq [PhCHMeSiMe,X1 [X™1 = K, [PhCHMeSiMe,X] [Nujl = 0
Equation 3.2.17

Thus [X"] is equal to CNu,J under this condition.

If the formation of the silane-nucleophile adduct is the rate determining

step, then the rate law for the racemization rate is
Rate = k1[PhCHMeSiMe2XJENqu Equation 3.2.18

However if the halide exchange is the rate limiting process, the rate

expression becomes

Rate = kZEPhCHMeSiMeZX]EX'] Equation 3.2.19
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The concentration of free X~ depends upon the equilibrium constant for
jon-pair dissociation (Kd), which is related to the equilibrium constant
for complex formation (Keq). As illustrated in the last section, the |
equilibrium constants for adduct formation (Keq) and ion-pair

dissociation (Kd) can ‘be described by the following equations.

CPhCHMeS iMeNu* X731 [PhCHMeSiMe,Nu*] [X7]

e : d -
q CPhCHMeS MeX] Chul | CPhCHMeSiMe Nu* X3

These two éduations can be rearranged to give
[PhCHMéSiMeZNu+kx'J = Kgq [PhCHMeSiMe,X1 [Nul
X1 = [PhCHMesiMeZNQfJ = Kq0*> CPhCHMesiMe Nut X710+

From equation 3.2.19, the rate of racemization can be gxpressed as
Rate = k, [PhCHMeSiMe,XJ [X™]

However [X 1 is governed by Kg which is related to Keq' the rate equation

can therefore be modified.

Rate = ky LPhCHMeSiMe X1 K03 [PhcHMesime Nt x720-3

0.5 rphcHmesiMe,x10-7 [Nul0+?

Rate kz‘EPhéHMeSiMeZX] KO K,

q

Thus the overall racemization rate expression can be rewritten as
Rate = kpKeql*2K 0" [PhCHMesiMe,X11-5tNuc10-3  Equation 3.2.20

A. small Keq and small K
1f Keq and Ky both Lie towards the left, the concentration of free
nucleophile in solution, ENuf], will be similar to the quantity of added

nucleophile, ENUOJ. The rate equation for racemization becomes
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CNugd = [Nu,d
Rate = kj Kog0*? K 03 [PhcHMesime,x11-5 [Nu 10+  Equation 3.2.21

B. large Keq and small Ky

If Keq lies towards salt formation and Kq lies towards the ion-pair, the
concentration of the ijon-pair, PhCHMeSiMeZNu+ X", will be approximately
equal to that of the added nucleophile, [Nuo]. The rate law can be

expressed in the following form.

[PhCHMeSiMe,Nu® X™1 = [Nug]

Rate = ky [PhCHMeSiMe,X1 K 0*> [PhcHMesiMe Nyt 71042

R - 0.5 . 0.5 :

ate = ko Ky CPhCHMeSiMeoX1 [Nugy1™* ; Equation 3.2.22

C. large Keq and large K

If the equilibrium constant lies towards the formation of the adduct,
which dissociates readily into its separate ﬁons, the concentration of
free X~ will be essentially the same as that of the added nucleophile,

ENuoj. The rate equation can be modified to

X3

ENuo]

Rate ko CPhCHMeSiMe,X1 ENuol . Equation 3.2.23
A‘charged halide ion is, in principle, more nucleophilic than a neutral
nucleophile molecule. Thus, for a given halosilane, the attack by a
halide ion at the halosilane should take place more readily than that by
a neutrai nucleophile molecule. Furthermore, owing to a lesser degree of
steric hindrance and greater nucleophilicity of the halide anion over the
uncharged donor molecule, the pentavalent transitidn state formed as a
consequence of the attack by the halide ion at the halosilane should be

more stable compared with that produced by the corresponding attack of
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the nucleophile molecule. Therefore, on the basis of these kinetic and
thermodynamic factors, it is more likely for the initial formation of the
silane-nucleophile complex to be the rate determining process in this
mechanism until the system is in dynamic equilibrium. Once the
equilibrium is reached and a steady state is established, then the

concentration of free X~ depends only on the equilibrium constant (Keq)

and not on the rate of adduct formation. Thus the halide exchange may

become the rate Limiting step under these conditions.

Disregarding the mechanistic pathway chosen and the various conditions
imposed, the rate expression for the nucleophile catalysed racemization

of PhCHMeSiMeZX (X=CL or Br) can be generalized by the following

simplified equation.

d[PhCHMeSiMeZX*J

Rate = y = k[PhCHMeSiMeZXJmCNu]n Equation 3.2.24
t

where k is an overall rate constant including the term for the

equilibrium constant for adduct formation (Keq). The [Nul term in the

above expression (equation 3.2.24) 1is regarded as the concentration of
added nucleophile, which is the basic assumption for the interpretations
of the results from the kinetic and variable temperature titration

studies.

. *

[PhCHMeSiMe,X] dt  [PhCHMeSiMe,X] obs

where T is the life time of activated PhCHMeSiMeZX, PhCHMeSiMeZX*, and

kobs
of nucleophile calculated using the DNMR4 program. Therefore equation

is a pseudo-first order rate constant at a particular concentration
3.2.24 can be modified to

k = =71 = Kk CPhCHMesiMe,XxI™ T [NuI"

obs



-112~

Assuming that the concentration of free silane remains virtually
unaltered throughout the experiment on addition of nucleophile or m

equals to 1, the observed rate constant (kobs) depends mainly upon the k

[Nul™ term. The theoretical line shape at a particular observed rate
constant is simulated and compared with the experimentally measured
result using total line shape analysis as illustrated in Figure 3.2.1.
Taking the natural Logarithm of the above equation yjelds the following

expression.
ln kobs =n ln INuJ + In k + (m=-1) Ln EPhCHMeSiMeZX] Equation 3.2.25

Therefore by plotting the observed pseudo-first order rate constants (ln
kobs) against the corresponding concentration of the added nucleophile

(Ln [Nul), the order with respect to the nucleophile (n) can be obtained
from the gradient of the straight line kinetic plot. The order in
nuclteophile can be used to verify‘the various rate laws and the validity
of the assumptions as well as serving as an useful tool in the
elucidation of reaction mechanism. Hence it may be possible to
distinguish between the two postulated mechanisms for the racemization of

a given silane and nucleophile.

Kinetic plots for each silane-nucleophile interaction are shown in the
accompanying figures. The rate of racemization of halosilanes is
controlled by the nature of the leaving group of the silane, the strength
of the nucleophile, the solvent and the concentration. A detailed
interpretation of'the resdlts is therefore based on these governing

factors and is provided in the subsequent sections.

3.3 The effect of leaving group

With a concentrated silane solution, a smaller amount of nucleophile is
required to induce racemization, thus significant medium effect due to
the presence of large quantities of nucleophile can be minimised.

Furthermore, a high concentration of silane is compatible with the
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necessary signal-to-noise ratio. Thus the nucleophile assisted

racemization reactions of PhCHMeSiMeZX (X=H, €L, Br, 0S0,CF3z) were
normally studied in the presence of 9% (0.2 ml) benzene-d6 to make

meaningful comparisons of the results.

3.3.1 Racemization of PhCHMeSiMeZH

With a four fold excess of HMPA, the observed line shapes of the two

carbon-13 diastereotopic SiMe peaks for PhCHMeSiMeéH remained unchanged.

However the chemical shift separation reduced slightly from 6 to 4 Hz,
which could be attributable to a medium effect. This implies that either

the racemization of PhCHMeSiMeZH is extremely slow and cannot be

registered by the n.m.r. spectrometer, or the nucleophilic attack of HMPA

¢

at the silane occurs with retention of configuration at silicon..

Poor leaving groups such as the hydride atom aLmost always undergo
nucleophilic substitution with retention, which should not resuLtvin
racemization. Nevertheless if the silane does exchange slowly with the
inverted isomer, it is very unlikely for the racemization process to
proceed via either of the two proposed mechanistic pathways described
above. This is simply because the formation of the hydride counterion is
highly unfavourable. Therefore, for silanes with very poor leaving
groups undergoing racemization, an alternative mechanism may be in

operation involving molecular intermediates with expansion of

coordination at silicon, as suggested by Corr‘iu.tszI However no evidence

for the operation of such a mechanism was found in this study.

RzSiX + Nu —_— RgSiNuX — RzSiNuyX
5 coordinate 6 coordinate

(X = poor leaving group)

Scheme 3.3.4
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3.3.2 Racemization of PhCHMeSiMeZX (X=CL, Br, OSOZCF3)

Pyridine is considered to be a comparatively weak nucleophile, though
surprisingly only ‘a 0.008 molar equivalent of pyridine is sufficient to
induce coalescence of the twd diastereotopic SiMe resonances of
PhCHMeSiMeZOSOZCF3, giving a‘sharp singlet with a normal Llinewidth. The
reaction rate is much too rapid to be measured accurately with such a
concentrated silane solution, however the higher the proportion of
solvent the more pronounced the solvent effect. Under identical reaction
conditions, an equimolar quantity of pybidine was required for the
collapse of the‘two SiMe peaks for PhCHMeSiMeZBr, whereas those for the
analogous chlorosilane were any near the point of coalescence with a ten

fold excess of pyridine.

Therefore it can be generalized that for a given nucleophile at ambient
temperature, the relative rate of racemization of PhCHMeSiMeZX (X=CL,_Br,
OSOZCF3) decreases with counterion in the foLLowihg sequencé X=0$02CF3 >
Br > ClL. The results obtained for a series of interactions between

- PhCHMeSiMeoX (X=Cl, Br) and a wide range of nucleophiles are also in

accordance with this trend.

The rationale behind these observations lies in the nature of the
counterion, which can be categorized by its leaving group ability, its
nucleophilicity and its facility to be solvated. 1In comparisons with the
‘bromide and triflate anion, the chloride ion is a relatively poor Lleaving
group and is less easily solvated but it is a good nucleophile. These

combining factors contribute to the unfavourable formation of the
tPhCHMeSiMezNu]+CL— ionic complex, and consequently the slower
racemization of PhCHMeSiMe,Cl. This is because the silane-nucleophile
salt plays a detefmining role in the reaction pathway, as indicated in

the derivation of the rate expressions.

Because the triflate anion is a comparatively poor nucleophile, the

attack by the triflate anion at the silicon atom of PhCHMeSiMeZOSOZCF3
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Figure 3.3.1
A kinetlc plot For the rucemization of PhCHMeSiMe2Cl
catalysed by HMPA.
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Figure 3.3.2
The effect of lenving group on the racemization of PhCHMeSiMe2X
(X=Cl, Br) catalysed by NML
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Figure 3.3.3
The effect of leaving group on the racemization of PhCHMeSiMe2X

(X=Cl, Br) catalysed by DMPU.

4. 00 R
A
— F.N
3. 75 ,
A
7
/
/
] /
3. 50 a /Z
,//
/
/
I
— /
3. 25 //
!
/
7
¥
. 7

2. 50 : ’5/ = A. X=Cl, 9% Benzene-dé
/ ————— R B. X=Br, 9% Benzene-d6
| ——-—#%——— (. X=Br, 45 Dichloromethane-d2
22 T—2. 5! 1. 5 0. S 0. 5
In IDMPU]

A. In kobs = 4.738 (s.d. 0.22) In IDMPUI 4+ 2.108 (s.d. 0.08)
. In kobs = 0.858 (s.d. 0.04) In IDMPU1 + 5.912 (s.d. 0.11)
C. In kobs = 1.174 (s.d. 0.03) In IDMPUI + 6.694 (5.d. 0.0



In rate constant

-119-

Figure 3.3.4

The effect of leaving group on the racemization of PhCHMeSiMe2X

(X=Cl, Br) catalysed by DMEU.
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Figure 3.3.5
The effect of leaving group on the racemization of PhCHMeSiMe2X
(X=Cl, Br) catalysed by TMU.
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Figure 3.3.6
The effect of lenving group on the racemization of PhCHMeSiMe2X
(X=Cl, Br) catalysed by NMPO.
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Figure 3.3.7
 The effect of leaving group on the racemization of PhCHMeSiMe2X
(X=Cl, Br) catalysed by NMP,

/
7
!
| 4
4.5 o
NI
£
i
4
A
]
/
— 7
4. 0 IIA
A é
1
!
!
2 %,
" >
fwd - ]
S 3.5 !
® A
< ,
o &
[6) /
!
[H3 4
D !
5, /
L 3.0/
=
2.5 7{
2.0 el A. X=Cl, 9% Benzene-dé
----- &----- B, X=Br, 97 Benzene-dé
' ~1.0 -o0.5! 0. o! 0. 5! 1.0 1.5
In INMP1
A. In kobs = 4.395 (s.d. 0.17) In INMPI - 1.629 (s.d. 0.2D

B. In kobs = 2.022 (s.d. 0.07) In INMPI + 6.066 (s.d. 0.08)



123-

Figure 3.3.8

(X=Ci, Br) catalysed by DMF.
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Figure 3.3.9
The effect of leaving group on the racemization of PhCHMeSiMe2X
(X=Cl, Br) catalysed by pyridine (py.
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The effect of leaving group on the racemization of PhCHMeSiMe2X
(X=Cl, Br) catalysed by 3,5DMP.
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Figure 3.3.11
A kinetic plot for the racemization of PhCHMeSiMe2Br
catalysed by 2,4DMP.
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should be slower with respect to the analogous bromide exchange of the
bromosilane. Therefore,. if the attack by the counterion of a silane-
nucleophile adduct at the uncompléxed silane is rafe determining, the
relative rate of racemization should decrease with counterion in the
following order X=Br > 050,CF+. Nevertheless, for a given nucleophile,
the rate of racemization of PhCHMeSiMeZOSOZCF3 was immeasurably fast
relative to the bromosilane.. This apparent contradiction can be
rationalized by the greater leaving group ability of the triflate anion
compared with the bromide analogue. Furthermore, the larger equilibrium
constant for adduct formation in the case of silyl triflate as well as
the greater ability of the counterion to be solvated lead to a higher

concentration of triflate anion in solution.

3.4 The effect of nucleophile

Owihg to their catalytic behaviour in silylation reactions, nucleophiles
are frequently usgd in conjunction with silicon reagents. The nature of
nuéleophile is therefore crucial in governing the outcome of nucleophilic
substitution at silicon. Detailed studies were performed on the
interactions of PhCHMeSiMe,X (X=Cl, Br), usually in 9% (0.2 ml) benzene-
dé' with five different classes of donor species. These categories
consisted of amides (NMPO, NMP and DMF), ureas (DMPU, DMEU and TMU),
pyridine as well as the substituted pyridines (2,4DMP, 3,5DMP and
2,6DMP), amines including imidazole (EtsN and NMI) and lastly the
phosphine oxide, HMPA. Reproducibility was'checked by repeating the
reaction of PhCHMeSiMe,CL with HMPA in 9% benzene-dg.

Less concentrated PhCHMeSiMeZBr solutions in the more polar
dichLoromethane-d2 were used for the reactions with strong nucleophiles.
A five fold dilution containing 1.8 ml dichloromethane-dz was required
for monitoring the HMPA activated racemization of PhCHMeSiMeZBr,
otherwise the reaction rate was too rapid to be measured accurately and

salt precipitation was also observed. Instantaneous precipitation of the

adduct was noted when NMI or NMPO was added to a bromosilane solution in
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Table 3.4.1
summary of the kinetic results for the nucleophile assisted racemizations

of PhCHMeSiMe,X (X=ClL, Br)

Nucleophile Molar ratio of silane : Nu at coalescence Order in Nu

X=ClL X=Br x=CL  X=Br
HMPA 1.0 : 0.08 instant precipitation , z3 -
immeasurably fast®
1.0 : 0.02° - 1.48
1.0 : 0.012-P - 1.34
NMI 1.0 : 0.13 jnstant precipitation 3.37 -
1.0 : 0.035° - 1.64
1.0 : 0.027b-¢ - 1.55
NMPO 1.0 = 0.34 instant precipitation 3.74 -
1.0 = 0.02° - 1.60
DMPU ‘ 1.0 : 0.37 1.0 : 0.03 4,74 0.86
o 1.0 : 0.05° - 1.17
DMEU 1.0 : 0.86 1.0 : 0.10  4.38  1.70
DMF 1.0 : 1.00 1.0 : 0.07 7.58  2.33
NMP 1.0 : 1.18 1.0 : 0.09 4,40 2.02
TMU 1.0 : 1.02 1.0 : 0.22 4,69  1.65
3,5DMP 1.0 : 6.23 1.0 : 0.76 3.76 2.07
by 1.0 : 9.879 1.0 : 1.31 8.98  3.42
2,4DMP 1.0 : 6.38° 1.0 : 1.68 - 1.81
2,6DMP no no - - -
EtzN ' no no - -
Quantities used: silane 2.0 mL
solvent 0.2 ml benzene-dg
3@ 0.4 mL silane in 1.8 ml dichloromethane-d,
b in the presence of 2,6DBP
C 1.0 ml silane in 1.2 ml dichloromethane-d,
d near coalescence '
e

only broadened

no not observed

The rate of exchange between PhCHMeSiMeZOSOZCF3 and py was very
rapid and immeasurable.
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9% benzene-dg. Therefore the interactions with NMI, NMPO and DMPU were
carried out with dichLoromethane—dZ as the solvent; the silane solutions

were diluted two fold with 1.0 ml of silane dissolved in 1.2 ml of
solvent. DMPU was also studied in this solvent to enable comparison of

the results to be made with the 9% benzene-dé solution.

For each silane-nucleophile interaction, the gradual broadening and the
subsequent coalescence of the two diastereotopic carbon-13 SiMe signals
were followed with increasing concentration of nucleophile. The kinetic

plots of Ln rate constant versus Ln [Nul for PhCHMeSiMe,X (X=CL, Br) with

a particular nucleophile are provided in the appropriate figures. A
summary of the calculated orders in nucleophile and the ratios of silane

to nucleophile at coalescence for a given silane is shown in Table 3.4.1.

3.4.1 Nucleophile assisted racemization of PhCHMeSiMeZCl

Inspection of the results indicates that the variations in the quantity
of nucleophile needed for coalescence to occur share the same trend as
the orders in nucleophile, Wwhich reflects the nucLeophiLfcity of the
donor species. With increasing donor strength, a larger ratio of silane
to nucleophile was observed since the merging of the two peaks occurred
more readily in the presence of a reduced amount of nucleophile. An
approximate second order with respect to HMPA was observed for the

racemization of PhCHMeSiMepsCL, which is fully consistent with the first

proposed mechanistic route involving two consecutive nucleophilic attacks

as illustrated in Scheme 3.2.1.

The racemization of the chlorosilane should proceed via the same
mechanism for all nucleophiles. Surprisingly, high orders in nucleophile
wére noted especially in the cases of DMF and pyridine, with orders of
7.58 and 8.98 resbectively, These unexpected results can be attributed
“to two factors. Firstly, the polarity of the medium changes with

increasing concentration of nucleophile favouring the formation of salt



-130~

and secondly the aggregation of nucleophile molecules, which can be

represented mathematically by the following scheme and rate equations.

nNu

Me

II,,,“

N
=

Ph—C

\‘\\\ ‘
Me //

Me

nNu Cl—si,,,
\"“M

ky
~N
\ N
k-4
ky
T~
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r Me .
, Ho %
“~t—ph
_// o
Nu—Si,, Cl @ha
\"”Me A
_ Me  _
ko,|| k, Nu*
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s ,H
Ph——-éi:'
Si—Nu’ ci (Nu)“_1
&/
Me _

n is the number of aggregated nucleophile molecules

Scheme 3.4.1

Aggregation of Nu molecules in PhCHMeSiMe,Cl racemization

It is assumed that the attack of a second molecule of nucleophile at the

silicon atom of the silane-nucleophile adduct is the rate determﬁning

step of the process.

If the silane-nucleophile complex is ion-paired, no

jon-pair dissociation takes place and the racemization can be expressed

by the following rate law.

Rate = kp[PhCHMeSiMe Nu® X™(Nw),_4IINU™]

Equation 3.4.1

However the equilibrium constant for complex formation (Keq) is related

to the concentration of the adduct.
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kq CPhCHMeSiMe Nut X™(Nu) 4]
Keq = = v Equation 3.4.2
k_1 [PhCHMeSiMe,X1 [Nul"

[PhCHMeSiMeNu™ XT(NW), 4] = K, [PhCHMeSiMe,X1INUI"
Substituting the above éxpréssion into the equation 3.4.1 yields an
overall rate law for the racemization of the chlorosilane since Nu is the
same as Nu*.

Rate = koKoqLPhCHMeSiMe,XIINuI™] Equation 3.4.3

Nevertheless if the adduct dissociates into separate ijons, the rate

expression for the racemization can be written in the following form.

Rate = kZEPhCHMeSiMeZNu+]ENu*J Equation 3.4.4
kq CPhCHMeSiMesNu™ X™(NW) | 4]
Keq = = - Equation 3.4.5
k1 CPhCHMeSiMe X 1 [Nul"
Keq CPhCHMeSiMe XT [NuI" = [PhCHMeSiMepNu® X (Nu), 43
Ky

PhCHMeSiMeoNUt X (NUY g === PhCHMeSiMe,Nu* + X (Nu),_4
Scheme 3.4.2

The equilibrium constant for ion-pair dissociation (Kd) can be expressed

as follows:-

CPhCHMeSiMe,Nu*d [X™(Nu) 43
Kg = Equation 3.4.6
CPhCHMeSiMe,Nu™ X™(Nu) 41
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Combining equations 3.4.5 and 3.4.6 gives the following expression.

[PhCHMeSiMe,NutILX™(Nu) | 43 = K,[PhCHMeSiMe Nu*X™ (N, _4]
"~ Equation 3.4.7

EPhCHMeSiMeZNu+] = EX_(Nu)n_1], therefore the above equation can be

rewritten as
CPhCHHesiMe Nu*T = K O-3TPhcHMesiMe NutX™(Nu) _q10+5

Substituting this equation into the overall rate expression produces the

fo#towing rate law.

Rate = szdO-StPthMeSiMeZNuf X~ CNu) 4307 ENu*3 Equation 3.4.8
But from equation 3.4.5

[PhCHMeSiMe Nu™ X“(NW)\ 4] = K., [PhCHMeSiMepX] [Nul"

Hence the overall rate equation for the racemization of chlorosilane can

be reduced to
Rate = kzkeqo'SKdO‘SEPhCHMeSiMeZX]O'SENuJ("+2)/2 Equation 3.4.9

Furthermore, with a weak donor species for instance pyridine, a large
quantity of nucleophile is necessary for coaLéscence of the two
~diastereotopic SiMe signals. rIn this case, the nucLebbhiLe becomes the
solvent giving rise to a prdnounced medium effect stabilizing the salt.
Apart from aggregation of molecules through hydrogen bonding, complex
formation between DMF and aromatic solvents, such as benzene, has been
proposed.t81] The preferred geometrical arrangement of the DMF-benzene
compLex_is shown in the figure below. The nitrogen atom, with its
fractional positive charge, is located above the centre of the benzene

ring. The carbonyl group tends to be as far away from the centre as
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possible with the amide and benzene planes remaining approximately

parallel.
HiC
HC Z g o
3 z &
Sti=el
P o
H’, i \\H
S
H H

Figure 3.4.1 DMfF~-benzene complex

3.4.2 Nucleophile promoted racemization of PhCHMeSiMeZBr

Due to precipitation of silane-nucleophile adduct, the interactions with

strong donors were performed in dichloromethane—d2 at different

concentrations. Therefore the results are divided into two groups
according to the concentration of the silane and the solvent used. Thus
the reactions in 9% (0.2 ml) benzene-d6 are considered separately to

those in dichloromethane-d,.

The changes in the quantity of nucleophile utilized for inducing
racemization and the orders in nucleophile follow similar trends to those

observed for the corresponding racemization of PhCHMeSiMeZCL. However 1in

contrast to the analogous chlorosilane, the orders in nucleophile for the

PhCHMeSiMeZBr series are much smaller and Lie between 1 to 3

approximately. Furthermore, the amount of nucleophile required for the
coalescence of the two SiMe signals was five to ten fold less than that
for the chlorosilane racemizations, hence the ratios of silane to

nucleophile at coalescence were considerably larger for the bromosilane.

Similar to the PhCHMeSiMeZCL series, DMF and pyridine again yield the

highest orders for the bromosilane racemization, which are 2.326 and
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3.422 respectively. No significant broadening of the two diaste}eotopic
SiMe resonances could be detected for either of the silanes, PhCHMeSiMeZX
(X=Cl, Br), even in five to seven fold excess of 2,6-dimethylpyridine
(2,6DMP) or triethylamine (Et3N). With successive additions of 2,4~
dimethylpyridine (2,4DMP) to the PhCHMeSiMeZCL solution, slight changes
in the Line shapes of the two peaks were noted, though merging of the

signals were not observed even with a six molar excess of the

nucleophile.

The Llack of reactivity in these two substituted pyridines, particularly
2,6DMP, is quite surprising in view of the 3,5DMP results. The
similarity between the donor properties of the three methyl substituted
pyridines (pKa = 6.77, 6.72 and 6.14; Taft's scale of nucleophilicityt*1?
or Beta = 0.76, 0.74 and 0.70 for 2,6DMP, 2,4DMP and 3,5DMP respectively)
strongly implies that the effect is largely steric in origin for 2,6DMP.
Nevertheless the extremely hindered nature of 2,6-di-tert-butyl-4-

methylpyridine did not prevent its interaction with tert-butyldimethyl-

£821

silyl perchlorate as reported by Barton and Tully, although no

supporting data for complex formation was provided. Such adduct
formation is not entirely unexpected since silyl perchlorates are more
effective complexing agents than the commonly employed silylating
species, for example trimethylsilyl triflate. This steric explanation
can also be advanced to account for the results with EtzN. However the
major contributing factor is more likely to be its comparatively weak

donor strength.

With increasing nucleophilicity of the donor, the gradual reduction in
the orders with respect to nucleophile strongly indicates a change in the
reaction pathway. Second orders are observed with nucleophiles, such as
NMP and 3,5DMP, which are in accord with the mechanism in section 3.2.1,
where two molecules of nucleophile attack consecutively at silicon. The
observation of an approximately first order with respect to DMPU, a
relatively powerful nucleophile, implies that the mechanism postulated in
section 3.2.2 is operating. Fractional orders between 1 and 2 for

nucleophiles with intermediate strength, for instance DMEU and TMU, can
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Figure 3.4.2
The effect of nucleophile on the racemization of PhCHMeSiMe2C1
in the presence of 2,6DBP in dichloromethane-dz2.
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be rationalized either by the operation of the first mechanism (Scheme
3.2.1) under the conditions of jon-pair dissociation or alternatively by

a combination of the two mechanistic routes.

The formation of a silane-nucleophile adduct was clearly demonstrated by
the precipitation of salts, when strong donor species (HMPA, NMI or NMPO)
were added to PhCHMeSiMeZBr solutions in the relatively non-polar
benzene-dé. HMPA proved to be an extremely efficient nucleophile since
the racemization of PhCHMeSiMeZBr was very rapid even with-a five times
less concentrated silane solution in 1.8 ml dichtoromethane-dz. Hence,
only three data points were recorded but they produced a Llinear
regression line without appreciable scatter. The orders in these
nucleophiles (HMPA, NMI, NMPO and DMPU) are similar to that observed by
Cartledge[72'73] on halide exchanges and the order of 1.6 in chloride ion

Lr1d on halide exchange of Ph3SiCL. However, for

reported by Prince
(-)1-NpPhMeSiCl, orders of 0.5 and 1.5 were observed for racemisation and

exchange respectively. These different orders resulted from a combination

of retention and inversion at silicon.

3.5 The effect of solvent

The nature of solvent is expécted to play a key role in governing the
rate of racemization since ionic intermediates are involved in the two
postulated mechanisms. Changes in the medium will affect thé
stabilization of the ionic charges and hence alter the reaction rate.

The influence of solvent on the rate of racemization of a halosilane was
examined in detail by studying the interactions of PhCHMeSiMeZCL with
nucleophiles (NMI, HMPA) in 9% (0.2 ml) in different solvents. The
results together with the physical constants 6f the various solvents used

are outlined in the following table.
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Table 3.5.1 Solvent effect on the racemization of PhCHMeSiMeZCL
catalysed by nucleophiles (NMI, HMPA)

Solvent  Polarity Dielectric constant Ratio silane:Nu Order 1in. Nu
€ (e)  HMPA NMI  HMPA  NMI
C4Dg-CD3 33.9 2.4 1:0.080 1:0.129 2.995 2.557
C¢Dg 34.5 2.3 1:0.075 1:0.126 2.329 3.367
Cb,CL, 41.1 8.9 1:0.052 1:0.077 1.745 1.921
CDzNO, 46.3 35.9 1:0.012 1:0.031 1.256 1.141

The quantity of nucleophile required for coalescence follows a similar
trend to the order with respect to the nucleophile, which is directly
related to the observed rate of racemization of the silane. The results
above can be rationalized in terms of the physical properties of the
solvent. Generally, in solvents with analogous properties, the two
diastereotopic SiMe resonances collapse at a similar rate for a
particular silane and nucleophile. The comparatively non-polar solvents,
toluene—d8 and benzene-dé, require a hfgher proportion of nucleophile to
induce coalescence. The orders in the nucleophile for the racemization
reaction are between 2 to 3. With more polar solvents, such as
nitromethane-d3, the order is closer to unity and a smaller quantity of

nucleophile is needed for racemization.

This strongly suggests that different mechanisms are adopted for solvents
with different polarities and dielectric constants. The higher orders
with respect to nucleophile in relatively non-polar solvents are
consistent with the first mechanistic route in Scheme 3.2.1, where two
molecules of nucleophiles are involved, corresponding to a second order '
in nucleophile. Similarly, when the racemization takes place in polar
media, it probably follows the second pathway as depicted in Scheme

3.2.1, resulting in an approximate first order in the nucleophile.

The stabilization of the counterion CL™ offered by the solvent can

account for such a change-over in the reaction mechanism. The formation
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The effect of solvent on the racemization of PhCHMeSiMe2C]
catalysed by HMPA.
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Figure 3.5.2
The effect of solvent on the racemization of PhCHMeSiMe2Cl

catalysed by NML
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" and the subsequent jon dissociation of the jonic salt,
[PhCHMeSiMeZNuJ+CL_, are favoured as the medium becomes more polar.
solvents with large polarities and dielectric constants stabilize jonic
charges and enhance dissociation of the EPhCHMeSiMeZNu]+CL- complex into
jts separate ions by solvation. As concluded in the preceding chapter,
the counterion, CL™, may attack the silicon atom of PhCHMeSiMeZCL

inducing racemization of the silane.

3.6 The effect of concentration

An initial qualitative study on the effect of dilution on the rate of
racemization of a halosilane was carried out by syringing successive
aliquots of dichloromethane—dz into a coalesced mixture of PhCHMeSiMeZX
(X=CL or Br)‘and HMPA. The changes in the line shape of the coalesced

broad SiMe peak were examined as the concentrations of silane and HMPA

were altered.

Dilution with dichloromethane-d, causes an initial sharpening of the
broad SiMe resonance of PhCHMeSiMe,Cl, indicating an increase in the

racemization rate. Rate retardation was observed after a certain Limit
was reached, accompanied by line broadening of the sharp signal. However
additions of dichloromethane-dz to the reaction mixture of the

corresponding bromosilane and HMPA only induced deceleration of the

racemization rate.

The above rationalization for the acceleration of the racemization rate
Wwith increasing polarities and dielectric constants of solvents can also
be applied to explain the initial rise in the racemization rate of
PhCHMeSiMeZCL in this case. The rate expressions in section 3.2 clearly
demonstrate that the rate of racemization of PhCHMeSiMeyX (X=CL, Br) is
directly proportional to and controlled by the equilibrium constant for
adduct formation (Keq) as well as the concentrations of the silane and
nucleophile, i.e. rate « KquPhCHMeSiMeZXJENuJ. Variations in Keq or the

concentrations of the reacting species will lead to changes in the
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reaction rate. Thus the racemization rate is governed by a delicate
balance between the equilibrium constant and the concentrations of the

substrates.

Owing to the introduction of dichloromethane-d,, the medium becomes more
polar, facilitating the solvation and hence stabilization of the ionic

[PhCHMeSiMeZ—HMPA]+CL- intermediate, thus a larger equilibrium constant

for such adduct formation results. Nevertheless, an increasing
proportion’of solvent reduces the concentrations of the silane and
nuCleéphile. The increasevin the equilibrium constant probably offsets
the decrease in the concenfrations yielding an overall acceleration in

the racemization rate of PhCHMeSiMeZCL at the béginning of the dilution

process.

As the additions of dichLoromethane-dz continue, the dilution effect

dominates Leading to rate deceleration. This explanation can also be
responsible for the decrease in the racemization rate of the analogous
bromosilane. The [PhCHMeSiMeZ-HMPA]+Br- saLtkis formed readily and is

more easily solvated than its chloride counterpart. Therefore increasing
the polarity of the medium will offer a comparatively small stabilizing
effect on the adduct; the equilibrium constant will not be affected
significantly. Thus the decrease in the rate of racemization of

PhCHMeSiMe,Br is mainly due to the lowering of concentrations of the

reactants.

The influence of concentration on the rate of HMPA catalysed racemization
was invest{gated in detail by following the rate at which the_twov
diastereotopic SiMe peaks of PhCHMeSiMeZCL coalesce, at four different
silane concentrations in either benzene-dg or dichloromethane-d, as
Listed below. The experimental results are summarized in the following
table and are presented in the figures provided.

A. 2.0 ml of silane in 0.2 ml solvent (standard 9%)

B. 1.0 mL of silanelin 1.2 ml solvent (two fold dilution)

C. 0.4 mL of silane in 1.8 ml solvent (five fold dilution)

D. 0.2 mlL of silane in 2.0 ml solvent (ten fold dilution)
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Table 3.6.1 Concentration effect of on the racemization

of PhCHMeSiMezcl

Concentration Ratio of PhCHMeSiMe,Cl: HMPA  Order in Nu

at coalescence

9% benzene-d, (0.2 ml) 1.0 : 0.075 2.329
Two qud CgDg (1.2 ML 1.0 : 0.248 - 4.210
Five fold CgDy (1.8 ml) 1.0 : 0.984 7.664
Ten fold CzD, (2.0 mL - 1.0 = 2.559 , 3.504 (53.127)
9% CbyCly (0.2 mb) 1.0 : 0.052 1.745
Two fold CD,CL, (1.2 ml) - 1.0 : 0.038 1.244
Five fold CD,CL, (1.8 mL) 1.0 : 0.079 0.961
Ten fold CD,CL, (2.0 ml) 1.0 : 0.153 ' 1.282

In each dilution series, the relative quantity of HMPA required to induce
coalescence of the two diastereotopic SiMe peaks is inversely
proportional to the silane concentration. The higher the proportioh of
solvent the more dilute the silane solution, and the larger the relative

amount of HMPA needed to promote racemization of PhCHMeSiMeZCl. However,
“dilution with the relatively non-polar benzene-d6 produces an opposite
trend to that observed with dichloromethane-d> for the order with respect
to HMPA.

The order in HMPA tends towards unity as the silane solution in the polar
dichloromethane-dz becomes increasingly dilute. 1In the presence of 9%
(0.2 ml) dichloromethane-d,, an order of 1.74 in HMPA was evaluated for
the PhCHMeSiMeZCl racemization. However, on five fold dilution with 0.4
ml of chlorosilane in 1.8 ml dichloromethane—da, an approximate first
order in the nucleophile was recorded. The small but significant
reduction in the order with respect to HMPA 1is consistent with a change
in the reaction mechanism, from one involving two molecules of |

" nucleophile to a pathway consisting of only one molecule of HMPA as

described in section 3.2. Again, the stabilization of the ijonic
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EPhCHMeSiMeZ—HMPAJ+CL" salt by solvation plays a determining role in the

choice of mechanism.

Owing to the rapid dissociation of the jonic complex into its individual
components, the [PhCHMeSiMeZ-HMPA]+CL- species is rather short-lived in
the absence of solvent stabilization. As a consequence of increasing
solvation of the small, hard chloride ion in a more polar medium, the
equilibrium is pushed fowards complex formation and dissociation of the
adduct becomes insignificant. Thus the racemization of PhCHMeSiMeZCL,
catalysed by nucleophilic attack of the counterion at the silane, will be

more favourable under these conditions.

Interestingly, with the relatively non-polar benzene-d6 as the solvent,
the analogous racemization of PhCHMeSiMeZCL exhibited completely
different beHaviour regarding the order with respect to the nucleophile.
The second order in HMPA observed for the racemization in 9% (0.2 ml)
benzene—d6bstrongly implies that the reaction proceeds via the mechanism
involving two consecutive nucleophilic attacks at silicon. This dis in
good agreement with the results obtained from the preceding sections.
The unexpected increase in the orders with re§pect to HMPA, 1in dilute
silane solutions in benzene-dé, can be accounted for by aggregation of
polar molecules of nucleophile in the comparatively non-polar medium. 1In
a ten fold diluted silane solution, only 0.2 mL of PhCHMeSiMeZCL is
preéent in 2.0 ml benzene-dg. The large medium effect is manifested by
the scatter of the data points around the linear regression line. Thus
the order of 3.504 in HMPA calculated for this system may not be valid.
When only the Last four data points at high concentrations of HMPA are
considered, the kinetic plot yields an order iniHMPA of 53.127 which is

extremely unlikely.



Figure 3.6.1
The effect of concentration on the racemization of PhCHMeSiMe2Cl

catalysed by HMPA in benzene-de.
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Figure 3.6.2
The effect of concentration on the racemization of PhCHMeSiMe2Cl

catalysed by HMPA in dichloromethane-d2.
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3.7 The effect of hydrolysis

Extreme care was exercised to'ensure that all reactions were studied
under comparatively moisture-free conditions, though trace amounts of
hydrolysis cannot be ruled out. NohetheLess, in order to confirm that
the‘racemizatibn of PhCHMeSiMeZX (X=CL, Br) was indeed promoted by the
added nucleophile énd not by the hydroLysed product HX, a sterically

~ bulky base was introduced to remove any traces of acid impurity. Based
upon the 2,6DMP results ih section 3.4, the formation of silane-
nucleobhile complexes is dependent on steric factors. Therefore being an
extremely'weak nucleophile, this base sthLd not affect the racemization

of silane and merely function as an acid scavenger.

Thus the nucleophile (NMI, HMPA) enhanced racemizations of PhCHMeSiMeZX'

(X=Cl, Br) were examined in the presence of 8% (0.2 ml) of the sterically
hindered 2,6~di-tert-butylpyridine (2,6DBP) in 84%, two and five fold

diluted silane solutions 1in dichLoromethane—dz. The results are outlined

in Table 3.7.1 and are presented in the accompanying graphs.

Analogous orders with respect to a given nucleophile are obtained for a
given silane except in the case of PhCHMeSiMe,Cl with NMI, which implies
that the percentage of hydrolysis in the reaction mixtures is indeed
insubstantial. Nevertheless, the quantity of nucleophile required for
racemization is affected by the presence of 2,6DBP. In the absenée of
the strong base, the added nucleophile will first remove the acid
“impurity by complexation yielding NuHtx™ adduct, prior to attacking the
silicon species. No such complexation takes place if the hydrolysed
impurity is already cohsumed by the base before the introduction of
nucleophile. Thus for a given silane, when a strong base is utilized as
an acid acceptor, racemization should occur with a reduced amount of
added donor species as is indeed observed for the racemization of
PhCHMeSiMe,Br. Surprisingly, a greater quantity of nucleophile is needed
to cause racemization of the chloride counterpart. Medium effects may be

a contributing factor to this unexpected finding.
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Figure 3.7.1
The effect of hydrolysis on the racemization of PhCHMeSiMe2Br
with five Fold dilution in dichloromethane-d2.
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Table 3.7.1 The effect of hydrolysis on the nucleophile (NMI, HMPA)
assisted racemization of PhCHMeSiMeZX (x=CcL, Br .

Nucleophile Ratio of PhCHMeSiMeZX : Nu at coalescence: Order in Nu

(Nu) - x=clL@ X=Br X=cL X=Br

HMPA 1.0 : 0.052 1.0 : 0.017° 1.7 1.48
1.0 : 0.076¢ 1.0 : 0.009°/¢ 1.57 1.3

NMI 1.0 : 0.077 1.0 : 0.0359 1.92 1.6k
1.0 : 0.174¢ 1.0 : 0.027¢-9  1.28  1.55

a 9% dichloromethane-d, (0.2 ml)

b Five fold dilution with 0.4 ml silane in 1.8 ml CDZCLZ

in the presence of 2,6DBP
4 Tuo fold dilution with 1.0 mL in 1.2 mL CD,CL,

3.8 Correlations between observed rate constant and the
{411

relative equilibrium
£571

parameters: nucleophilicity,

constantt®31 and rate of alcoholysis

The results described above manifest that racemization of silanes occurs
as a consequence of nucLeobhiLic attacks at silicon. Thus the
nucleophilicity of a donor species should be an important factor
governing the order of reaction with respect to nucleophile, and hence
the reaction rate. This hypothesis can be verified by correlating the
kinetic results with the Beta scale of nucleophilicity derived by Taft.
It is also interesting to compare the results for the diastereotopic

PhCHMeSiMeZX (Xx=Cl, Br) system with those found for the interactions

between other silanes and the analogous nucleophiles.

The product of the order in nucleophile (n) and the natural logarithm of
the concentration of nucleophile at coalescence (Ln [Nul) was used for
these correlations. One reason for selecting this n Ln [Nul term is

because it depends on the nature of nucleophile. Furthermore, it is the
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major variable controlling the magnitude of the observed rate constant

(kobs
section 3.2. For a particular nucleophile at the point of coalescence,

), which in turn governs the rate of racemization as shown in

this term can be evaluated from the following expression (equation

3.2.25), which can be determined experimentally from the kinetic plots.
ln kyps = n Ln [Nul + constant Equation 3.8.1
The observed rate constant at coalescence cannot be extrapolated

experimentally in all cases. Therefore it is calculated using the

expression for coalescence based on the peak separation (8v) of the two

r8v
exchanging entities, k = ol Substituting these calculated values of
kobs into the above regression equation gives the values of n Ln [Nul for

the racemizations of PhCHMeSiMezx (X=CL, Br) for dindividual nucleophiles,

which are subsequently used for the correlations. The n ln [Nul, Beta,

ln Krel together with Frye's Ln k1 values are shown in the table below.

The correlations of n Ln ENul with the various parameters are presented

in the appropriate graphs.
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Table 3.8.1
Correlation of the kinetic results with Taft's Beta, ln Kpel and Frye's

ln k1 values

Nucleophile Order in Nu x ln [Nul at coalescence® Beta Ln KreL: tn k1

(Nu) PhCHMeSiMeZCL PhCHMeSiMeZBr

HMPA -2.384 - 1.05 9.2  6.908
NMI -1.679 - 0.82 10.4 -
NMPO 1.446 - 0.78 5.2 -
DMPU 1.943 -1.678 0.79 2.2 -
DMEU  4.760 -1.410 0.75 -2.2 -
DMF 9.658 -2.542 0.69 -0.2 -
NMP 5.681 -1.832 0.77 0.0 -
MU 5.389 -0.039 0.78 - -
3,5DMP 7.595 1.996 0.70 -0.6  5.703
py 20.208 4.858 0.64 - 4.605
2,4DMP Co- ' 2.631 0.74 - -

@' calculated from the plot of Ln kbbs versus tn [Nul by inputing the

theoretical k at coalescence into the equation

obs
Ln kobs = order in Nu x In [Nul + constant

3.8.1 Correlation of n Ln [Nul with Taft's Beta values

The plot of n Ln [Nul for the nucleophile catalysed racemization of

PhCHMeSiMe,CL in 9% benzene-d; against Taft's Beta values, for each

nucleophile used in this study, shows a good correlation between the rate
of racemization and the nucleophilicity of the donor species, although
the point for HMPA deviates from the main trend. The correlation with
the analogous bromosilane series js not as satisfactory as with the
chloride counterparf, however a general trend is still significant

although the point for DMF lies slightly outside the main trend.
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Figure 3.8.1
Correlation of n In INul with Beta values for the
racemization of PhCHMeSiMe2X (X=Cl, Br).
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3.8.2 Correlation of n Ln CNul with Lln KreL values

Silicon-29 n.m.r. chemical shifts of silane-nucleophile adducts were the

basis for the determination of the relative equilibrium constants
(Krel)'[63] Choosing NMP as the arbitrary reference point, the ratio of
the silicon-29 chemical shift of a particular silane-nucleophile adduct
to that of the EMe3Si-NMP]+OSOZCF3- complex produces a Krel value for the
nucleophile under study, as illustrated by the following reaction schemes

and equations.

K
NMP -
NMP  + MesSi0S0,CF; =—= (Me3si—NMP)+OSOZCF3 Scheme 3.8.1

. + -

K = Equation 3.8.1
NMP [Me5Si0S0,CF51 CNMP]

K
Nu -
Nu + Me3Si0S0,CFz === (Me3Si-Nu)*0S0,CF3 Scheme 3.8.2

[(Me5Si-Nu)*050,CF5™]
Kng = - Equation 3.8.2
[Me3S1OSOZCF3] CNul

Kprei is related to the two equilibrium constants, Kyyp and Ky, , by the

following expression.

Kng  [(MegSiNu)¥0S0,CFz~1CMe3Si0S05CF3ILNMP] o
Krel = = Equation 3.8.3
. . + -
Knmp EMe381OSOZCF3JENu][(Me3S1NMP) OSOZCF3 ]

The equation can beAsimplified to

E(Me3siNu)+0302CF3-JENMP]
Krel = : Equation 3.8.4
[(Me3SiNMP)+OSOZCF3—]ENuJ
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Thus the K o values are a measure of the equilibrium constants for the
interactions of the (Me3Si-NMP)+0802CF3' salt with different

nucleophiles.

K
- rel _
Nu + (MesSi-NMP)Y*0SO,CFz™ ===== (Me3Si-Nu)'0S0,CF3~ + NMP

Scheme 3.8.3

The above kinetic data provide evidence that the attack of a second
molecule of nucleophile at the silicon atom of the silane-nucleophile
complex is the crucial process in the racemizations of PhCHMeSiMeZCL and,

in certain cases, PhCHMeSiMeZBr.

| K
e
Nu + PhCHMeSiMe,X ==—==> [PhCHMeSiMe,~Nul*X"

k.
.o -
Nu + CPhCHMeSiMep-NuI™X™ == [PhCHMeSiMe,~NulX™ + Nu
-2 '

In the detailed discussion in section 3.2.1, two rate equations were
derived for this mechanistic pathway, depending upon the degree of ion-

pair dissociation of the silane-nucleophile adduct.
Rate = szquPhCHMeSiMeZX][Nu]2 no dissociation
vRate = szeqo'SEPhCHMesiMeZX]U'SENu]1'5 jon-pair dissociation
These two rate expressions can be generalized by the following equation.

Rate = k [PhCHMeSiMe,X1™ [Nul" Equation 3.8.5

Rate

_ =k [PhCHMeSiMe,XI™1 [NuI"
[PhCHMeSiMe,X]
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where k is an overall constant, m can be either 1 or 0.5 and n is the

order in nucleophile with a value of either 2 or 1.5.

Taking the natural Llogarithm of the above expression produces the

following equation.

Rate
[PhCHMeSiMeZX]

= lnk+ (m-1) Ln [PhCHMeSiMeZX] + n ln CNul

This expression can be simplified to give the equation below.

Ink = -n Lln [Nul + ¢

' ~ Rate
where ¢ = ln ( - ) +(m=1) Ln CPhCHMeS iMeoX1
[PhCHMeS1MeZXJ

The plot of n Ln [Nul versus KreL essentially reflects a plot of Ln k

against K The correlations of the Ln Krel values with n ln [Nul for

rel"
the racemizations of PhCHMeSiMeZX (X=CL, Br) are not satisfactory with

considerable scatter, particularly in the case of the bromosilane;
although they each produce a noticeable general trend. The discrepancy
is partly due to systematic errors; differeht silanes and unrelated
techniques are used for the generation and the evaluation of the Lln Krel
and n Ln [Nul values. A Kre| value effectively describes the ‘
thermodynamic equilibrium of a nucleophilic attack at the silicon atom of
a silane-nucleophile complex, which may not apply to the racemizations of

PhCHMeSiMeZBr promoted by strong nucleophiles such as DMPU and DMEU.

This could account for the poor correlation observed for the racemization

of PhCHMeSiMeZBr.

Furthermore the quantity of nucleophile used varies in each case,
. therefore changes in the pplarity of the medium induced by the presence
of polar nucleophile will be different in each system. Hence, it may not

be valid to assume that the concentration of PhCHMeSiMeZX remains
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Figure 3.8.2

_Correlation of n In (Nul with In Krel values for the

racemization of PhCHMeSiMe2X (X=CI, Br).
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appreciably unchanged throughout the experiment when large quantities of
nucleophile are added. The rate of reaction is a function of both the

equilibrium constant for salt. formation (Keq) and the rate constant (k),

which is related to the nucleophilicity of the donor species; k is
therefore different for different nucleophiles. The assumption that k,
and hence the rate, is a constant for all cases will inevitably lead to

some scatter in the correlation plot.

3.8.3 Correlation of n Ln [Nul with Frye's Ln k1 values

In a recent pubLication,[57J Frye et al. réported a detailed kinetic
study on the nuéleophile enhanced tertiary alcoholysis of dichloro-
diphenylsilane (PhZSiCLZ). On the basis of the kinetic results, they
supported the mechanism postulated by Chojnowski.tgl A four coordinate
ijonic silane-nucleophile adduct was formed in the initial, rapid pre-
equilibrium step, which is followed by the rate determining alcoholysis

as shown in the scheme below. The overall rate (k1) of the process was

monitored in the presence of a range of nucleophiles.

- ROH
Nu + Ph,SiCl, == [PhyCLSi-Nul*Cl™ ——> Ph,CLSTOR + HCL
Scheme 3.8.4

A plot of n Ln [Nul for the racemization of PhCHMeSiMeZCL versus the‘ln
k1 values yields an excellent correlation, though it only consists of
three data points. It is not possible to perform a similar comparison
for the corresponding PhCHMeSiMeZBr due to insufficient data. The
implications of this correlation are very important. The n ln [Nul
values represent the observed rate constants for the racemization of
PhCHMeSiMeZCL at particular concentrations of a nucleophile, whereas the
ln k1 measurements are the relative rates for the alcoholysis of
Ph,SiCLy. |
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Figure 3.8.3
Correlation of n In INul with Frye’s ln ki1 values For the

racemization of PhCHMeSiMe2X tX=Cl, Br.
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The initial step in the racemization process proposed in section 3.2.1 is
the same as that in the mechanism of alcoholysis proposed by Frye.Es?j
These two pathways differ in the nature of the second step; racemization
occurs via the attack of a second molecule of nucleophile whereas
alcoholysis involves nucleophilic attack by an alcohol molecule.
Therefore, in both mechanisms, the overall rate should be proportional to
the equilibrium constant for formation of the silane-nucleophile adduct
in an initial pre-equilibrium step. Thus the good correlation between
these overall rates provides further support for the hypothesis that, the
initial process is common in both reactions. Furthermore, the

essentially zero rate increase observed by Frye for 2,6-dimethylpyridine

(2,6DMP) and triethylamine (Et3N) is consistent with the non-observable
racemization of PhCHMeSiMeZCL in the presence of these species in this

study.

3.9 Analysis of errors

The major sources of error in the evaluation of the order in nucleophile

lie in the concentrations of added nucleophile and the computer

simulation of the observed rate constants (kops? » which is approximately
0.5 5-1. For each experiment, the quantities of silane, solvent and

nucleophile are measured as accurately as possible using gas-tight
syringes and are weighed to four decimal places, with an error Llimit of
+0.0005 g. Therefore the total percentage error in each data point is

estimated to be 2%.

The evaluation of the orders in nucleophile is based upon an important
assumption that the concentration of free nucleophile in solution is
approximately equal to the concentration of added nucleophile. This can
partly account for the discrepancy between the calculated orders in

nuclteophile and the theoretical values according to the rate expressions.
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3.10 General summary

The evidence provided in this chapter has been interpreted in terms of
two mechanisms. The choice of mechanistic route for a particular set of
reaction condition depends mainly on the stability of the silane-
nucleophile adduct. Further support for this hypothesis comes from the
good correlation between the results presented above and those of Frye on

the alcoholysis of PhZSiCLZ.

Racemization involving less stable silane-nucleophile complexes is more
likely to proceed via the mechanism in section 3.2.1, where two molecules
of nucleophile are utilized resulting in either a second order or an
order of 1.5 in nucleophile. Conversely, if the salt is stable, the
halide exchange pathway depicted in section 3.2.2 will be responsible for
the racemization process, which only requires one molecule of nucleophile

corresponding to a first or a half order with respect to nucleophile.

On the basis of the kinetic data, it is not feasible to determine whether
the silane-nucleophile adduct is ion-paired. However, the n.m.r.
chemical shift titration results in the previous chapter and the
interpretation of the conddctivity measurements[9'70] strongly imply a
tighter ion-pairing when the counterion is the hard and small chloride

ion than in the case of the bromide or triflate anion.

The leaving group of a silane, the concentration of the system under
investigation, the nature of nucleophile and solvent are the major
contributing factors governing the stability of a siLahe—nucLeophiLe
adduct. The relative rate of racemization of PhCHMeSiMeZX (x=cL, Br,
OSOZCF3) decreases with varying leaving group or counterion in the
following sequence OSOZCF3 >Br > ClL. In comparison with the bromide and
triflate analogues, the EPhCHMeSiMeZ-NuJ+CL' salts are thermodynamically
less stable. This is partly due to the greater difficulty encountered in
solvating the hard and small chloride ion, in contrast to the bromide and

triflate anjons. Dissociation of the EPhCHMeSiMeZ—NuJ+CL— adduct into
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its components, the uncomplexed silane and nucleophile, is also

facilitated by the greater nucleophilicity of the chloride jon.

The effect of‘soLVent is fundamentally related to that of concentration,
énhancement of stabilization results as the medium becomes more polar,
which can be induced either by altering the nature of the solvent or by
diluting a silane solution with a polar solvent. The order of reaction
in nucleophile and hence the rate of racemization are shown to be
controlled by the nucleophilicity of the attacking donor species. This
finding is evidenced by the good correlation of the results of ‘
racemizations of PhCHMeSiMeZX (X=Cl, Br) with the Beta values assigned by
Taft.

Analysis of these kinetic data enables the two proposed mechanisms to be

distinguished fdr individual systems. Thus PhCHMeSiMeZX (X=CcL, Br)
racemizes via the first mechanism (Scheme 3.2.1) resulting in an
approximate second order in nucleophile whenjx=cl with strong

" nucleophiles or when X=Br with weak donor species. This is consistent
with the second order in nucleophile reported by Corriu.c8’35] The
halide exchange process becomes the preferred mechanistic pathway for the
racemization of PhCHMeSiMeZBr in the presence of strong nucleophiles,
with an order in nucleophile close to unity. The surprising fractional

orders in nucleophile recorded in this study are in accord with the

72,731 L7l From their kinetic

observations by Cartledge ahd Prince.
studies on halide exchanges, they both independently produced orders in -
nucleophile similar in magnitude to those evaluated for the
diastereotdpic bromosilane. A change-over in the reaction mechanism 1is
detected, accompanied by a reduction in the order with respect to

nucleophile, with increasing stability of the silane-nucleophile adduct.

The possibility of acid catalysed racemization can be eliminated on the
basis of the similarity between the kinetic results in the presence and
absence of the sterically hindered strong base, 2,6DBP. Furthermore, the
percentage of hydrolysis in silane solutions was found to be

insignificant.
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Chapter 4 Thermodynamic studies on the racemization of

diastereotopic silanes
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4.1 Introdﬁction

On the basis of the findings from the n.m.r. chemical shift titration and
kinetic studies, two mechanisms for the racemizations of PhCHMeSiMeoX
(X=Cl, Br) have been postulated and verified in the preceding chapter.
These verifications are further validated by examining the thermodyﬁamic
aspects of the racemizations of the diastereotopic silanes, PhCHMeSiMeZX

(X=ClL, Br).

The rate of a chemical reaction can be defined by the following

fundamental expression.

Reaction rate = rate constant x (reactant concentration)”

Varying the femperature will not alter the reaction order unless there is
a change in the mechanism, inbwhich case thevreadtion is no longer the
same. Similarly, the reactant concentration is essentially unaffected by
temperature. However, the rate constant is a temperature-dependent term,
which explains the critical effect of temperature on the rate of |
reaction. This is the underlying principle of the Arrhenius activation
theory and the Eyring absolute rate theory for the evaluation of

activation parameters.

The‘Arrhenius activation theory is based on the assumption that the
reactant molecules must overcome a certain potential energy barrier known
as the activation energy (Ea), corresponding to the energy of a

transition state or an activated complex, prior to transforming into the
products.[833 A dynamic equilibrium is established between the activated
and unactivated molecules.  This conceptvcan be summarized mathematically

-Ea/RT

by the equation k = A e , which is derived by applying the van't

Hoff isochore to the equilibrium.

The pre-exponential or frequency factor (A) has been interpreted as the

number of effective collisions per unit volume and unit time, leading to



-163~

~E4/RT

product formation. The exponential term (e ) gives the fraction of

molecules which possess the activation energy (E;). This can be

experimentally measured from the slope of a linear plot of Ln k versus
~1/T. The Arrhenius parameters, E; and A, are assumed to be temperature
independent over the narrow range of temperature studied and are related
to the activation parameters, the enthalpy (aH") and entropy (as*) of
activation, 2t a given temperature.

kgT

' = E_ - RT ~ and ~ast = R(n A - Ln

R is the gas constant, h is the Planck constant and kE is the Boltzmann

constant which is the ratio of the gas constant (R) to the Avogadro

number (N).

The absolute reaction rate theory developed by Eyring is a transition

state treatment based on statistical thermodynamics.[83:j This hypothesis
js somewhat complicated and will not be discussed in great depth, however
a brief description is outlined below. An essential feature of the
Eyring formulation of reaction rate is that all chemical reactions are
assumed to proceed via a transitién state or an activated complex, whiéh
js in thermodynamic equilibrium with the reactants, even though the
overall’chemical reaction may be irreversible. This method offers an
accurate treatment of the reaction rate especizlly when a dynamic

equitibrium js established between the reactants and products.

A+ B —— C*

reactants transition state

The equilibrium constant for the formation of transition state (k*) can
be expressed in terms of the concentrations of A, B and c* at a
particular time t.
$
+ [c* 1

= — Equation 4.1.1
LAl [B]
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The transition complex «c*) is‘a'highLy strained state between bond
forming and bond breaking.  It can be regarded as a normal molecule

~ except that one of its vibrational modes is equivalent to a translational
degree of freedom which leads to the formation of products. Treating
this degree of f}eedom as a classical vibration gives the following

expression for jits frequency (v) at temperature T.
hv = kgT | o Equation 4.1.2

According to this model, the rate of reaction is equal to the
concentration of the activated molecule (C*) multiplied by the frequency
of vibration (v) of the bond about to break and dissociate into the

products.
Rate = v C[¢*] | ‘ : Equation 4.1.3

This rate equation can be modified by substituting the fréquency term

with equation 4.1.2.

kBT
Rate = -f—g——- teta Equation 4.1.4

Le*1 is governed by the law of chemiéal equilibrium as illustrated by

equation 4.1.1.

v kgT . ' _
Rate = -——;—-— K™ [A] [B] Equation 4.1.5

However, by definition, the rate can be alternatively expressed by the

following equation.

Rate = k CA] [B] : Equation 4.1.6
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Combining equations 4.1.5 and 4.1.6 yields an expression for the rate
constant (k).

k CA] [B] = -—-;—-— K™~ [AJ CB]

Equation 4.1.7

Like any other equilibrium constant, K* is proportional to the standard
free energy change of formation of the transition state a6%) as
described by the van't Hoff isotherm.
aet
6f = -R T Ln k* or k¥ = e 4G /RT Equation 4.1.8
Thus the rate of reaction is controlled by the free energy of activation

(a6®).

‘s -86* /RT .
k = : e Equation 4.1.9
However, AG* is related to the standard enthalpy change (8H*) and the
standard entropy change (as*) of formation of the activated complex by

the following thermodynamic relationship.
8c* = aH¥ - TSt Equation 4.1.10

Hence, the fundamental Eyring equation can be rewritten to produce

equation 4.1.11.

kgT

B ¥ $
— e "M /RT ¢ AST/R Equation 4.1.11

To allow for the possibility that not every activated complex is
converted into the reaction products, a transmission coefficient (K) is

introduced into the above equation. This transmission coefficient is
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normally equal to unity for most chemical reactions, indicating complete

transformation of activated molecules into products.

K kBT t : t .
e TOH/RT o AS /R Equation 4.1.12

h

Equation 4.1.11 can be rearranged to g%ve

‘ B -sH'/RT as*/R

The natural logarithm (ln) form of the above expression yields the

following equation.

ln (—) = + ln —— + Equation 4.1.14
RT _ h R

In this transition state approach, the activation parameters, AH* and
AS*, are assumed to be independent of temperature. A straight Lline plot
of Ln (k/T) versus 1/T produces a gradient of —AH*/R and an intercept of

Ln (kB/h) + AS*/R; the activation parameters can therefore be evaluated.

4.2 Thermodynamic studies on the racemizations of PhCHMeSiMeZX

(x=Cl, Br)

The thermodynamic aspects of the nucleophile assisted racemizations of
»PhCHMeSiMeZX (X=Cl, Br) were investigated by varying the temperature of a
mixture of ‘silane and nucleophile (NMI or HMPA) in dichLoromethané—dz.
Initially, an aliquot of a nucleophile was added to a solution of silane
(2.0 mL) in 9% dichloromethane-dz until the two carbon-13 diastereotopic’
SiMe resonances of PhCHMeSiMe,X (X=CL, Br) coalesced, giving a broadened
singlet. However, owing to the precipitation of [PhCHMeSiMeZ—NMIJ+CL'

jonic adduct at low temperatures, the reaction conditions were altered by
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using a less concentrated silane solution, with 1.0 ml of silane in 1.2

ml dichloromethane-d,, prior to the addition of nucleophile.

-In certain cases, the experiﬁents were repeated‘in the presence of 8%
(0.2 ml) 2,6-di—tert-bufylpyridine (2,6DBP) to examine the effect of
hydrolysis. On progressive cooling, carbon-13 n.m.r. spectra were
recorded until two welL—separated diastereotopic SiMe resonances were
observed. The reversibility was confirmed when an analogous carbon-13
n.m.r. spectrum was taken on warming back to ambient temperature.

Similar to the kinetic studies, theoretical Line shapes of the
diastereotopic SiMe péaks at particular rate constants were simulated and
compared with the experimental results at various temperatures by total

Line shape analysis.

The reactionAconditions, the spectral data for the diastereotopic SiMe
signals and the observed rafe constants at a series of temperatures are
tabulated in the experimental section. The activation parameters are
calculated according to the Eyring as well as the Arrhenius equations,
and are shown in the accompanying tables for comparison. The Eyring
plots are identical to those of Arrhenius, therefore only the Eyring
plots are provided here. Analysis of the results focuses on the effects
of the leaving gréup on silane, the nature of nucleophile, the
concentration of the system and hydrolysis on the thermodynamic behaviour

of racemization at silicon.

4.2.1 Evaluation and comparisons of activation parameters from

the Arrhenius and Eyring plots

The detailed discussion in the preceding section has illustrated two

. . . ¥
approaches for the evaluation of activation parameters, AH and Ast. In
the first method, the activation parameters are calculated from the .

- Arrhenius parameters, E, and A, which can be obtained from the slope and
intercept of a linear plot of the observed rate constants (ln kobs?

against the reciprocals of temperature (1/T). Conversely, the gradient
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Table 4.2.1
Evaluation of enthalpy and entropy values from Arrhenius parameters for

nucleophile (HMPA, NMI) catalysed racemization of PhCHMeSiMeo,X (X=Cl, Br)
at 20°C (293K)

systen  E, Gamol™h o Gamol™) A s st ko™
XeBr NysHMPR 47.50581.33  45.06941.33 1.2940.95x10'0  -51.25814.60
XBr NGSMMD  41.45252.43  39.01652.43 1.25%2.21x10°  -70.69848.48
X=Br NUsNMI = 47.480%0.90  45.0464+0.90 1.47+0.68x1010  -50.20143.16
X=CL \NU=HMPA  12.525:0.65  10.089:0.65 1.28:0.45x10% -166.1712.51
X=CL Nu=HMPA 12.590#0.66  10.1540.66 9.213.34x10°  =168.941+2.57
Xl NUSHUPA 11.03440.50  8.59840.50 4.63%1.22x10°  -174.66941.95
X=CL Nu=NMI ~ 46.678%3.46  44.242+3.46 1.0145.18x1012

Table 4.2.2

-14.997+1.95

Evaluation of enthalpy and entropy values from Eyring plots and

comparison with the Arrhenius results

System

X=B Nu=HMPA
witﬁ 2

Eyring aH'

Arrhenius aHt

Eyring ASt

Arrhenius ast

-51.258+4.60

L 6DBP 45.098+1.32 45,.069+1.33 -59.418+4.57

X=Br Nu=NMI - -

| Wwith 2,6DBP 39.059i2.44 39.016+2.43 78.805+8.56 70.698+8.48
X=Br Nu=NMI 45.115+0.90 45,.04440.90 -58.211%3.15 -50.20143.16
X=ClL Nu=HMPA | _ -
9 % solvent 10.370+0.67 10.089+0.65 173.432+2.59 ~166.17112.51
X=ClL Nu=HMPA 10.444%0.69  10.15410.66 =176.177+2.67 =168.941+2.57
X=ClL Nu=HMPA - -
With 2,6DBP 8.896+0.52 8.598+0.50 181.873+2.05 174.669+1.95
X=ClL Nu=NMI 45.010+3.42 44 24243, 46 -21.158+14.88 ~-14.997+0.05
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and intercept of a Eyring plot of ln (k,, /T) versus 1/T provide direct

information on the activation parameters.

The enthalpy and entropy of activation are assumed to be independént of
temperature in the Eyring treatment, a temperature term is notvfnvoLved
in calculating these activation parameters. However, the temperature (T)
is taken to be 20°C (293K) in the evaluation of aH* and 8s* from the
Arrhénius parameters. - The values of AHt evaluated according to the
Eyring equation are essentially identical to thét obtained from the

Arrhenius activation energy (Ea). This indicates that AH* is unaffected
by .temperature for this diastereotopic system. However, the two sets of
8st values differ by a constant factor of 8 WK Tnot™1.  The discrepancy
may be due to the temperature dependence of the AS* in the Arrhenius
approach; the natural logarithm of temperature, ln T, where T is 293K

1

gives a value of approximately 6 JK~ mol™ 1.

4,2.2 The effect of hydrolysis

In the variable temperature study on the HMPA catalysed racemization of

PhCHMeSiMe,Br, a 0.0048 molar equivalent (4.17 ul) of HMPA was adequate

to induce coalescénce of the two diastereotopic SiMe peaks. However the
presencé of a minute quantity of acid impurity, HBr, in the system will

be sufficient to remove such an insignificant amount of HMPA, formingvthe

HMPAHYBR™ complex and causing the two resonances to reappear.

Thus the two diastereotopic SiMe signals observed, on lowering the
temperature of the reaction mixture, may not be entirely due to the

“deceleration of the rate of racemization of PhCHMeSiMeZBr. The removal

of HMPA by HBr was confirmed by the irreversibility of the coalescing
process on returning to ambient temperature. Furthermore, when a small
amount of 2,6DBP was introduced to the mixture at room temperature,

coalescence of the two peaks was re-observed.
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Figure 4.2.1
Variable temperature studies on nucleophile assisted racemization

of PhCHMeSiMe2X (X=Cl, Br) in the presence of 2,6DBP.

In (kobs/T)

m A. X=Br, Nu=HMPA
ss YN B. X=Br, Nu=NMI
' —————— (., X=Cl, NuzHMPA

3.2 3.4 3,6l 3.8 4.0 4.2 4.47 4.6l
1/T x E+03

A. In (kobs/T) = -5424.1 (s.d. 1590) 1/T + 16.613 (s.d., 0.55)
B. In (kobs/T) = -4697.8 (s.d., 2930) 1/T + 14.282 (s5.d. 1.09)
C. In (kobs/T) = -1070.0 (s.d. 63) I/T + 1.885 (s.d. 0.25)
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Thus this experiment had to be conducted in the presence of 2,6DBP to

eliminate undesirable side reactions with the acid impurity. In order to
make valid comparisons with the other systems, the NMI assisted
racemization of PhCHMeSiMe,Br and the HMPA catalysed racemization of
PhCHMeSiMeZCl were aiso studied under identical conditions with 8%

2,6DBP. The preSehce of the strong base causes a small decrease in the

‘enthalpies and entropies of .activation for both PhCHMe SiMe 5X (X=Ccl, Br).

The greater negativity of the as* values can be explained by the

increasing order in the system induced by 2,6DBP.

b.2.3 The‘effect of concentration

Variable temperature studies on the HMPA cafalysed racemization of
PhCHMeSiMeZCL were performed in both 9% €0.2 ml) and 45% (1.2 ml) of

dichloromethane-dz. The influence of concentration was therefore

examined by comparing the activation parameters evaluated for both
systems. Varying the medium causes no apparent changes in either the
enthalpy or the entropy of activation; the AH* and as*¥ values remain

essentially the same on dilution.

4.2.4 The effect of nucleophile

The [PhCHMeSiMe2~NMIJ+CL" jonic adduct precipitates out of solution much
more readily than its HMPA counterpart, as discussed earlier. On
lowering the temperature of the less concentrated mixture of _
PhCHMeSiMeZCL and NMI in 1.2 ml dichloromethane-dz, two asymmetric
diastereotopic SiMe signals were observed with the intensity of one of
the peaks remaining unaltered. However the racemization‘process was
proved to be reversible on warming back to ambient temperature. A

possible rationalization for this peculiar observation is the
precipitation of the EPhCHMeSiMeZ-NMIJ+Cl' complex, possibly as an

immiscible oily layer, with decreasing temperature.
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Figure 4.2.2
The effect of concentration on variable temperature studies of

racemization of PhCHMeSiMe2Cl catalysed by HMPA.

5 A. 97 Dichloromethane-d2
————— #---w-- B, 457 Dichloromethane-d2

3. 4! 3. 6! 3. 8l 4, ol 4, 2! 4. 4!
I’T x E+03

A. In (kobs/T) = -1247.3 (s.d. 80.7) /T + 2,900 (s.d. 0.31)

n

B. In tkobs/T) = -1256.1 (s.d. 83.00 I/T + 2.570 (s.d. 0.32)
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Owing to the asymmetry in the line shapes of the two SiMe signals,it is
difficult to use total line shape analysis for the evaluation of observed
rate constants. Complete bandshape calculations were based solely on the
line shape of the SiMe resonance which was affected by the lowering of
temperature. Thus even if the results are valid, they are expected to
bear significant errors. It is therefore not feasible to compare the

thermodynamic behaviour of NMI enhanced racemization of PhCHMeSiMeZCL

with that promoted by HMPA and the analogous racemization of

PhCHMeSiMeZBr.

In contrast to the PhCHMeSiMeZCL, salt precipitation is not encountered

with the corresponding bromosilane under these conditions. The

activation parameters for the racemization of PhCHMeSiMeZBr catalysed by

NMI in the presence of 2,6DBP are compared with those obtained for the

anaLogoUs HMPA enhanced process. The activation enthalpy for NMI is only

6 kdmol™1 Lower than that for HMPA, whereas the activation entropy is 20
JK-‘Imol-1 more nggative in the case of NMI relative to HMPA.
Nevertheless, it is not possible to provide a general conclusion on the

influence of nucleophile merely on the basis of these findings.

4.2.5 The effect of leaving group

Under identical reaction conditions with a given nucleophile as the

catalyst, the activation enthalpy for the racemization of PhCHMeSiMe,Br

is approximately four times greater than that of the corresponding

chlorosilane. Similarly, the activation entropy for the PhCHMeSiMeZBr

racemization is about three fold more positive with respect to the
chloride analogue, indicating a more ordered transition state in the case
of the chlorosilane although solvent ordering may also be important. The
influence of counterion on the activation parameters will be further

discussed in the following section.
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Figure 4.2.3
The effect of leaving group on variable temperature studies of
racemization of PhCHMeSiMe2X (X=Cl, Br) catalysed by NMI.
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4.3 Analysis of results

4.3.1 Racemization of PhCHMeSiMe,Br

The extremely exothermic nature of the formation of four coordinate 1:1
ionic PhCHMeSiMeZBr-nucLeophile adducts demonstrates that the
complexation process is accompanied by a large and negative enthalpy of
reaction. Thus the silane-nucleophile complex will be lower in energy
relative to the uncompleked silane. Based upon the n.m.r. chemical shift
titration results and the n.m.r. data for the solid adduct synthesised,

it can be concluded that PhCHMeSiMeoBr forms comparatively stable four

coordinate donic adducts with strong nucleophiles. Therefore a
relatively high energy barrier is predicted for the dissociation of the

bromosi Llane-nucleophile adduct into its individual components.

’Furthermore, the aftack by nucleophiles at the [PhCHMeSiMeZ-NuJ+Br—

complex may be facilitated, with respect to the uncomplexed silane,
because the nucleophile in a silane-nucleophile adduct is an excellent,
neutral, leaving group. Hence, the activation enthalpy required for the
nucleophilic attack at a silane-nucleophile salt should be less than that
at the corresponding uncomplexed silane. However the concentrations of
the reacting species are also important in governing the rate of
reaction. In addition, the failure to observe any evidence for five

coordinate acyclic PhCHMeSiMe,Br-nucleophile adducts indicates that the
stability of [PhCHMeSiMeZ—(Nu)ZJ+Br- intermediate is low, if it exists at
all.

4.3;2 Racemization of PhCHMeSiMeZCL

As a consequence of nucleophilic attack at PhCHMeSiMe,Cl, a dynamic
equilibrium is established between the uncomplexed silane and the
[PhCHMeSiMeZ—NuJ+CL- adduct. The evidence from the n.m.r. chemical shift
studies in chapter 2 shows that these two silicon species exchange

rapidly with each other. This is partly due to the instability and hence
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the ready decomposition of chlorosilane-nucleophile complex, which is
strongly supported by the n.m.r. data of the solid adducts in solution.
The formation of EPhCHMeSiMeZ-Nu]+CL- adducts is not so exothermic as
that of the bromide analogue. This indicates that the energy difference
between the uncomplexed PhCHMeSiMeZCL and its nucleophile salt is not
very large, which is in accordance with the rapid diséociation of
[PhCHMeSiMeZ-Nu]+CL- complexes. Thus the energy barrier for the

formation or the dissociation of PhCHMeSiMeZCL-nucLeophiLe adduct should

be relatively small.

Therefore, the rate of racemization of PhCHMeSiMeZCL ijs more likely to be
controlled by the second nucleophilic attack at the silicon atom of the
EPhCHMeSiMeZ-Nu]+CL- salt. This is in good agreement with the postulated
mechanistic route depicted in Scheme 3.2.2. The same type of bond is
being broken and formed in the transition state of this process, namely,
the Si—Nu bond without the involvement of the counterion. Hence, the
energy needed for this nucleophilic substitution step is the same for

both chloro- and bromosilanes, irrespective of the counterion.

The greater scatter observed in the Eyring plot for the HMPA assisted

racemization of PhCHMeSiMeZCL may be due to the wider temperature range

studied leading to more significant changes in the viscosity of the
medium. In addition, salt formation is enhanced at lower temperatures
which may result in a change in the reaction mechanism. Thus
racemization induced by the attack of chloride jon at the silicon atom of

the chlorosilane is facilitated.

4.3.3 Comparison of the two racemization processes

Four coordinate 1:1 ionic EPhCHMeSiMeZ—nucLeophiLe]+x_ adducts are

postulated to be the intermediates involved in the mechanisms for the
racemization at silicon. The overall rate of reaction is dependent on
the concentration of the adduct, which is governed by the equilibrium

constant for adduct formation. Silane-nucleophile adduct formation is
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found to be an exothermic process for both silanes, PhCHMeSiMeoX (X=CL,
Br). Therefore, cooling a mixture of silane and nucleophile will shift
the equilibrium towards adduqt formation with a corresponding increase in

the overall rate. Thus an apparent negative activation enthalpy may
result due to an increase in the overall rate with decreasing
temperature. Nevertheless, this trend may be offset by the decrease in

reaction rate as expected from'the eneray Mexwell-Boltzmann distribution.

In the case of the bromosilane with good nucleophiles, [PhCHMeSiMeZ—
nuclédphileJ+Br- complexes are essentially fully formed at ambient
temperatures. Lowering the temperature will only induce a relatively
small dincrease in the equilibrium constant; In ﬁontrast, the
chlorosilane-nucleophile adduct formation is accompanied with a low
equilibrium constant at ambient temperatures.. Thus on cooling a2 mixture -
of chLorosiLané~and nucleophile, adduct formation is greatly favoured and
a comparatively L;rger eauiLibrium constant resu[ts.‘ Hence, the
chlorosilane-nucleophile system will experience a more negative

activation enthalpy compared with the bromosilane analogue.

The activatién enthalpies are derived by monitoring thé rate of reaction
with variations in the temperature of the system uhder investigation.
Thus, the difference in the activation energies found for the chloro- and
bromosilanes may be an artefact arising from the method used for the
evaluation of these values and may nbt reflect the true energy barriers

between the various species involved.

The increase in the negativity of the activation entropy of the
chlorosilane relative to its bromide analogue may be accounted for by a
steric effect. The [PhCHMeSiMeZ—Nu]+CL' adduct may be more sterically
hindered with respect to the uncomplexed bromosilane, therefore a greater
degree of rearrangement mey be required as a result of nucleophilic
attack. The enthalpy and entropy values are also influenced considerably

by solvation. Stabilization of the jonic intermediate hes a more

pronounced effect on the [PhCHMeSiMeZ—Nu]+CL' salt, resulting in a

lowering of its energy barrier for reaction. However, solvation of the



_178_
jonic charges by the medium induces order in the system. Thus the

racemization of chlorosilane is accompanied by a low activation enthalpy

but 2 Large and negative activation entropy.

4.4 Analysis of errors

The most significant sources of error in the thérmochemical data,
calculated from variable temperature n.m.r.’étudies, are the temperatures
of the system under investigation and the observed rate constants (kobs? -
Calibration of the temperature control unit indicates that the
temperature accuracy is +2°C. The computer simulation of the observed
rate constants using total Lline shape anaLysﬁs gives an error Llimit of
0.5 5-1. Other contributing factors include the measurements in the
quantities of sitane, solvent and nucleophile used jn each experiment,

each of which has an accuracy of +0.0005 g.
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Chapter 5 Conclusion
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5.1 Introduction

buring the past four decades, numerous kinetic studies on nucleophilic
substitution reactions at silicon have been performed in an attempt to
deduce the mechanistic details from structure-reactivity correlations,

solvent effects and dynamic stereochemical behaviour. The preliminary
work was carried out by Allen, Modena and Eaborn,[363 who studied the
soLvoLys{s of hindered triorganochlorosilanes in various solvents and
suggesfed an SNZ mechanism for such process. Using opt{cally active
silanes; Sommer et al.[44] demonstrated that nucleophilic displacements

at silicon are highly stereospecific and often proceed with retention.

More recently, an important finding by CorrquS] shbwed that these
processes were enhanced substantiélly and the stereochemical pathways
were compLeteLy‘reversed by the presence of catalytic gquantities of
nucleophiles such as HMPA. He further,proposed the involvement of penta-
and hexacoordinate intermediates. Based on the kinetics of isomerization
and ligand exchange reactions of cyclic silicon combounds, Cartledge et
EL;[72'73] believed that these processes took place via pseudorotation
with an ionic pentacoordinate siliconium species as the intermediate,
which was similar to that proposed by Corriu. This argument js supported
by Martin,[52'53j who used the pseudorotation phenomenon to rationalize
the nucleophile assisted racemization of a novel spirocyclic silicon

complex.

However, Chojnowskitgj postulated‘an alternative mechanistic route with
four coordinate 1:1 ionic silane-nucleophile adducts as intermediates.

This pathway has received additional support from Bassindale and

Stout[56] as well as Frye et aL..|:57:l By examining the kinetic and the

thermodynamic behaviour of racemization reactions of PhCHMeSiMe,X (X=CcL,

Br), this project provides a more thorough understanding of the nature of
the transient species, and hence helps to elucidate the mechanistic

pathways involved in these processes.
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5.2 The interactions of diastereotopic silanes with nucleophiles

As a consequence of the interactions between the highly electrophilic

PhCHMeSiMe,X (X=ClL, Br, 0S0,CFz) compounds with nucleophiles (HMPA, NMI),
four coordinate jonic [PhCHMeSiMeZ-nucLeophile]+X— adducts with a 1:1
stoicheiometry ére shown to be the dominant species present in silylating
mixtures in solution. The stabilityvof these [PhCHMeSiMeZ—NuJ+X'
complexes is controlled by a combination of thermodynamic and kinetic

factors.

For a particular silane, the equilibrium constant for the formation of
silane-nucleophile salt is related to the electron donating properties of
the incoming nucleophile. With donors of high nucleophilicity, such as
HMPA and NMI; the resultant silane-nucleophile complexes are more stable
accompanied by larger equilibrium constants. The enthalpy of reaction
associated with adduct formation process provides information on the
energy difference between the uncomplexed silane and its nucleophile
salt. In contrast to thé chloride analogues, the highly exothermic

nature of the formation of solid 1:1 four coordinate ionic EPhCHMeSiMeZ-

Nul*Br~ adducts implies that dissociation of these complexes into their

- components requires a high activation energy and does not occur readily.

Furthermore, the silane-nucleophile adducts partake in three chemical
exchange procesSes. The exchange with their parent silenes involves rate
Limiting dissociation of the complexes into individual components
followed by rapid reassociation of these components. The rate of the
jnitial dissociation step is governed by the nucleophilicity and the
solvation of the counterion, as well as the degree of ion pairing of the
adduct. Solvation and hence the stability of the ionic silane-
nucleophile salts depend upon the nature of solvent. Thus in a more
polar medium, solvent stabilization of jonic species is facilitated with
a deceleration of the rate of adduct dissociation. The ability of the

counterion to be solvated decreases in the following order 0S0,CFz > Br >

cl. In comparison with HMPA, NMI forms a relatively tighter ion pair
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with the halide anion in the silane-nucleophile complex, resulting in an
acceleration of the adduct dissociation process. The nucleophilicity of
the counterion shares the same trend as the rate of complex dissociation,

which decreases in the sequence CL > Br > 0S0,CF3.
PhCHMeSiMe,X + Nu === [PhCHMeSiMe,~Nul*X"

- Scheme 5.2.1

As a résult of a direct, rate determining, nucleophilic attack by a
second donor molecule at the silicon atom of a silylated complex, a
dynamic equilibrium is established between the silane-nucleophile salt

and its isomer with inverted configuration at silicon.
[PhCHMeSiMe,~Nu1*X™ + Nu* === [PhCHMeSiMe,~Nu*1*X" + Nu
Scheme 5.2.2

The resultsvfrom the variable temperature n.m.r. chemical shift studies

provide evidence for the isomerizations of PhCHMeSiMepX (X=Br, OSOZCF3)

jnduced by the counterions of the silane-nucleophile complexes, which

supports the observations by Prince.[71]

PhCHMeSiMeo,X + X" === PhCHMeSiMe,X + X~

Scheme 5.2.3

5.3 The kinetic and thermodynamic behaviour of nucleophile

assisted racemization of PhCHMeSiMeoX (X=CL, Br)

The racemizations of PhCHMeSiMe,X (X=Cl, Br), involving four coordinate
1:1 silane-nucleophile ionic intermediates, proceed via two possible
mechanistic pathways.  The choice of reaction mechanism and the rate of

racemization depend largely on the stability of the silane-nucleophile
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adduct in the system, which are entirely consistent with the results from

the kinetic and thermodynamic studies.

The discussion in the previous section pointed out that the stability of
a silane-nucleophile complex is controlled by four major factors. These
include the leaving group or counterion of silane, the nature of
nucleophile, the concentration and the solvent of the system under
investigation. With a particular nucleophile as the catalyst, the

relative rate of racemization of PhCHMeSiMeZX (X=CL, Br) decreases with

leaving group or counterion in the following sequence Br > Cl.

The formation of a [PhCHMeSiMez-nucLeophiLeJ+X_ adduct in an initial,

rapid, pre-equilibrium step, followed by the second rate determining
nucleophilic attack at the silane-nucleophile complex is the preferred

mechanistic route (Scheme 5.3.1) for the racemization of PhCHMeSiMeZCL in
the presence of strong nucleophiles and PhCHMeSiMeZBr with weak donor

species.
PhCHMeSiMe,X + Nu =—> [PhCHMeSiMeZ-NuJ+X-

CPhCHMeSiMe,=Nul¥X™ + N — [PhCHMeSiMe,~Nu* 1" X" + Nu

rate determining step
Scheme 5.3.1

An approximate second order in nucleophile is found in each case which is
in accord with the observations by Corriu, except that the mechanism

proposed by him involves penta- and hexacoordinate molecular

intermediates.EBJ Aggregation of polar nucleophile molecules may be the
rationale behind the unexpected high orders in nucleophile recorded for

the racemization of PhCHMeSiMeZCL with weak nucleophiles.

In the presence of strong donor species, PhCHMeSiMeZBr racemizes via a

nucleophilic attack by the halide anion of the silane-nucleophile adduct

at the silicon atom of the uncomplexed silane. In this mechanism (Scheme
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5.3.2), the initial formation of the silane-nucleophile salt is followed"
by the attack of the counterion at the uncomplexed silane. The Llatter
process may be the rate Limiting step under equilibrium conditions. The

orders in nucleophile tend towards unity and are similar to those

£r11 £73]

reported by Prince and Cartledge on. halide exchanges of

halosilanes.
PhCHMeSiMe,X + Nu === [PhCHMeSiMe,~Nul*X~
PhCHMeSiMe,X + X~ === PhCHMeSiMe,X  + X

Scheme 5.3.2

Owing to the importance of the stability of the silane-nucleophile adduct
in determining the mechanism for the racemization at silicon, factors
affecting the stability will indirectly influence the mechanistic
pathway. Thus with increasing stability of the complex, the reaction
mechanism alters from one utilizing two molecules of nucleophile to one

involving halide exchange.

The good correlation between the kinetic results from the racemization

studies on PhCHMeSiMeZCL and the nucleophilicity of the donor species

(Beta values) assigned by Taft[41] provide evidence that the racemization
process is dependent upon the nature of the incoming nucleophile.
Furthermore, the plot of the kinetic results of the racemization of
PhCHMeSiMeZCL versus the rate of alcoholysis of thsiclz published by
Frye[57] produced an excellent linear correlation. The mechanism for the
alcoholysis postulated by Frye is essentially the same as that proposed
for the racemization of PhCHMeSiMeZCl. Thus the hypothesis that the four

coordinate 1:1 ionic silane-nucleophile adducts are formed in an initial,

rapid, pre-equilibrium step is verified.

The activation enthalpies evaluated from the thermodynamic studies on the
racemizations of PhCHMeSiMeZX (X=Ccl, Br) are about 10 and 40 kJmoL"1 for
PhCHMeSiMeZCL and PhCHMeSiMeZBr respectively. These results are in good
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agreement with the two different mechanisms for the racemizations of

PhCHMeSiMeoX (X=CL, Br) in the presence of strong nucleophiles. 1In
comparison with the bromide analogue, the activation entropy is more
negative for the racemization of PhCHMeSiMe,Cl. This indicates that the

chlorosilane system is more ordered which may be induced by solvent

stabilization and the steric effects in the silane-nucleophile complex.

5.4 The interactions of PhMeRSiCl (R=H, Me) with nucleophiles

In contrast to the diastereotopic PhCHMeSiMepX (Xx=Cl, Br, 0S0,CF3)

, syétem, pentacoordination at silicon of‘chLorométhylphenyLsiLane '
(PhMeHSiCL) is observed with strong nucLeophiLes, for example NMI and
HMPA, produ;ing [PhMeHSi-(Nu)23+CLf complexes. However the formation of
the [PhMeHSi-(HHPA)2]+CL' adduct js accompanied by 2 low equilibrium
constant at ambient temperatureé. These five coordinate PhMeHSiCl-

nucleophile salts undergo chemical exchanges with their four coordinate

1:1 jonic analogues, [PhMeHSi-Nul*CLl™. Furthermore, no evidence for the

presence of hexacoordinate silicon species is noted.

Me, B |

PhMeHSiCL + Nu. === [PhMeHsi-MuItcl™ = [Nu—Si—NultcL™

Ph

Scheme 5.4.1

With DMF as the nucleophile, significant complex formation cannot be
detected for the interactions of PhMeRSiClL (R=H, Me). Nevertheless,
jnterestingly, the collapse of the two N-methyl resonances of DMF is
recorded on the proton n.m.r. spectra at low concentrations of DMF, which

may be indicative of N-silylation of DMF.

The combined observations by Chojnowski, Bassindale and Stout, Frye as

well as results from this project provide convincing evidence for the

operation of the mechanism first postulated by Chojnowski,[’;’:| which
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applies in general to systems consisting of highly electrophilic silanes
with good leaving groups and relatively strong nucleophiles. In a
situation where poor leaving groups, such as Si—H, or very weak
nucleophiles are involved, detailed investigations need to be performed

to further elucidate the mechanism.
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Chapter 6 Experimental




-188-

6.1 Instrumentation

The silanes used were extremely moisture sensitive; in order to eliminate
contamination by moisture, all chemicals were treated as moisture
sensitive compounds and handled under dry nitrogen (purchased from Air
Products, high purity arade). A Faircrest dry nitrogen glove box enabled
more convenient, easier transfers and handling of moisture sensitive
reagents. Quantities of compounds were messured and transferred via
stéinless steel needles and Hamilton all glass-teflon, gas tight
syringés. The syringes were calibrated by weighing measured volumes of

distilled water, the accuracy was found to be +0.7%.

Chemicals were stpred in reagent bottles (previously heated in an 6ven)
with either PTFE-silicon rubber septs valves (Pierce Mininert valves) or
PTFE-silicon rubber septs caps. The septa were replaced regularly
because they were attacked by the more reactive silanes e.g.
chloromethylphenylsilene and also to prevent mofsture entering through
the punctures. PTFE-butyl rubber septe would be a better bhoice_if their
extremely poor resealability could be improved after being punctUred by
needles. Fine gauge stainless steel needles with non-coring tips were
used to minimise the demage to septa. A Sartorius 2000 MP digitel

balance was used to provide accurate weighings of up to +0.5ma.

The infrared spectra were obtained on a Perkin Elmer Model 1710 Fourier
transform infrared spectrometer. For moisture sensitive or hygroscopic
compounds, the samples (as Nujol mulls in the case of solids) were

prepared under dry nitrogen. A Perkin Elmer 240C analyser was used to

perform the elemental microanalyses.

ALL the n.m.f. spectra were recorded on a Jeol FX90Q n.m.r. spectrometer
with a tunable, multinuclear probe. Tetramethylsilane (TMS) was normally
taken as the reference. Nevertheless, in most experiments, an external

reference was used when the diastereotopic SiMe groups of PhCHMeSiMeoX

were under investigation since the SiMe signals were obscured by TMS. An

outline of the various spectral parameters is given below.
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Proton Carbon=-13 Silicon=-29
Spectral width 1000 or- 1500Hz 5302Hz 2000 or 4000Hz
Frequency . 89.56MHz 22.50MHz 17.76MHz
Pulse width 24 or 27PS 22 or 24Vs 12 or 22us
Pulse delay - 0.1s 1.0s 10 to SOs
Iirradiation mode non-decoupling complete decbupting without nuclear

decoupling overﬁauser enhancement

Expohential window 0.0Hz 0.0 or 1.24Hz 3.09Hz

Dynamic n.m.r. total Lline shape analyses were performed using the Dec-20
computing system with a modified version of the QCPE (Quantum Chemistry
Pfogram Exchange) DNMR4 program (No. 466). The calculated spectra were

recorded on a Calcomp-81 flatbed plotter.

6.2 Purification of chemicals

pistillation under reduced pressure was predominantly used as the mode of
purification. The choice of drying agents and the purification procedure

are summarized in the following categories.

A. Deuterated solvents were stored over activated 4A molecular sieves
and reagent grade chemicals were used without further purification.
From Aldrich Chemical Co. Ltd.:- tetramethylsilane $9.9+%, NMR grade
‘ diphenylmethylsilane

chloroform-d, 99.8 atom % D GOLD LABEL
acetonitrile-dz 99 atom % D GOLD LABEL
dichloromethane-d, ggig EXB?L% D
benzene-dg 99.5 atom % D GOLD LABEL
toluene-dg 99+ atbm % D GOLD LABEL
nitromethane-dz 99 atom % D GOLD LABEL

Erom BDH Chemicals Ltd.:- magnesium turnings

potassium hydroxide 'AnalaR'

anhydrous magnesium sulphate
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Prior to distilling and storing over activatec 4A molecular sieves

under nitrogen, these chemicals were allowed to stand over 4A sieves

for a few days.
Aldrich Chemical Co. Ltd.:- 1-methylimidazole 99%

1-methyl-2-pyrrolidinone 99%
1-methyl=-2-pyridone 99+
1,1,3,3=tetramethylurea 997%
N,N-dimethylformamide 99%
R-(+)=-Llimonene 97%
Fluke AG:- 1,3-dimethyl-3,4,5,6~tetrahydro=2(H)-pyrimidinone
1,3-dimethyl-2-imidazolidinone %98%

The following compounds were distilled from potassium hydroxide

pellets and 4A molecular sieves. |

Aldrich Chemical Co. Ltd.:- pyridine 99%
2,6-dimethy Lpyridine 99%
3,5—dimethylbyridine 98+%
2,4-dimethylpyridine 96+%
2,6~di-tert-butylpyridine 97%
triethylamine G9+7%

pue to the lack of suitable drying agents, halosilanes and corrosive

chemicals were distilled in the absence of any drying agents.

Aldrich Chemical Co. Ltd.:- trifluoromethanesulphonic acid
chlorodimethylphenylsilane

Fluorochem Ltd.:— chloromethylphenylsilane

Reagents which serve as starting-materials for syntheses were
geﬁerally used without further purification. .
Aldrich Chemicel Co. Ltd.:- (1-bromoethyl)benzene 97%
thionyl chloride
chlorodimethylsilane
BDH Chemicals Ltd.:- carbon tetrachloride 'AnalaR’
DL-1-phenylethanol 99%

2~bromobutane
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F. Individual routes of purification were carried out for these

compounds.

Hexamethylphosphoramide:- Aldrich Chemical Co. Ltd., 99%; distilled from
phosphorus pentoxide and stored over activated
4A molecular sieves under dry nitrogen before
use.

n-Hexane, n-pentane:- Rathburn Chemicals Ltd., HPLC grade; previously

dried and distilled from sodium wire, followed by
storage over fresh sodium wire and activated 4A
molecular sieves under nitrogen.

Benzene:- BDH Chemicals Ltd., 'AnalaR'; dried with calcium chloride

prior to distillation.

Bromine liquid:- BDH Chemicals Ltd.; shaken with an equal volume of

concentrated sulphuric acid and separated from the acid
Layer.
Tetrahydrofuran:- Rathburn Chemicals Ltd., HPLC grade; refluxed and
' distilled from calcium hydride under nitrogen.
Diethyl ether:- BDH Chemicals Ltd.; dried with sodium wire, followed by
refluxing and distilling from calcium hydride under
nitrogen.

Silver trifLuoromethanesuLbhonate:- Aldrich Chemical Co. Ltd.; dried

under reduced pressure at 50°C for
four days.

Tetra-n—-butylammonium bromide:- Aldrich Chemical Co. Ltd.; the
recrystallization process involved
dissolving in hot benzene (5 ml per gram)
and adding n-hexéne until the mixture
became cloudy; the resulting solid was
fhen filtered, washed Qith fresh n-hexane

and dried under nitrogen.
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6.3 Studies on halomethylphenylsilane (PhMeHSiX; X=Cl, 0SO,CFz)

An aliquot of PhMeHSiX (X=CL, 0S05CF; 2.5 mmoles) was added to a
solution of R-(+)-limonene (2.0 ml, 12.375 mmoles) in benzene-dg (0.2 ml)

in a 10 mm screw cap n.m.r. tube, with a2 PTFE-silicon rubber septum.
Proton, carbon-13 and silicon-29 n.m.r. spectra were recorded before and
after the addition of silane. In the case of the silyl triflate,

PhMeHSiOSOZCF3, the experiment was repeated in the presence of
triethylamine (0.35 ml, 2.5 mmoles).

6.4 Syntheses
6.4.1 Synthesis of RCHMeSiMe,H

RCHMeSiMeZH was prepared by the standard in situ Grignard reaction. The

mixture of solvent, RCH(Br)Me and magnesium turnings, previously dried by
heating in an oven, was activated with a small crystal.of iodide.
Chlorodimethylsi[ahe was added dropwise and the stirred mixture was
refluxed for four hours. Excess magnesium turnings were removed by the
addition of hydrochloric acid (2M). The ethereal layer was washed with
water and saturated sodium hydrogen carbonate solution, then dried with
anhydrous magnesium sulphate. After removing the solvent, the remaining
crude product was purified by distillation and stored under nitrogen

prior to use.

solvent

RCH(Br)Me + Mg + MeZHSiCl ——ey RCHMeSiNeZH + MgCLlBr
when R=gt[84] CH CH,CH(Br) CH 56.48g, 0.412 mole
k Mg turnings 15.6a, 0.642 mole
chlorodimethylsilane 59.64g, 0.630 mole

diethyl ether 150 ml



When R=Ph[85]

When R=tBu[661
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Yield of sec-butyldimethylsilane 18.68qg, 39.0%
b.p. | - 98-102°C  760mmHg

¢

Before (1-bromoethyl)benzene was commercially
available, (1-chloroethyl)benzene was prepared by
allowing 2 mixture of DL-1-phenylethanol (41.3g, 0.338
.mote) and thionyl chloride (100.9g, 0.848 mole) to stir
overnight at room temperature. Excess thionyl chlor{de
was distilled off, the’remaining liquid was dissolved
in sodium dried diethyl ether. The resulting liquid
was washed with water and saturated sodium hydrogen
carbonate solution, dried and distilled to give 36.83g,

77.5% yield of (1-chloroethyl)benzene.

PhCH(CL)Me ; 79.68g, 0.567 mole
Mg turnings 48.9g, 2.011 mole
chlorodimethylsilane  190.04g, 2.008 mole

tetrahydrofuran 300 ml

Yield of 1—methy[benzyldimethylsiLane 78.059, 83.8%
b.p. 28°C 0.3mmHg
Analysis Found: C, 70.45%; H, 10.05%

C1OH16$i requires C, 73.09%; H, 9.81%

The precursor, 2-chLoro-3,3-diméthytbutane (tBucHCLMe)
was synthesed by the same method as described above for
the preparation of 1?chLorophenyLethane. The n.m.r.
spectral data of the crude product indiceted the

presence of a mixture of 2-chloro-3,3-dimethylbutane

(!tBuCHCLMe) and its rearranged product, 2,3-dimethyl-2-

chlorobutane (MeZCCLCHMeZ). Further preparative work

on this compound was abandoned.
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13¢ num.r. data (CDCL3, external TMS)
Signals from tBuCH(CL)Me: 40.5 (CH), 30.3 (CMez), 29.3
o (CMeg), 18.3 (Me)
Resonances from Me,CHC(CL)Mep: 74.4 (CCL), 31.3
(CClMe,), 19.8 (CHMe,),
15.7 (CH)

6.4.2 Synthesis of RCHMeSiMe,ClL

The chlorosilanes were prepared by chlorination of the corresponding
silanes RCHMeSiMeH.[84]

solution of silane in carbon tetrachloride (previously degassed) under

Chlorine gas was bubbled through @ stirred

nitrogen at 0°C. The mixture was irradiated with a 60W l1ght bulb. The
| reaction was carefully monitored, by recording the proton spectra of the
react1on_m1xture at regular intervals, to check for the d1sappearance of
the SiH quintet. Further chlorination of the protoh of the RCHMe group
would result if excess chlorine gas was present. After the removal of
solvent, the crude product was distilled under reduced pressure and

stored under nitrogen before use.

. ' hv, 0°C
RCHMeS1iMe,H + tL, (g) RCHMeSiMe,CL +  HCL (@)
2 2 ccl, 2
When R=Et sec-butyldimethylsilane 4.47g, 0.038 mole

carbon tetrachloride 30 ml

Yield of sec-butyldimethylchlorosilene 4.34g, 74.9%

b.p. 132°C 760mmHg
When R=Ph 1-methylbenzyldimethylsilane 30.37g, 0.19 mole
carbon tetrachloride 50 ml

Yield of 1-methylbenzyldimethylchlorosilane 30.33g, 81.6%
b.p. 43-44°C  0.1mmHg
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Analysis Found: C, 58.78%; H, 8.22%
C1gH45SiCL requires C, 60.43%; H, 7.61%

6.4.3 Synthesis of sec-butyldimethylsilyl triflate or
trifluoromethanesulphonate (5BuSiMe,0S0,CF3)

TrifLuoromethanesu(phonic or triflic acid (0.68g, 4.535 mole) was
syringed into a solution of sec~butyldimethylsilane (0.53g, 4.536 mole)

in chléroform-d1 (1.0 ml). Efferverscence of hydrogen gas was observed.

The n.m.r. spectral results of the crude solution showed that it only

contained a minute percentage of impurities.

SBuSiMesH  +  CF3SO0zH  =—> SBUSiMe,0S05CFz  +  Hy (g)

6.4.4 Preparation of 1-methylbenzyldimethylsilyl triflate
(PhCHMeS iMe5080,CF<)

Cleavage of the phenyl group was observed, even at low temperatures, when
triflic acid was employed for the conversion of the silane into its
trifluoromethanesulphonate derivative. Hence an alternative and more

expensive route had to be adopted.

1?MethylbenzytchLorodimethylsiLane (4.86g, 0.024 mole) was added slowly

to the viscous pale yellow solution of silver trifluoromethanesulphonate
(5.87g, 0.029 mole) in acetonitrile—d3 (2.5 ml) under nitrogen.

Immediate precipitation of silver chloride was observed. On warming, the
solid coagulated and became brownish'pink, leaving a pale yellow, clear
supernatant soLutioh.' After filtering off, the solid was washed with a
further aliquot of solvent. When the removal of solvent from the
combined solution was complete, the resulting liquid was distilled to

'give a yellow, éxtremeLy moisture sensitive liquid.

PhCHMeSiMeZCL + AgOSOZCFS — PhCHMeSiMe,0Tf  + AgCL (s)
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Summary of the n.m.r. data of PhCHMeSiMeZX (X=H, CL, Br,

As

TH

13

29

signments

Ph
SiH
CH, 20y
Me,3d
SiMeA’B
A-B

t 1ipso €
meta C
ortho C
para C
CF3. e
CH
Me
S1MeA’B
A-B

Si SiMeA,B

7.35=7.11m

3.93aqn,3.3Hz

2.40q,nr
1.48d,7.3Hz

0.11dd
3.7Hz
145.6
128.3
127.0
124.6
27.8
15.5
-5.8,-5.9
2.6Hz
nr

Quantities used:

si
so

Lane mmo L

Lvent

Table 6.4.2 ;
Summary of the n.m.r. data of EtCHMeSiMeoX (X=H, CL, 0S0,CFz)

3.01

PhCHMeSiMeZH PhCHMeSiMeZCL

7.44=7.17m

2.52q,7.3Hz
1.56d,7.3Hz
0.40,0.42
1.8Hz
143.2
128.7
127.9
125.8
32.1
14.8
-0.3,0.7
23.3Hz
32.4

3.01

2.0 mt chloroform-d1

Assignments 8§(ppm)

Ty

13

The spectra were recorded in chloroform—d1.

SiH
SiMe
SBu

3
CF3,"Jep
CH(CH3)
CH=CH,
CH(CH3)
chyCHy
SvMeA,B
A-B

PhCHMeSiMeZBr

7.45-7.16m

2.59q,7.7Hz
1.58d,7.7Hz

0.54,0.56
1.8Hz
142.9
128.8
127.9
125.9
32.3
15.3
0.5,1.8
29 .8Hz
30.8

~0502CF3)
PhCHMeSiMeZOTf

7.44=7.10m

2.61q,7.7Hz
1.55d,7.7Hz

0.47
140.6
128.8
127.4
126.0

118.4q,317.1Hz
29.5
13.6
-2.8,-3.8
24 .6Hz
40.4

3.36

EtCHMeSiMeZH EtCHMeSiMeZCL EtCHMeSiMeZOSOZCFS
4.19gn,nr - -
0.10dd,3.7Hz 0.37 0.39
0.86-1.61m 0.88-1.55m 0.97 vbr

118.79,315.9Hz -

25.9 .1 23.3
20.5 .8 22.1
14.5 .1 12.6
13.4 .8 1.8
-5.9,-6.3 .1 -3.
9.1Hz -
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Infrared data of PhCHMeSiMeZX (X=H, CL, Br, OSOZCF3)

1

Assignments Cem )

Ph  (=C-H stretch)

Me (C-H stretch)

CH (C-H stretch)

Ph (C=C stretch)

Si=benzyl

Si~H
Si-Me
Ph

(=C~H in-plane bend)

Ph  (=C-H out-of-
plane bend)

Me  (C-H bend)
CH  (C-H bend)
Si-0
S-0
S$=0

C-F

X =H
3083, 3062,
3024, 2999
2870 (sym)
2958 (asym)
2903
1580,

2929,

1601,
1495, 1451

1194, 1034,
998

2113

1250, 775

1164, 1089
1047, 1011

878, 837,
757, 699

1423 (sym)
1377 (asym)

1337

X = cl

3062, 3026

2875 (sym)
2964 (asym)
2906, 2932

1601, 1491,
1451

1194, 1034,
998

1255, 792

1171, 1091,
1049, 1012

845, 814,
760, 700

1407 (sym)
1378 C(asym)

1337

X = Br
3083, 3061,
3025
2875 (sym)
2963 (asym)
2904, 2931

1601, 1495,
1451

1195, 1034,
998

1253, 790

1169, 1091,
1049, 1013

845, 812,
760, 700

1407 (sym)
1378 (asym)

nr

X = 0802CF3

3085, 3064,
3028

2878 (sym)
2965 (asym)
2935
1602, 1581,
1495, 1453

1207, 1034

1247, 761

1155, 1092,
1049, 1012

852, 814,
761, 701

1392
nr
909

957

1155 (sym)
1392 (asym)

1262
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Yield of 1-methylbenzyldimethylsilyl trifLaté 5.57g, 78.1%

b.p. , 59-60°C 0.12mmHg
Analysis Found: C, 42.30%; H, 4.84% -

C11H158i038F3 requires C, 37.48%, H, 5.36%

6.4.5 Synthesis of 1—methylbenzyldimethylbromosiLane
(PhCHMeSiMeZBr)

Analogous to the chlorination process, a stirréd solution of 1-methyl-
benzytdimethylsilane (64.79, 0.394 mole) in‘carboh tetrachloride (150 ml)
was brominated by adding bromine Lliquid dropwise to the solution under
nitrogen at 0°C with irradiatidn. Efferverscence of hydrogen bromide gas
was observed; Proton n.m.r. spectroscopy was used‘to monitor the
reac{ion. The mixture became orange when the reabtion was complete.
Removal of the solvent followed by distillation gave a slightly pale

yellow, extremely moisture sensitive liquid.

PhCHMeSiMe,H  +  Bry (L) ————> PhCHMeSiMe Br  + HBr (g)
Yietd of 1-methylbenzylbromodimethylsilane 77.21g, 80.6%

b.p. | 90-95°C  0.3mmHg
Analysis Found: C; 48.39%; H, 6.70%

C1DH1SSiBr requires C, 49.38%, H, 6.22%

6.4.6 Syntheses of silane-nucleophile adducts

Generally, a nucleophile was mixed with a silane in n-pentane (0.2 ml)
under dry nitrogen. The process of adduct formafion was highly
exothermic. After filtering and washing with a fresh aliquot of n-
pentane, the extremely hygroscopic solids were analysed by elemental
microanalysis as well as infrared and n.m.r. spectroscopies. The n.m.r.

and infrared data are provided in the appropriate tables.
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A.  The PhCHMeSiMe,CL-NMI adduct  (Cq4HpqNpSiCL)

The mixture of PhCHMeSiMe,CL (1.0 ml, 5.957 mmoles) and NMI (0.47 mlL,

5.925 mmoles) in n-pentane (0.2 ml) was cooled at -10°C for an hour

before the solid was observed.

Analysis 4 Found: C 59.30%, H 7.87%, N 10.25%
Calculated: C 59.87%, H 7.54%, N 9.97%

B.  The PhCHMeSiMe,Br-NMI adduct (Cq4HpqNoSiBr)
A cloudy, viscous solution and an exothermic reaction resulted as NMI
(0.44 ml, 5.488 mmoles) was added to PhCHMeSiMeZBr (1.0 ml, 5.480 mmoles)
in n-pentane (0.2 ml) under nitrogen. The solid precipitated out after
standing at =10°C for six hours.
Analysis _ " Found: C 52.54%, H 6.71%, N 8.48%

Colculated: € 52.01%, H 6.55%, N 8.66%

C. The PhCHMeSiMezBr—HMPA salt (C16H33N3POSiBr)’

A pale yellow, semi-solid mixture of PhCHMeSiMeoBr (1.0 ml, 5.515 mmoles)
and HMPA (0.96 ml, 5.490 mmoles) iﬁ n-pentane (0.2 ml) was left to stand
at -10°C for six hours, prior to the formetion of the solid. Heat was
evolved during the addition.

Analysis , Found: C 47.21%, H 8.19%, N‘10.44%

| Colculated: C 45.49%, H 7.87%, N 9.95% |

D. The PhCHMeSiMeZBr-NMPO adduct (C16H22NOSiBr)

The salt was formed instantaheously as NMPO (0.55 ml, 5.562 mmoles) was
introduced to the solution of,PhCHMeSiMeZBr (1.0 ml, 5.499 mmoles) in n-
pentane (0.2 ml). '
Analysis Found: € 52.94%, H 6.38%, N 7.227%

Calculated: € 54.54%, H 6.25%, N 3.94%

E. The PhMeHSiCl- (NMI)2 salt (C15H21N4S1Cl)
NMI (1.22 ml, 15.273 mmoles) was mixed with PhMeHSiCL (1.0 ml, 7.647
mmoles) in n-pentane (0.2 ml) under nitrogen to give a gluey white solid,

followed by recrystallization from hot chloroform—d1 and n-pentane.
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Table 6.4.7

 Infrared data of PhCHMeSiMeZX-NMI adducts (X=CL, Br)

Assignments (cm-1) PhCHNeSiMeZCL~NMI salt PhCHMeSiMeZBr-NMI salt
Ph  (=C-H stretch) 3089, 3041 v nr
Me (C-H stretch) 2925 2903
CH  (C-H stretch) 2854, 2703 2869
Ph (C=C stretch) 1601, 1494 | 1600, 1491, 1456
Ph R :
(=C-H in-plane bend) 1178, 1064 - 1205, 1130, 1050
Ph ‘
' (=C-H outwof-plane bend) 565, 780, 759, 700 856, 820, 754, 712
“Me  (C-H bend) 1455 (asym), 1377 (sym) 1427 (asym), 1378 (sym)
CH  (C-H bend) . 1342 1337
Si-benzyl | 1178, 1064, 997 1176, 1030, 989
Si-Me 1254, 792 1256, 775
N=H stretch , 3109 ’ nr
N-H out-of-plane bend 835 805
C=N 1657 1695
c=¢ - 1657 | 1568
_ ' ' aromatic 1286 aromatic 1272, 1246
C-N stretch | alkyl 1177, 1088 alkyl 1114, 1092, 1013
‘NMI (=C-H stretch) 3000 : nr
NMI |
(=C-H out-of-plane bend) 944, 905 : 934, 897
NMe (C-H stretch) 2703, 2854 - 2869
NMe (C-H bend) 1455 (asym), 1377 (sym) 1427 (asym), 1351 (sym)

~Si=N - 865, 623 897, 820, 664, 651, 633
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Table 6.4.8

Infrared data of PhCHMeSiMeZBr-HMPA adduct

Assignments (cm~1)r PhCHMeSiMeZBr-HMPA salt

Ph  (=C-H stretch) ’ 3058, 3029

Me  (C-H stretch) ‘ 2866, 2823

CH  (C-H stretch) ; 2927

Ph  (C=C stretch) 1600, 1490, 1455

Ph. (=C-H in-plane bend) 1181, 1002

(=C~H out-z:-plane bend) 823, 762, 704

Me (C-H bend) ’ 1455 (asym), 1376 (sym)

CH  (C-H bend) 1314

Si-benzyl : 1181, 1069

Si-Me 1256, 797

Si-0 , 1069, 1002, 823
P=0 - 1256

C-N stretch 1069

HMPA  (C-H stretch) _ 2996

HMPA  (C-H bend) 1455 (asym), 1314 (sym)

HMPA

1211
1068
2996, 2880

1462 (asym),1296 (sym)
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Table 6.4.9

Infrared data of PhCHMeSiMe_Br-NMPO adduct

2

-1

Assignments (cm ) PhCHMeSiMeZBr—NMPO salt
Ph  (=C-H stretch) 3062
Me  (C-H stretch) , 2854
CH  (C-H stretch) 2925
Ph  (C=C stretch) 1604
Ph  (=C-H in-plane bend) 1170, 1308
(=C-H out-zg-ptane bend) g7, 835, 160, 725, 700
Me (C-H bend) 1462 (asym), 1378 (sym)
CH  (C-H bend) | 1351 |
Si-benzyl ' 1183, 1066, 926
Si-Me 1255, 781
Si-0 ' ‘ 1066, 926, 867
C-N stretch | 1308
c=0 1646
NMPO (=C-H stretch) 3062
NMPO  (C=C stretch) 1580, 1519, 1479
NMPO  (C-H stretch) 2925
NMPO  (C-H bend) 1462 (asym), 1378 (sym)
(=C-H in-p?gﬁg bend) 1170, 1308

NMPO

(=C-H out—-of-plane bend) 867, 835, 760, 725

NMPO

1320
1657
3074
1587, 1471, 1541
| 3031
1437 (asym) ,1386 (sym)
1241, 1156, 1053, 1004 -

876, 844, 767, 730
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Table 6.4.10

Infrared data of PhMeHSiCl, NMI and PhMeHSiCL—(NMI)2 adduct

Assignments (cm—1) - PhMeHSiCL NMI

e 3073, 3054, _
Ph  (=C-H stretch) 3025
Si-H . 2169 -
Ph  (C=C stretch) 1592, 1487 -
Si-Ph . 1430, 1119 -
Si-Me 1257 -

Ph . _

(=C-H in=-plane bend) 1305

. Ph 882, 833, 729,
(=C-H out-of-plane bend) 697, 672
N-H stretch - 3106
N-H out-of-plane bend - 819
C=N stretch - 1518
C=C stretch = 1518
_ | L 1286, 1232
C-N stretch 1109, 1078, 1029
NMI (=C-H stretch) - 2952
NMe (C~H stretch) - 2916
NMe  (C-H bend) - 1421, 1359

NMI - 909, 743

(=C-H out-of-plane bend)

Si~N stretch -

PhMeHSCL-(NML) ,
3106,3060
2133
1582, 1454
1178
1273
1332

836, 716
3106
836
1874

1529, 1582, 1546

1285, 1236
1087, 1043, 1016

2926
2854
1427, 1351
956, 906, 746

956, 906, 8&36,
746, 666, 621
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Analysis Found: € 56.31%, H 6.51%, N 17.09%
Calculated: € 56.14%, H 6.60%, N 17.46%

6.5 Kinetic studies on the exchange of PhCHMeSiMeoX (X=CL, Br,

OSOZCF3) with nucleophiles

6.5.1 The’influence of nucleophile and leaving group

Successive aliquots of a nucleophile were syringed into a solution of

PhCHMeSiMeZX,(X=CL, Br, 0S0,CFz; 2.0 ml) in benzene-d6 (0.2 ml) in a2 10

mm screw top  nem.r. tube, with a PTFE-silicon rubber septum. The
experiment was designed to minimise any medium effects, therefore only a
~small quantity of solvent, sufficient to lock on to the n.m.r.

spectrometer, was used.

Instantaneous precipitation of silane~nucleophile adduct was observed
when a minute quantity of a good nucleophile such as HMPA, NMI or NMPO
was added to the PhCHMeSiMeoBr solution. Studies were therefore
performed with a more dilute solution of silane (1.0 ml) in
dichtoromethane-ds (1.2 ml) for these systems. The exchange between the

bromosilane and HMPA was extremely rapid and immeasurable even under the

above conditions. The solution was made up of 0.4 ml of silane in 1.8 ml

of dichloromethane~d.

6.5.2 The influence of solvent

The effect of altering the solvent, from an essentially non polar e.g.
benzene-d6 to a very polar one such as nitromethane-d3, was investigated.
The same procedure was followed, a nucleophile was added to PhCHMeSiMeZCL

(2.0 ml) in solvent (0.2 ml).
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6.5.3 The influence of concentration

~ The dependence of the rate of reaction upon concentration was determined
by varying the concentration of the silane solution. The experimental

conditions are listed below.

Dilution Quantity of PhCHMeSiMeZCL Quantity and nature of solvent

Two fold , 1.0 ml 1.2 mL benzene-d,
Five fold 0.4 ml ' 1.8 ml benzene-dg
Ten fold 0.2 ml 2.0 ml benzene-dg
Two fold 1.0 mt : 1.2 mL dichloromethane-d,
Five fold 0.4m. 1.8 ml dichloromethane-d,
Ten fold . 0.2 ml 2.0 ml dichloromethane-d,

6.6 Variable temperature n.m.r. studies

Prior to the experiment, each sample was either cooled in @ carbon
dioxide-acetone bath (-78%C) to test the solubility of the components for

low temperature study or warmed in a water bath at 65°C for high
temperature work. The desired temperature was adjusted using a Jeol
temperature controltler. Calibration with a Comark microprocessor

thermometer thermocouple indicated that the temperature accuracy was
+20C. After each readjustment of temperature, two minutes were allowed

for the sample to reach thermal equilibrium. The reversibility of the
reaction was examined by recording an n.m.r. spectrum after warming back

fo ambient temperature.

Two obposing factors were considered in preparing the samples for
variable temperature studies. A moderately concentrated silane solution
was required to reduce the accumulation time especially when recording
silicon-29 n.m.r. spectrum. Sufficient solvent was needed, however, to

avoid precipitation of silane-nucleophile adduct at low temperatures.
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6.6.1 Variable temperature studies on PhCHMeSiMeZX (X=Cl, Br) and

a mixture of the two silanes

Carbon-13 n.m.r. spectra of solutions of PhCHMeSiMeZX (X=CL, Br or a
mixture of silanes, 2.0 ml, 0.016 mole) in benzene-—d6 (0.2 ml) were

recbrded from 330K to 28DK. :

6.6.2 Thermodynamic studies on the exchange between PhCHMeSiMeoX
(x=CL, Br) and nucleophiles (HMPA, NMI)

Initially the experiment was performed with a solution of silane (2.0 ml)
in dichLoromethane-d2 (0.2 ml), however on addition of an aliquot of
nucleophile,'less soluble silane-nucleophile salt, for example

PhCHMeSiMeZCL;NMI, came out of solution as the temperature was lowered,

hence a less concentrated solution of silane (1.0 ml) in dichloromethane-

dz (1.2 ml) was employed.

Carbon-13 n.m.r. spectra were recorded as the temperature. of the probe
was progressively towered until two well-separated diastereotopic SiMe
signals were observed. The spectral data, observed rate constants at

various temperatures and quantities of reagents used are listed in the

accompanying tables.

6.6.3 Variable temperature chemical shift studies on the

interactions of silanes with nucleophiles (HNPA,.NMI, DMF)

A nucleophile was mixed with a silane (1.0 ml) in dichloromethane-d, (2.0

ml) except in the case where a mixture of silanes was studied. Carbon-13
or silicon-29 n.m.r. spectra were recorded at regular intervals dn
Llowering of tempeFature. In certain experiments, n.m.r. spectra of other
nuclei were obtained on returning to ambient probe temperature. The

reaction between the mixture of PhCHMeSiMe2X (X=Cl, Br) and HMPA was
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investigated by proton n.m.r. spectroscopy. The spectral data at
particular temperatures'and the quantities of compounds used are shown in

the tables.

6.7 Nu.m.r. chemical shift titration studies of silanes against

nucleophiles (HMPA, NMI, DMF)

Successive aliquots of nucleophiles were added to a silane solution in

chLoro*orm-d1 (2.0 mL) under nitrogen in a 10 mm n.m.r. tube. Proton,

carbon-13 and silicon-29 (oxygen-17 was studied in one of the
experiments) n.m.r. spectra were recorded after each addition. ALL the

spectral data are tabulated.
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Table 6.5.1

Kinetic study on the exchange between PhCHMeSiMeZCl and NMI

[PhCHMeSiMeZCLJ [NMIJ . Ratio silane:NMI Observed rate constant

(mol dm™3) (mol dm™>) s h
4.854 0.0 1.0 : 0.0 0.0
4.806 0.125 1.0 : 0.026 -
4.733 - 0.314 1.0 : 0.066 -
4.673 0.467 1.0 : 0.100 23.0
4.658 0.504 1.0 : 0.108 32.0
4.651 0.525 1.0 : 0.113 36.0
4642 0.549 1.0 : 0.118 39.0
4.636 0.565 1.0 : 0.122 42.6
4.628 © 0.585 1.0 : 0.126 53.0%
4.620 0.605 1.0 : 0.131 58.0
4.610 - 0.632 1.0 : 0.137 68.0
4.594 0.673 1.0 : 0.147 78.0

Ln observed rate constant = 3.367 tn CNMI] + 5.730

Table 6.5.2
Kinetic study on the exchange between PhCHMeSiMe,CL and HMPA

EPhCHMeSiMeZCLJ CHMPA] Ratio silane:HMPA Observed rate constant
(mol dm™3) (mol dn™3) | s™h
4,914 0.0 1.0 : 0.0 0.0
4.862 0.061 1.0 : 0.012 -
4.836 0.151 1.0 : 0.031 -
4,737 0.207 1.0 : 0.044 o 16.5
4.710 0.238 1.0 : 0.051 22.0
4.694 0.257 1.0 : 0.055 26.0
4,683 0.270 1.0 : 0.058 29.2
4,672 0.283 1.0 : 0.061 32.5
© 4,672 - 0.283 1.0 : 0.061 33.2
4,656 0.302 1.0 : 0.065 ' 36.8
4.644 0.315 1.0 : 0.068 42.0
4,629 0.333 1.0 : 0.072 46.5
4.617 0.347 1.0 : 0.075 © 55.0%
4,605 0.361 1.0 : 0.079 60.0
4.590 0.379 1.0 : 0.083 66.0

Ln observed rate constant = 2.329 Ln CHMPAT + 6.436

Quantities used in each experiment: silane 2.0 ml
solvent =~ 0.2 ml benzene-d6
* point of coalescence
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Table 6.5.3

Kinetic study on the exchange between PhCHMeSiMeZCl and NMPO

[PhCHMeSiMeZCLJ CNMPO1] Ratio silane:NMPO Observed rate conétant

(mol dm™3)  (mol dn™3) s™h
4.865 0.0 1.0 : 0.0 0.0
4.854 0.023 1.0 : 0.005 -
4.828 0.0795 1.0 : 0.016 -
4,774 0.191 1.0 : 0.040 -
4,651 0.448 1.0 : 0.09 -
4.59 0.568 1.0 : 0.124 . -
4.488 0.789 1.0 : 0.176 6.0
4.292 1.199 1.0 : 0.279 25.8
£.252 . 1.282 1.0 : 0.301 - 32.0
4231 1.3 1.0 0.314 35.8
4.219 1.354 1.0 : 0.321 | 38.0
4.207 1.379 1.0 : 0.328 40.5
4.194 1.406 1.0 : 0.335 : 48.0
4.181 1.432 1.0 : 0.343 55. 0%
4.168 1.460 1.0 : 0.350 60.0
4.156 1.484 1.0 : 0.357 66.0
4.135 1.528 1.0 : 0.370 73.0

ln obsefved rate constant = 3.739

Quantities used: PhCHMeSiMeZCl

solvent

* point of coalescence

Ln [NMPO] + 2.606

2.0 mt
0.2 ml benzene-d6
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Table 6.5.4
Kinetic study on the,exchange between PhCHMeSiMezcl and DMPU

[PhCHMeSiMeZCLJv [DMPU] Ratio silane:DMPU Observed rate constant

(mol dm™>) (mol dn™3) s™h
4.865 0.0 1.0:0.0 0.0
4.833 0.039 1.0 : 0.008 -
4,766 - 0.154 1.0 : 0.032 -

4637 0.374 1.0 : 0.081 | -
4.525 0.565 1.0 : 0.125 -
4.311 . 0.931 1.0 : 0.216 R

4,128 1.245 1.0 : 0.302 8.0
4.090 1.310 1.0 : 0.320 28.5
4,063 . 1.356 1.0 : 0.334 N 34.0
4.069  1.380 1.0 : 0.341 39.0
4,038  1.398 1.0 : 0.346 42.0
4.012 1.443 1.0 : 0.360 3.0
4,001 1.462 1.0 : 0.366 51.0%
3.988  1.485 1.0 : 0.372 55.0
3.971 1.515 1.0 : 0.382  58.0
3.955 1.54 1.0 : 0.390 61.0
3.873 1.682 1.0 : 0.434 66.0

Ln observed rate constant = 4.738 Ln [DMPU] + 2.108

Quantities used: PhCHMeSiMeZCl 2.0 ml

solvent 0.2 mlL benzene—d6

* point of coalescence
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Table 6.5.5 } _
Kinetic study on the exchange between PhCHMeSiMeZCl and DMEU

EPhCHMeSiMeZCl] [bMEUJ Ratio silane:DMEU Observed rate constant
(mol dn™>) (mol dm™>) sh
4,849 0.0 1.0 : 0.0 0.0
4.623 0.431 1.0 : 0.093 -
4,415 0.828 1.0 : 0.187 -
4.220 1.198 1.0 : 0.284 » =
4,046 1.530 1.0 : 0.378 -
3.888 - 1.831 1.0 : 0.471 -
3.740 2114 1.0 : 0.565 13.0
3.602 2.378 1.0 : 0.660 23.5
3.535 . 2.506 1.0 : 0.709 | 28.6
3,469  2.632 1.0 : 0.759 , 33.2
3.434 2.696 1.0 : 0.785 | 35.8
3.417 2.729 1.0 : 0.799 38.8
3.396 2.770 1.0 : 0.815 40.0
3.381 ~ 2.800 1.0 : 0.828 40.2
3.358 2. 841 1.0 : 0.846 46.0
3.343 2.871 1.0 : 0.859 530
3.322 2.911 1.0 : 0.876 56.0
3,300 2.953 1.0 : 0.895 63.0

Ln observed rate constant = 4.379 ln [DMEU] - 0.708

Quantities used: PhCHMeSiMeZCL 2.0 mL

solvent 0.2 ml benzene-dy

* point of coalescence
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Table 6.5.6

Kinetic study on the exchange between PhCHMeSiMeZCl and 3,5DMP

[PhCHMeSiMeZCL] [3,5DMP] Ratio silane:3,5DMP Observed rate constant

(mol dm™3) (mol dm™>) s™h
L.84L 0.0 1.0 : 0.0 0.0
4,416 0.776 1.0 : 0.176 -
4.058 1,424 1.0 : 0.351 -
3.643 2.076 1.0 : 0.570 -
3.373 2.661 1.0 : 0.789 -
3.058 3.232 1.0 : 1.057 3.0
2.652 3.966 1.0 : 1.496 5.0
2.344 4.522 1.0 : 1.929 7.8
1.898 5.327 1.0 : 2.806 13.5
1.598 5.872 1.0 : 3.675 15.2
1.379 6.268 1.0 : 4.545 22.2
1.223  6.550 1.0 : 5.356 29.2
1.090 6.792 1.0 @ 6.223 55.0%

1.0 : 7.108 72.0

0.983 6.985

Ln observed rate constant = 3.758

Table 6.5.7

ln [3,5DMP] - 3.544

Kinetic study on the exchange between PhCHMeSiMeZCL and py

[PhCHMeSiMeZCL] Cpyl Ratio silane:py
(mol dm™3) (mol dm™>)

4.618 0.0 1.0 : 0.0
3.755 2.311 1.0 : 0.615
2.733 . 5.049 1.0 : 1.848
1.773 7.617 1.0 : 4.296
1.629 8.003 1.0 : 4.912
1.507 - 8.331 1.0 : 5.529
1.401 8.615 1.0 : 6.151
1.354 - 8.741 1.0:)6.458
1.292  8.906 1.0 : 6.894
1.243 9.036 1.0 = 7.269
1.184 9.194 1.0 = 7.766
1.093 9.439 1.0 : 8.639

- 0.986 9.729 1.0 : 9.867

Observed rate constant
s™h
0.0

n observed rate constaht = 8.982 Ln [pyl - 16.157

Quantities used in each experiment:

* point of coalescence

silane
solvent

2.0 ml
0.2 mt benzene-d6



-216~
Table 6.5.8

Kinetic study on the exchange betueen'PhCHMeSiMezcl and TMU

[PhCHMeSiMeéCL] CTMUJ Ratio siLane:TMU Observed rate constant

(mol dn™>) (mol dm™3) s
L.6hT 0.0 1.0 : 0.0 0.0
4443 . 0.366 1.0 : 0.082 | -
4.167 0.863 1.0 : 0.207 -
3.922 1.305 1.0 : 0.333 -
3.638 1.816 1.0 : 0.499 o -
3.393 2.256 1.0 : 0.665 13.2
3.229 2.550 1.0 : 0.790 19.5
3.125 2.737 1.0 : 0.876 | 27.0
3.111 2.763 1.0 : 0.888 33.0
3.097  2.789 1.0 : 0.901 | 31.8
3.083 2.813 1.0 : 0.912 - 32.0
3.069 2.838 1.0 : 0.925 36.2
3.056  2.862 1.0 : 0.936 34,5
3.043 2.886 1.0 : 0.948 38.0
3.025 2.918 1.0 : 0.965 ' 39.2
3.011 2.942 1.0 : 0.977 38.5
2.994 2.973 1.0 : 0.993 43.2
2.981 2,997 1.0 : 1.005 43.0
2.963 © 3,029 1.0 : 1.022 53.0%
2.946 3.060 1.0 : 1.039 55.0
2.926 3.096 1.0 : 1.059 53.5
2.905 3,134 1.0 : 1.079 55.5

Ln observed rate constant = 4.692 Ln [TMUI - 1.337

Quantities used: PhCHMeSiMeZCL 2.0 ml

solvent 0.2 ml benzene-d6

* point of coalescence
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Kinetic study on the exchange between PhCHMeSiMeZCL and NMP

[PhCHMeSiMeZCLJ

(mol dm™>)

4625
4514
4.316
4.051
3. 747
3.546
3.367
3.285
3.208
3.193
3.168
3.145
3.117
3.089
3.057
3.033
3.007
2.981

CNMP]
(mol dn™>)
0. O

0.247
0.696
1.292
1.976
2.428
2.833
3.016
3.189
3.224
3.279
3.331
3.395
3.456
3.529
3.581
3,642
3.701

Ratio silane:NMP

1.0 :

1.0 :

1.0 :

1.0 :
1.0 :
1.0 ¢
1.0 :
1.0 :
1.0 :
1.0 ¢
1.0
1.0 :
1.0 :
1.0 :
1.0 :
1.0 :
1.0 =
1.0 =

0.0

0.055
0.161
0.31¢
0.527
0.685
0.841
0.918
0.944

1.010

1.035
1.059
1.089
1.119
1.154

1.181

1.211
1.242

Observed rate constant
s™h
0.0

10.5
19.5
24.0
31.8
31.0
34.5
37.5
41.5
43.2
46.0
57.0%
63.0
70.0

In observed.rate constant = 4.395 {n [NMP] - 1.629

Quantities used: PhCHMeSiMeZCl

* point of coalescence

solvent

2.0 ml

0.2 mt benzene-d6
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Kinetic study on the exchange between PhCHMeSiMeZCl and DMF

[PhCHMeSiMeZCl]
(mol dn™3)

4.855
4,625
4,415
4.225

3,896

3.612

3.603
3.589

3.587 |

3.585
3.582

3,569

3.558
3.550
3.538
3.526
3.514
3.497

Ln observed rate constant

EDMF1]
(mol dm™3)
0.0
0.610
1.171
1.675
2.552
3.305
3.330
3.368
3.373
3.377
3.386
3.420
© 3,449
3.471
3.504
3.535
3.567
3.612

Ratio silane:DMF

1.0 : 0.0

1.0 : 0.132
1.0 1 0.265
1.0 : 0.39
1.0 : 0.655
1.0 : 0.915
1.0 : 0.924
1.0 : 0.938
1.0 : 0.940
1.0 : 0.942
1.0 2 0.945
1.0 : 0.958
1.0 = 0.969
1.0 : 0.978
1.0 : 0.991
1.0 : 1.003
1.0 : 1.015
1.0 : 1.033
= 7.575

Quantities used: PhCHMeSiMeZCL

* point of coalescence

solvent

Observed rate constant.
s™h
0.0

32.0
35.0
36.5
36.5
37.0
37.0
39.0
43.0
45.0
47.0
53. 0%
58.0
63.0

Ln [DMF] - 5.607.

2.0 ml

0.2 ml benzene-d6
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Table 6.5.11
Kinetic study on the exchange between PhCHMeSiMezBr and DMPU

[PhCHMeSiMeZBr] [DMPU]  Ratio silane:DMPU Observed rate constant

(mol dm™3) (mol dm™>) s~
4.554 0.0 1.0 : 0.0 0.0
4,546 0.022 1.0 : 0.005 12.5
4.526 0.050 1.0 : 0.0M11 31.8
4.519 0.064 1.0 : 0.014 39.2

4.513 0.075 1.0 : 0.017 , 42.8
4.507 ' 0.085 1.0 : 0.019 45.2
4.501 © 0.096 1.0 : 0.021 - 48.0
4.496 . 0.106 1.0 : 0.024 51.2
4.489 0.118 1.0 : 0.026 52.0
4,479 0.136 1.0 : 0.030 66.5
1.0 : 0.032 70.0

4,474 0.145

Ln observed rate constant = 0.858 tn [DMPU] + 5.912

Table 6.5.12
Kinetic study on the exchange between PhCHMeSiMezBr and DMEU

[PhCHMeSiMeZBrJ {DMEU] Ratio silane:DMEU Observed rate constant

(mol dm™>) (mol dm™>) | ¢s™h
4.549 0.0 1.0 ¢ 0.0 ‘ 0.0
4.506 0.086 1.0 : 0.019 -
b4 .46 0.180 1.0 : 0.040 16.0
4.426 0.251 1.0 : 0.057 : 26.5
4.393 0.319 1.0 : 0.073 39.5
4.379  0.348 1.0 : 0.080 46.5
4.371 . 0.365 1.0 : 0.084 | 50.5
4.363 0.379 1.0 : 0.087 51.8
4.356 0.395 1.0 : 0.091 55.2
4,347 R A TA 1.0 : 0.095 66.8%
4.336 0.435 1.0 : 0.100 ’ 73.0
4.328 0.453 1.0 : 0.105 76.0

Ln observed rate constant = 1.697 ln [DMEU] + 5.644

Quantities used in each experiment: silane 2.0 mL
' solvent 0.2 ml benzene-d,

* point of coalescence
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Table 6.5.13.

Kinetic study on the exchange between PhCHMeSiMeZBr and DMF

[PhCHMeSiMeZBr] "~ [DMF] Ratio silane:DMF Observed rate constant

(mol dm™3) (mol dn™>) s™H
4.515 0.0 1.0 : 0.0 . 0.0
4.470 1 0.129 1.0 : 0.029 7.6
4424 0.260 1.0 : 0.059 38.4
4,417 0.280 1.0 : 0.063 43.2
4.413 : 0.292 1.0 : 0.066 48.8
4.408 0.308 1.0 : 0.070 54.5
4.402 , 0.323 1.0 : 0.073 65 .0%
4.396 0.342 1.0 : 0.078 76.0
4.389 0.361 1.0 : 0.082 84.0

Ln observed rate constant = 2.325 Ln [DMF] + 6.7?6’~

Table 6.5.14 ’ ,
Kinetic study on the exchange between PhCHMeSiMe,Br and 2,4DMP

[PhCHMeSiMeZBrJ [2,4DMP] Ratjo silane:2,4DMP Observed rate constant

(mol dm™3) (mol dn™) s~
4.542 0.0 1.0 : 0.0 0.0
4.219 0.617 1.0 : 0.146 -
3.812 1.394 1.0 : 0.366 -
3.475 2.037 1.0 : 0.586 -
3,353 2.270 1.0 : 0.677 18.0
3.187 2.587 1.0 : 0.812 26.7
3.132 2.692 1.0 : 0.859 31.7
3.079 2.792 1.0 : 0.907 34.4
3.029 2.889 1.0 : 0.954 37.7
2.980 2.983 1.0 : 1.001 40.4
2.915 3,106 1.0 : 1.066 40.6
2.849 3.233 1.0 : 1.135 43.7
2.766 3.391 1.0 : 1.226 43.7
2.672 3.569 1.0 : 1.335 51.2
2.59 3.714 1.0 : 1.430 51.8
2.509 3.881 - 1.0 : 1.547 52.0
2.415 4.060 1.0 : 1.681 . 59.6
2.301 4.278 1.0 : 1.859 66.5

1.0 : 2.037 78.0

2.197 - 4.476

Ln observed rate constant = 1.812 Ln [2,4DMP] + 1.603
Quantities used in each experiment: silane 2.0 ml
, solvent 0.2 ml benzene—d6
* point of coalescence
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Table 6.5.15 ‘ _
Kinetic study on the exchange between PhCHMeSiMeZBr and TMU

[PhCHMeSiMe,Brl CTmMud Ratio silane:TMU  Observed rate constant

(mol dm™3) (mol dn™>) s™h
4.544 0.0 1.0 : 0.0 0.0
4.481 0.117 1.0 : 0.026 -
4617 0.235 1.0 : 0.053 -
4.375 0.311 1.0 : 0.07M 11.5
4.317 0.425 1.0 : 0.092 17.5
4,255 0.532 1.0 : 0.125 22.9
4.181 0.668 1.0 : 0.160 . 34.8
4.143 0.740 1.0 : 0.179 40.0
4116 0.789 1.0 : 0.192 48.0
4.093 . 0.830 1.0 : 0.203 51.5
4.064 0.884 1.0 : 0.218 - - 57.5
4.043 0.923 1.0 : 0.228 68.0
4.022 - 0.961 1.0 : 0.239 - 76.0

Ln observed rate constant = 1.649 Ln L[TMU] + 4.273

Table 6.5.16 o
Kinetic study on the exchange between PhCHMeSiMeZBr and NMP

CPhCHMeSiMeBrl CNMP] Ratio silane:NMP  Observed rate constant

(mol dm™3) (mol dn™3) ¢s™h
4.547 0.0 1.0 : 0.0 0.0
4.b41 0.244 1.0 : 0.055 25.7
4432 0.265 1.0 : 0.060 28.6
4621 0.289 1.0 : 0.065 37.0
4.409 0.316 1.0 : 0.072 40.0
4.399 0.339 1.0 : 0.077 . 47.0
4,389 0.363 1.0 : 0.083 52.0
4.382 0.379 1.0 : 0.087 62.0
4.371 0.416 1.0 : 0.092 72.0
4.364 0.419 1.0 : 0.096 78.0
4.354 0.442 1.0 : 0.102 84.0

ln observed rate constant = 2.022 Ln CNMP] + 6.066

Quantities used 1in each experiment: silane 2.0 ml
solvent 0.2 mt benzene-d6
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Table 6.5.17
Kinetic study on the exchange between PhCHMeSiMeZBr and 3,5DMP

[PhCHMeSiMeZBr] £3,5DMP] Ratio silane:3,5DMP Observed rate constant

(mol dm™3) (mol dm ™) s™h
4.533 - 0.0 1.0 : 0.0 0.0
4.066 0.904 1.0 : 0.223 -
3.825 1.369 1.0 : 0.358 18.0
3.678 1.652 1.0 : 0.449 25.6
3.607 1.790 1.0 : 0.496 32.5
3.540 1.919 1.0 : 0.542 . 37.2
3.443 . 2.109 1.0 : 0.613 ‘ 42.3
3.406 2.178 1.0 : 0.639 46.2
3.355 2.276 1.0 : 0.678 . 48.8
3.305 - 2.374 1.0 : 0.718 55.5
3.256 . 2.468 1.0 : 0.758 ' . 62.0%
3.219 2.540 1.0 : 0.789 65.0

1.0 : 0.837 73.0

3.163 - 2.648

Ln observed rate constant = 2.071 ln [3,5DMP] + 2.238

Table 6.5.18
Kinetic study on the exchange between PhCHMeSiMe,Br and py

[PhCHMeSiMeZBr] Cpyl Ratio silane:py Observed rate constant

(mol dm™3) (mol dm™>) s h
4,541 0.0 1.0 : 0.0 ' 0.0
4,432 0.298 1.0 : 0.067 -
4,237 0.828 1.0 ¢ 0.195 -
3.899 1.748 1.0 : 0.448 -
3.360 ) 3.215 1.0 : 0.957 30.7
3.327 3.307 1.0 : 0.994 33.0
3.262 3.483 1.0 : 1.068 : 36.5
3.184 3.695 1.0 = 1.161 45.0
3.120 3.870 1.0 : 1.241 52.5
3.090 3.949 1.0 : 1.278 53.0
3.063 4.025 1.0 : 1.314 65.0*
3.040 4.088 1.0 : 1.345 71.0
3.017 ' 4.149 1.0

: 1.375 74.0
Ln observed rate constant = 3.422 Lln [pyl - 0.624

Quantities used in each experiment: silane 2.0 ml
' solvent 0.2 ml benzene-d,
*  point of coalescence
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Table 6.5.19
Kinetic study on the exchange between PhCHMeSiMeZBr and NMI

EPhCHMeSiMeZBr] : CNMI] Ratio silane:NMI  Observed rate constant

(mol dm™3) (mol dm™3) s™h
2.295 ’ 0.0 1.0 : 0.0 0.0
2.285 0.056 1.0 : 0.024 28.5
2.284 0.062 1.0 : 0.027 36.4
2.283 0.068 1.0 : 0.030 40.0
2.282 0.073 1.0 : 0.032 45.3
2.281 0.079 1.0 : 0.035 51.2
2.279 0.085 1.0 : 0.038 60.0
2.278 0.091 1.0 : 0.040 65.0
2.277 0.096 1.0

Ln observed rate constant = 1.635 Ln [NMIJ + 8.101

Table 6.5.20°
Kinetic study on the exchange between PhCHMeS1MeZBr and DMPU with two
fold dilution

[PhCHMeSiMeZBrJ [{bMpPU] Ratio silane:DMPU Observed rate constant
tmol dm™3)  (mol dn™>) ¢s™h '

2.298 0.0 1.0 : 0.0 - 0.0
2.296 0.008 1.0 ¢ 0.003 -
2.291 0.026 1.0 : 0.016 12.0
2.286 0.045 1.0 : 0.020 20.3
2.281 0.064 1.0 : 0.028 ' 30.7
2.277 - 0.075 1.0 : 0.033 38.0
2.275 0.083 1.0 : 0.036 43.9

- 2.273 0.090 1.0 : 0.040 45.6
2.270 0.101 1.0 : 0.046 56.0%
2.267 0112 1.0 : 0.050 64.0
2.262 0.131 1.0 : 0.058 76.0

Ln observed rate constant = 1.174 Ln [DMPU] + 6.694

Quantities used in each case: silane 1.0 ml :
solvent 1.2 ml d1chloromethane-d2

* point of coalescence
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Table 6.5.21 ,
Kinetic study on the exchange between PhCHMeSiMeZBr and NMPO

[PhCHMeSiMeZBrJ [NMPO] Ratio silane:NMPO Observed rate constant

(mol dn™3) " (mol dn™>) s™h
2.299 0.0 1.0 : 0.0 0.0
2.295 0.015 1.0 : 0.007 13.0
2.293 , 0.025 1.0 : 0.011 29.2
2.291 0.033 1.0 : 0.014 47.5
2.289 0.041 1.0 : 0.018 68.0
2.287 0.050 1.0 : 0.022 92.0

1.0 : 0.026 102.0

2.286 0.058

Ln observed rate constant = 1.600 Ln [NMPO] + 9.271
Quantities used: silane 1.0 ml '
solvent 1.2 ml dichLordmethane-d2

Table 6.5.22 y ,
Kinetic study on the exchange between PhCHMeSiMeZBr and HMPA

[PhCHMeSiMeZBr] CHMPA] Ratio silane:HMPA Observed rate constant
(mol dn™3)  (mol dm™) | s
0.9197 0.0 1.0 : 0.0 0.0
0.9196 0.0053 1.0 : 0.006 11.2
0.9188 0.0105 1.0 : 0.0M11 341
0.9179 0.016 1.0 : 0.017 56.0

Ln observed rate constant = 1.483 Un CHMPA] + 10.223
Quantities used: silane 0.4 ml
solvent 1.8 ml dichLoromethane-dz

Table 6.5.23
Kinetic study on the exchange between PhCHMeSiMezBr and HMPA in the

presence of 2,6DBP

CPhCHMeSiMe,Brl CHMPA] Ratio silane:HMPA Observed rate constant

(mol dn™3)  (mol dn™>) | s™h
0.9268 0.0 1.0 : 0.0 0.0
0.9259 ~0.0053 1.0 : 0.0057 33.2
0.9255 0.0079 1.0

: 0.0085 57.0

Ln observed rate constant = 1.335 Ln CHMPA] + 10.503
Quantities used: silane 0.4 ml 2,6DBP 0.04 ml
solvent 1.8 ml dichloromethane-dz
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Table 6.5.24 _
Kinetic study on the exchange between PhCHMeS1Me clL (2.0 ml) and
nucleophiles (2,6DMP; EtzN; 2,4DMP) in benzene-d6 (0.2 mL)

[PhCHMeSiMeZCL] L2, 6DMP] Rat1o silane:2,6DMP Observed rate constant

(mol dm™3Y  (mol dm™3) ¢s™h
4.624 0.0 1.0 : 0.0 0.0
3.160 2.172 1.0 : 0.860 -
2.403 L1246 1.0 : 1.716 -
1.937 4.988 1.0 : 2.575 -

. 1.622 5.573 1.0 : 3.435 ’ -
1.396 . 5.994 1.0 : 4.295 -
1.194 6.368 1.0 : 5.332 -
1.067 6.605 1.0 : 6.192 -
0.964 6.795 1.0 : 7.048 0.0

[PhCHMeSiMeZCLJ [Et3N] Ratio siLane:Et3N | Observed rate constant

(mol dn™3)  (mol dm™>) (s
4.624 - - . 0.0 1.0 : 0.0 0.0
3.180 2.240 1.0 : 0.706 -
1.958 4.137 1.0 : 2.114 -
1.414 4.981 1.0 : 3.524 ‘ -
1.107 5,457 1.0 : 4.931 ' -
0.885 5.802 1.0 : 6.560 : 1.0

[PhCHMeSiMeZCLJ [2,4DMP] Ratio silane:2,4DMP Observed rate constant

(mol dn™3Y  (mol dm™3) ™ h
4.656 0.0 1.0 : 0.0 0.0
ANAN) 0.388 1.0 : 0.087 -
4.096 1.032 1.0 : 0.252 -
3.647 - 1.861 1.0 : 0.510 -
3.281 . 2.535 1.0 : 0.772 3 -
2.817 3.391 1.0 : 1.204 =
2.468 4.035 1.0 : 1.635 , -
2.196 4.537 1.0 : 2.066 -
1.798 5.269 1.0 : 2.931 -
1.321 6.148 1.0 : 4.653 3.0
1.044 6.660 1.0 : 6.378 8.0

The change in the rate constant may be caused by medium effect.
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Kinetic study on the exchange between PhCHMeSiMeZBr and 2,6DMP

[PhCHMeSiMeZBrJ' [2,6DMP]

(mol dn™>)  (mol dm )
4.541 0.0
4.159 0.722
3.830 1.344
3.553 1.868

3.313 2.321
3.102 2.719
2.682 3.514
2.362 4.119
1.906 4.982
1.212 6.294
0.952 6.785

Table 6.5.26

Kinetic study on the exchange between PhCHMeSiMe2

[PhCHMeSit‘I;2

(mol dm ™)
4,531
3.680
2.682
1.901
1.473
1.201
1.014

Quantities used in each experiment:

Brl CEt,N]

3—
(mol dm

0.0
1.347
2.928
4,164
4.842
5,273
5.569

.0 : 0.0
.0 : 0.174
.0 : 0.351
.0 : 0.526
.0 : 0.700
.0 : 0.876
.0:1.310
.0 1.745
.0 : 2.632
1.0 : 5.196
1.0 : 7.125

1.0 :
1.0 :
1.0 :
1.0 :
1.0 :
1.0 :
1.0 :

0.0
0.366

1.091

2.1%0
3.288
4.390
5.490

silane

Ratio silane:2,6DMP Observed rate constant

s
0.0

3.0

Br and Et3N

Ratio silane:Et3N Observed rate constant

s™h
0.0

0.0

2.0 ml

solvent 0.2 ml benzene-d6
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Table 6.5.27

Kinetic study on the exchange between PhCHMeSiMeZCL and HMPA in the
presence of 2,6DBP

EPhCHMeSiMeZCL] “ [HMPA] Ratio silane:HMPA Observed rate constant

(mol dm™>) (mol dm™3) s~
4.589 0.0 1.0 : 0.0 0.0
4.206x 0.0 1.0 : 0.0 0.0
4.178 0.036 1.0 : 0.009 | -
4.151 0.072 1.0 : 0.017 -
4.108 0.131 1.0 : 0.032 - 13.8
4.083 0.166 1.0 : 0.041 18.2
4.066 0.189 1.0 ¢ 0.047 22.4
4,048 - 0.213 1.0 : 0.053 28.7
4.032  0.235 1.0 : 0.058 31.3
4,015 0.258 1.0 : 0.064 | 37.0
3.998 0.281 1.0 : 0.070 40.6
3. 998% 0.281 1.0 : 0.070 42.0
3.983 0.303 1.0 : 0.076 47.0
3.967 0.324 1.0 : 0.082 57.0

3.951 0.346 1.0 : 0.088 64.0
Ln observed rate constant = 1.569 Ln [HMPA] + 5.748

Quantities used: PhCHMeSiMeZCL 2.0 ml
2,6DBP 0.2 ml

solvent . 0.2 mtl dichlorohethane-dz

* after the addition of 2,6DBP

** sample Lleft overnight



-228-

| Table 6.5.28

Kinetic study on the exchange between PhCHMeSiMeZCl and NMI in the
presence of 2,6DBP

[PhCHMeSiMeéCL] [NMI] | Ratio silane:NMI Obéerved rate constant

(mol dn™3)  (mol dm™3) s™h
4,592 0.0 | 1.0 : 0.0 0.0
4.207* 0.0 1.0 : 0.0 0.0
4.190 0.050 1.0 : 0.020 -
4167 0.121 1.0 : 0.029 -
4.162 0.195 1.0 : 0.047 -
4.125 0.243 1.0 : 0.059 15.7
4.109 0.291 1.0 : 0.071 15.5
4.085 0.363 1.0 : 0.089 19.8
4.055  0.459 1.0 : 0.113  28.7
4.038 0.505 1.0 : 0.125 ' 34.2
4.022 0.552 1.0 : 0.137 37.3

4,006 0.598 1.0 = 0.149 40.3
3.991 0.644 1.0 : 0.161 45.7
3,975 0.691 1.0 : 0.174 49.0
3.960 0.736 1.0 : 0.186 58.0
3.945 0.781 1.0 : 0.198 64.0

Ln observed rate constant = 1.277 Ln [NMIJ + 4.392

" Quantities used: PhCHMeSiMeZCL ~ 2.0 mL
2,6DBP 0.2 ml

solvent 0.2 ml dich[oromethane-dz :

*  after the addition of 2,6DBP
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Table 6.5.29 Kinetic study on the exchange between PhCHMeSiMezBr and
NMI in the presence of 2,6DBP with two fold dilution

EPhCHMeSiMeZCLJ - [NMI] Ratio silane:NMI  Observed rate constant
(mol dm™>) (mol dm™>) s
2.280 0.0 1.0 : 0.0 0.0
2.178 * 0.0 1.0 : 0.0 0.0
2.174 0.026 1.0 = 0.012 15.8
- 2.172 , 0.038 1.0 : 0.017 , 27.2
2.171 0.043 1.0 = 0.020 34.1
2.170 0.048 1.0 = 0.022 37.6
2.169 0.054 1.0 : 0.025 46.5
2.168 ° 0.059 1.0 : 0.027 57.0
Ln observed rate constant = 1.549 Ln [NMI] + 8.384
Quantities used: PhCHMeSiMeZBr 1.0 ml | 2,6DBP 0.1 ml
solvent 1.2 ml dichloromethane-d,

* after the addition of 2,6DBP

Table 6.5.30
Kinetic study on the exchange between PhCHMeSiMezH and HMPA

[PhCHMeSiMeZH] . [HMPA] Ratio silane:HMPA Observed rate constant

(mol dm™3Y  (mol dn™>) s
4.857 0.0 ' 1.0 : 0.0 0.0
4.812 0.053 1.0 : 0.011 -
4.637 0.253 1.0 : 0.054 -
4.266 0.698 1.0 : 0.164 -
4.103 0.892 1.0 : 0.217 -
3.749 1.311 1.0 : 0.350 , -
2.781 2.456 1.0 : 0.883 -
1.366 4.131 1.0 : 3.025 -
1.090 4,458 1.0 : 4.092 0.0

Table 6.5.31 : _
Kinetic study on the exchange between PhCHMeSiMeZOSOZCF3 and py

CPhCHMe SiMe 0T Cpyl Ratio silane:py Observed rate constant
(mol dm™3)  (mol dm™>) )
3.553 0.0 1.0 : 0.0 0.0
3.544 0.029 1.0 : 0.008 6367.2 **
Quantities used: PhCHMeSiMeoX (X=H, OTf) 2.0 ml
solvent 0.2 ml benzene-dg

% calculated from the expression for coalescence based on the
linewidth of the SiMe peak.



-230-

Table 6.5.32
Kinetic study on the exchange between PhCHMeSiMeZCl and HMPA in

tol.u_ene--d8
[PhCHMeSiMeZCl] CHMPAJ Ratio silane:HMPA Observed rate constant

(mol dm-3) (mol dm_3) (3-1)
4.626 0.0 1.0 : 0.0 0.0
4.542 < 0.104 1.0 : 0.023 -
4.503 0.153 1.0 : 0.034 -
4,457 0.210 1.0 : 0.047 11.0
4,439 0.231 1.0 : 0.052 15.7
4.398 0.281 1.0 : 0.064 , 25.4
4,378 0.307 1.0 : 0.070 - 32.3
4,368 0.320 1.0 : 0.073 37.6
4.356 0.335 1.0 : 0.077 42.0
4,346 0.346 1.0 : 0.080 : 51.0
4.337 : 0.357 1.0 : 0.082 : 57.0

4,326 - 0.371 1.0 : 0.086 o - 64.0
Ln observed rate constant = 2.995 Ln [HMPA] + 7.076 '

Table 6.5.33
Kinetic study on the exchange between PhCHMeSiMeZCL and NMI in‘toluene-d8

[PhCHMeSiMeZCLJ [NMI] Ratio silane:NMI  Observed rate constant
(mol dn™3)  (mol dn™>) T
4.636 0.0 1.0 : 0.0 0.0
4.592 0.12 1.0 : 0.026 -
4.516 0.324 1.0 : 0.072  12.0
4,484 0.410 1.0 : 0.092 20.4
4461 0.472 1.0 : 0.106 28.6
4.452 0.498 1.0 : 0.112 32.7
4,440 0.530 1.0 : 0.119 40.6
4.430 0.557 1.0 : 0.126 46.6
4,425 0.570 1.0 : 0.129 52.0

Ln observed rate constant = 2.557 ln [NMIJ + 5,323

Quantities used in each experiment: silane 2.0 ml

solvent 0.2 ml toLuene—d8
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Table 6.5.34
Kinetic study on the exchange between PhCHMeSiMeZCL and HMPA in
dichLoromethane-d2

[PhCHMeSiMeZClJ [HMPA] Ratio silane:HMPA Observed rate constant

mol dn™3)  (mol dm ™) s
4.599 0.0 | 1.0 : 0.0 0.0
4.536 0.079 1.0 : 0.017 8.0
4.493 0.132 1.0 : 0.029 19.0
4.468 0.163 1.0 : 0.03¢ 28.0
4. 446 0.190 1.0 : 0.043 , 35.8
4439 0.198 1.0 : 0.045 ~ 39.8
4.431 0.209 1.0 : 0.047 4.6
4.423 0.219 1.0 : 0.049 45,7
AT © p.228 1.0 : 0.052 | 52.0
4,404 0.242 1.0 : 0.055 57.0

Ln observed rate constant = 1.745 Ln [HMPAT + 6.440

Table 6.5.35 v
»Kinetic study on the exchange between PhCHMeSiMeZCL and NMI in
dichloromethane—d2

[PhCHMeSiMeZCl] CNMI] Ratio silane:NMI Observed rate constant

(mol dn™>  (mol dm ) | s™h
4,632 0.0 1.0 : 0.0 0.0
4.588 0.119 1.0 : 0.026 6.5
4.565 0.178 1.0 : 0.039 13.0
4.533 0.268 1.0 : 0.059 | 28.3
4.527 0.283 1.0 : 0.062 3045
4,517 0.312 1.0 : 0.069 37.8
4.510 0.331 1.0 : 0.073 43.0
4.504 © D.346 1.0 : 0.077  52.0%
4,497 0.364 1.0 : 0.081 57.0

ln observed rate constant = 1.921 Ln [NMIJ + 5.911

Quantities used in each case: silane 2.0 mt
solvent 0.2 ml d'ichl.oromethane—d2

o point of coalescence
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Table 6.5.36
Kinetic study on the exchange between PhCHMeSiMeZCL and HMPA in

m’tromethane-d3

[PhCHMeSiMeZCl]' CHMPAJ Ratio silane:HMPA Observed rate constant
(mol dm-3) (mol dm-3) (5-1)
4.629 0.0 1.0 : 0.0 0.0
4.610 0.024 1.0 : 0.005 v -
4.601 0.035 1.0 : 0.008 28.0
4,597 0.040 1.0 : 0.009 33.5
4.592 0.047 1.0 : 0.010 : 39.2
4.587 | 0.053 1.0 : 0.012 47.0
4,583 0.058 1.0 : 0.013 : 53.0
4,579  0.063 1.0 : 0.014 60.0

Ln observed rate conétant = 1.256 Ln [HMPA] + 7.547

Table 6.5.37
Kinetic study on the exchange between PhCHMeSiMeZCL and NMI 1in

nitromethane-d3

EPhCHMeSiMeZCLJ CNMI] . Ratio silane:NMI Observed rate constant
(mol dn™>) (mol dn~>) s
4.630 0.0 1.0 : 0.0 0.0
4.610 0.055 1.0 : 0.012 15.4
4.604  0.070 1.0 : 0.015 ' 21.5
4.602 0.074 1.0 : 0.016 21.9
4.597 0.08&9 1.0 : 0.019 - 25.3
4.593 ©0.099 1.0 : 0.022 29.2
4.588  0.114 1.0 : 0.025 ' 34,4
4.582 ©0.129 1.0 : 0.028 40.3
4.574 0.153 1.0 : 0.033 51.0
4.570 0.161 1.0 : 0.035 53.0

Ln observed rate = 1.141 Un [NMIJ + 6.042

Quantities used in each case: silane 2.0 ml

solvent 0.2 ml nitromethane—d3
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Two fold dilution study on the rate of exchange between PhCHMeSiMeZCl and
HMPA in benzene-dg :

[PhCHMeSiMeZCLJ CHMPA] Ratio silane:HMPA Observed rate constant
(mol dn™3)  (mol dm™>) s M
- 2.287 0.0 1.0 : 0.0 0.0

2.255 ~0.080 1.0 : 0.036 -
2.225 0.157 1.0 : 0.071 -
2.197 0.234 1.0 : 0.107 -
2.164 " 0.308 1.0 : 0.142 6.6
2.144 0.359 1.0 : 0.167 ~10.8
2.124 0.409 1.0 : 0.192 ' 18.5
2.118 0.424 1.0 : 0.200 22.0
2.113 0.437 1.0 : 0.207 26.0
2.105 0.458 1.0 : 0.217 - - 32.5
2.093 0.488 1.0 : 0.233 - 29.3
2.081 0.517 1.0 : 0.248 56.0
2.072 ©0.541 1.0

: 0.261 68.0

n observed rate = 4.210 Ln CHMPAI + 6.751

Quantities used: PhCHMeSiMeZCL 1.0 ml
solvent , _ 1.2 ml benzene-d6

Table 6.5.39
Five fold dilution study on the rate of exchange between PhCHMeSiMeZCl
and HMPA in benzene-dg :

[PhCHMeSiMeZCL] [HMPA] Ratio silane:HMPA Observed rate constant

(mol dm™>) (mol dm™3) s™h
0.927 - 0.0 1.0 : 0.0 __ 0.0
0.907 0.131 1.0 : 0.144 -
0.868 0.368 1.0 : 0.424 : -
0.826 0.626 1.0 ¢ 0.758 10.3
0.816 0.688 1.0 : 0.843 15.9
0.806 0.748 1.0 : 0.928 » 28.0
0.801 0.777 1.0 : 0.970 “u.7
0.798 0.797 1.0 : 0.998 ' 63.0 -
0.797 0.807 1.0 : 1.012 73.0

Ln observed rate constant = 7.664 Ln [HMPA] + 5.767

Quantities used: PhCHMeSiMeZCL 0.4 ml
solvent 1.8 ml benzene-d6
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Table 6.5.40
Ten fold dilution study on the rate of exchange between PhCHMeSiMeZCL and

HMPA dn benzene-d6

[PhCHMeSiNeZCLJ‘ [HMPA] Ratio silane:HMPA Observed rate constant
ol dm™3)  (mol dn ) s
0.459 0.0 1.0 : 0.0 0.0
0.412 0.583 1.0 : 1.414 9.5
0.396 0.783 1.0 : 1.975 29.3
0.382 0.969 1.0 : 2.540 139.2
0.3810 0.975 1.0 : 2.559 . 48.0
0.3806 - 0.980 1.0 : 2.576 61.0
0.3802 0.986 1.0 : 2.593 100.0

Ln observed rate constant = 3,504 Ln [HMPA] + 4.159

Quantities used: PhCHMeSiMeZCL 0.2 mt

solvént 2.0 ml benzene-—d6

Table 6.5.41 _ ‘
Ten fold dilution study on the rate of exchange between PhCHMeSiMeZCl and
HMPA in dichloromethane-d2

[PhCHMeSiMeZCl] CHMPAT Ratio silane:HMPA Observed rate constant

ol dn™3)  (mol dn ™) ' | s
0.464 0.0 1.0 : 0.0 | 0.0
0. 464 0.008 1.0 : 0.017 -
0.463 0.021 1.0 : 0.045 8.5
0.462 - 0.029 1.0 : 0.062 12.2
0. 461 0.037 1.0 : 0.079 15.5
0.461 0.044 1.0 : 0.096 17.0
0.460  0.057 1.0 : 0.125 26.3
0.459 " 0.070 1.0 : 0.153 40.0
0.458 0.080 1.0 : 0.176 48.0

Ln observed rate constant = 1.282 Ln CHMPA] + 7.012

Quantities used: silane 0.2 ml

solvent 2.0 ml dichLoromethane-—d2
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Table 6.5.42
Two fold dilution study on the rate of exchange between PhCHMeSiMe Cl and
HMPA in dichloromethane-d,

EPhCHMeSiMeZCLJ [HMPA] Rat1o silane:HMPA Observed rate constant

(mol ™) (mol dm—3)r : , s

2.320 0.0 1.0 : 0.0 0.0
2.307 0.031 1.0 : 0.014 12.4
2.301 0.047 1.0 : 0.020 - 21.8
2.297 0.056 1.0 : 0.024 28.3
2.293 © 0.066 1.0 : 0.029 31.7
2.288 0.078 1.0 : 0.034 39,5
2,284 0.088 1.0 : 0.038 46,0
2.279 0.100 1.0 : 0.044 | 54.0
Ln observed rate constant = 1.2

44 Ln CHMPA] + 6.864

Guantifies4used: ‘silane ,1.0 ml

solvent 1.2 ml dichLoromethane—d2

Table 6.5.43
Five fold dilution study on the rate of exchange betueen PhCHMeS1Me ct
and HMPA in d1chloromethane—d2

[PhCHMeSiMeZCLJ CHMPA] Ratio silane:HMPA Observed rate constant

(mol dm™>) (mol dm™>) s
0.925 0.0 © 1.0:0.0 | 0.0
0.916 ~ 0.052 1.0 : 0.056 S 21.5
0.9154 0.057 1.0 : 0.062 32.6
0.9146 0.062 1.0 : 0.068 | 39.0
0.9138 0.067 1.0 : 0.073 36.0
0.9130 0.072 1.0 : 0.079 40.0
0.912 0.077 1.0 : 0.085 42.0

ln observed rate constant = 0.961 tn CHMPA] + 6.223

| Quantities used: silane 0.4 ml

solvent 1.8 ml dichLoromethane-d2
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 Table 6.6.1
Variable temperature study on the exchange between PhCHMeSiMeZCl and HMPA

Temperature Observed rate constant 13C n.m.r. diastereotopic SiMe peak

(K) ¢s™h & Cppm) Sv
300 52.0 0.23 br -
300% 53.0 0.17 br -
290 . 47.0 ©0.29 br -
280 42.0 0.29 vbr -
275 : - 37.0 ‘ 0.40,0.00 9.1Hz
- 270 34.1 0.40,0.00 9.1Hz
265 , 32.8 0.46,-0.06  11.6Hz
260 30.5 0.52,-0.17  15.5Hz
255 , 26.6 0.57,-0.11 15.5Hz
250 | 264 0.63,-0.17  18.1Hz
245 21.5 0.63,-0.23  19.4Hz
240 17.8 | 0.63,-0.23  19.4Hz
235 15.0 : 0.63,-0.29  20.7Hz
2350 12.0 0.63,-0.29  20.7Hz
220 7.2 0.63,-0.29  20.7Hz

silane alone 0.0 : 0.69,-0.29 20.7Hz

Quantities used: PhCHMeSiMe,Cl 1.0 ml, 5.084 mmoles
 HMPA ~ 0.04 ml, 0.217 mmole

solvent 1.2 ml dichLoromethane-d2

The theoretical rate constant at coalescence is 46.0 s-1.

* recorded on warming back to ambient temperature
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Table 6.6.2

Variable temperature study on the exchange between PhCHMeSiMeZC[ and NMI

Temperature Observed rate constant 3¢ num.r. diastereotopic SiMe peak

(K b 5(ppm) §v
295 - 0.17 vsh -
290 - | 0.17 vsh -
280 o - | 0.17 vsh -
270 - 0.11 vsh -
260 - © 0.06 vsh -
250 ' - | -0.06 -
240 55.0 -0.29 br _—

230 23.6  0.52,-0.40  20.7Hz
225 - 13.7 | 0.57,-0.40 22.0Hz
220 - 6.4 0.63,-0.34 22.0Hz
228% 17.2 0.57,-0.40  22.0Hz
232 29.2 0.52,-0.40 20.7Hz
234 35,3 0.46,-0.40 19.4Hz
236 - | V obscured
238 - , obscured |

silane alone 0.0 0.69,-0.23 20.7Hz

Quantities used: PhCHMeSiMeZCL 1.0 ml, 5.08 mmoles
NMI © 0.04 ml, 0.469 mmole

solvent 1.2 ml dichloromethane-d,

The theoretical rate constant at coalescence is 46.0 3'1.

* recorded on warming back to ambient temperature
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Table 6.6.3 :

Variable temperature study on the exchange between PhCHMeSiMe,Cl and HMPA
in 9% dichloromethane-d,

Temperature Observed rate constant 13c n.m.r. diastereotopic SiMe peak

(K) ™h - &(ppm) sv
290 65.0 0.52 br -

290+ 61.0 | 0.57 br -

285 | 62.0 0.46 br -

280 60.0 0.52 br -

275 ' 56.0 » 0.52 br -
210 52.0 o 0.40 vbr -

265 49.0 0.69,0.25  9.1Hz

260 43 | 0.69,0.11 13.0Hz

255 C 38.7 | 0.80,0.00  18.1Hz -

250 32.8 0.86,-0.06  20.7Hz

245 27.6 , 0.92,-0.06  22.0Hz

240 | 22.5 | 0.92,-0.11  23.3Hz

235 19.8 | 0.98,-0.17  25.9Hz

230 16.8 0.98,-0.23  27.2Hz

silane alone 0.0 1.21,0.11 24.6Mz

Quantities used: PhCHMeSiMe,CL 2.0 mL, 10.179 mmoles

HMPA 0.13 mL, 0.741 mmole
solvent 0.2 ml dichloromethane-dz
1

The theoretical rate constant at coalescence is 57 s .

* recorded on warming back to ambient temperature



-239-
Table 6.6.4

Variable temperature study on the exchange between PhCHMeSiMeoBr and NMI

Temperature Observed rate constant 12¢ nomer. diastereotopic SiMe peak

K 6 h 5 (ppm) §v
30 78.0 1.03 br -
295 56.0 1.21 vbr -
295% 60.0 0.98 br -
290 4.4 1.49,0.69 18.1Hz
- 288 T 3644 1.61,0.75 19. 4Hz
286 3.0 1.67,0.69  22.0Hz
284 | 27.3 1.72,0.63 24 . 6Hz
282 23.8 . 1.72,0.63  24.6Hz
280 20.0 1.72,0.63  24.6Hz
or8 17.3 | 1.78,0.63  25.9Hz
276 13,4 4.78,0.57 7.2z
273 12,9 1.78,0.57  27.2Hz
270 9.8 1.78,0.57  27.2Mz
dilution 30.3 1.49,0.52  22.0Hz
silane alone 0.0 1.84,0.63  27.2Hz

Quantities used: PhCHMeSiMeZBr 1.0 ml, 5.01 mmoles
NMI 0.02 mt, 0.20 mmole

solvent 1.2 ml dichloromethane-ds

The theoretical rate constant at coalescence is 60.4 5"1.

* recorded on warming back to ambient temperature
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Table 6.6.5

Variable temperature study on the exchange between PhCHMeSiMeZCL and
HMPA in the presence of 2,6DBP

Temperature Observed rate constant 13¢ n.m.r. diastereotopic SiMe peak

(K ™l - §tppm) §v
301 52.0 0.23 br -
290 47.0 - 0.29 br -
290« 46.0 ~0.11 br -
280 38.0 0.29 vbr -
270 33.8 - 0.52,0.00 11.6Hz
265 31.7 | 0.52,-0.11  14.2Hz
260 ‘ 29.6 0.57,-0.11  15.5Hz
255 | 27.2 0.63,-0.17  18.1Hz
250 | 2%.8 0.63,-0.17  18.1Hz
245 22.9 0.63,-0.17  18.1Hz
200 185 0.63,-0.23  19.4Hz
235 16.8 0.69,-0.23  20.7Hz
230 14.8 0.69,-0.29  22.0Hz
220 9.0 0.69,-0.29  22.0Hz
silane alone 0.0 ©0.69,-0.23  20.7Hz

Quantities used: PhCHMeSiMeZCL 1.0 ml, 5.086 mmoles

2,6bBP 0.2 ml, 0.896 mmole

HMPA 0.05 mt, 0.270 mmole

solvent 1.2 ml dichloromethane-dz
1

" The theoretical rate constant at coalescence is 46.0 s '.

* recorded on warming back to ambient temperature
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Table 6.6.6

Variable temperature study on the exchange between PhCHMeSiMeZBr and NMI
in the presence of 2,6DBP '

Temperature Observed rate constant 13C n.m.r. diastereotopic SiMe peak

(K s™h &(ppm) sV
304% © o T4.0 1.03 br -
29 71.0 | 0.98 br -
292 54.0 1.09 vbr -
290 466 1.55,0.69 19.4Hz
288 ' ~39.0 1.67,0.75 20. 7Hz
286 | 33.4 1.67,0.69 . 22.0Hz
284 - 29.7 , 1.72,0.69 23.3Hz
282 | »26.5 1.67,0.69 22.0Hz
280 : 21.6 1.78,0.63 25.9Hz
278 - 19.6 1.78,0.63  25.9Hz
276 17.0 o 1.78,0.63 25.9Hz
274 15.3 1.78,0.63 25.9Hz
silane alone 0.0 1.84,0.63 27.2Hz

Quantities used: PhCHMeSiMe,Br 1.0 mL, 5.008 mmoles

2,6DBP : 0.2 mL, 0.907 mmole

NMI 0.02 ml, 0.222 mmole

solvent 1.2 ml dichLoromethane-dz
1

The theoretical rate constant at coalescence is 60.4 s '.

* recorded on warming back to ambient temperature
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Table 6.6.7

Variable temperature study on the exchange between PhCHMeSiMeoBr and HMPA
in the presence of 2,6DBP

Temperature Observed rate constant 3¢ nom.r. diastereotopic SiMe peak

(K s™h S5Cppm) Sv
305 108.0 1.21 -
302 80.0 1.15 br -
300 71.0 1.26 br -
258 | 60.0 - 1.26 br -
294 ' 41.1 1.55,0.92  14.2Hz
292 377 ' 1.67,0.80  19.4Hz
290 ' 34.1 1.67,0.75  20.7Hz
288 | 303 1.72,0.69  23.3Hz
286 - 26.5 | 1.72,0.69  23.3Hz
284 | 24.5 1.78,0.69  24.6Hz
282 21.2 1.78,0}63 25.9Hz
280 18.0 1.78,0.63  25.9Hz
278 160 1.78,0.63  25.9Hz
275 12.7 | 1.84,0.63  27.2Hz

silane alone 0.0 1.84,0.63  27.2Hz

Quantities used: PhCHMeSiMe, Br 1.0 mt, 5.01 mmoles

2,6DBP 0.2 mt, 0.904 mmole

HMPA 4.17 ul, 0.024 mmole

solvent ‘ 1.2 mL dichloromethane-d,
1

The theoretical rate constant at coalescence is 60.4 s .
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Table 6.6.10

_2475_

Variable temperature proton n.m.r. titration study of a 1:1:0.45 mixture

of PhCHMeSiMeZX (X=CL, Br) and HMPA

Temperatufe Assignments  &8(ppm)
(K) Ph CH, 30y Me, 34y siMe  PN(CH3),3Jpy
mixture of _ 2.47q,7.3Hz  1.44d,7.3Hz 0.43,0.41 -
silane % 7+3576.90m 5739477 3Hz 1.43d,7.7Hz 0.30,0.27
300 7.35-6.72m  2;44d br 4 _42d,7.3Hz 0.35 vbr 2.65d,10.6Hz
6.6Hz _ ,
298 7.35-6.88m  obscured  1.42d,7.3Hz 0.35 vbr 2.64d,10.6Hz
294 7.35-6.88m  obscured 1.42d,7.3Hz 0.35 vbr 2.64d,10.6Hz
290 7.40-6.95m  obscured  1.42d,7.7Hz 8:%; vbr 2 64d,10.6Hz
288 7.35-6.95m  obscured 1.42d,7.7Hz 3:35  2.63d,10.3Hz
286 7.35-6.95m  obscured 1.42d,7.3Hz J:71**  2.63d,10.3Hz
284 7.40-6.92m  obscured  1.42d,7.3Hz D:70**  2.63d,10.3Hz
282 7.35-6.92n  obscured 1.42d,7.7Hz 3:710;28 2.624,10.6Hz
280 7.35-6.91m  obscured 1.42d,7.3Hz -D:31-0328 2.62d,10.3H2
278 7.36-6.91m  obscured 1.42d,7.7Hz Q-71-0:28 2.62d,10.3Hz
274 7.35-6.92n  obscured 1.41d,7.3Hz J:70-0528 2.62d,10.6Hz
270 7.35-6.92n  obscured 1.42d,7.7Hz 3:31-0:28 2.62d,10.6Hz
260 7.35-6.90m 2.41q,7.3Hz 1.42d,7.3Hz 3:717D:%8 2.60d,10.6Hz
250  7.36-6.90m 2.41q,7.3Hz 1.42d,7.7Hz §:31.8-2L 2.59d,10.6Hz
0.43"sbr
240 7.41-6.90m  2.41q,7.3Hz 4;@;3;;;§g§ 8;%@;8;%{ 2.57d,10.3Hz
| | 0.43  sbr
230 7.41-6.90m  obscured }:ggg;;:;ﬁg 0-31,8-27 2.569,10.6Hz
0.43" sbr
HMPA - - - - 2.66d,9.3Hz
Quantities used: PhCHMeSiMe,Cl 0.59 ml, 2.99 mmoles
PhCHMeSiMeZBr 0.60 mL, 3.01 mmoles
HMPA 0.24 ml, 1.36 mmoles
solvent - 2.0 mL CD,CL, with 10% TMS
* in the absence of HMPA at ambient temperature
*k a shoulder was observed on this peak



Table 6.6.11 ~246-

Variable temperature silicon-29 n.m.r. titration studies of 1:3 mixtures
of PhMeHSiCl and nucleophile (HMPA, DMF)

Temperature $i=29 n.m.r. chemical shifts &(ppm)
) ~ PhMeHSiCl-DMF mixture PhMeHSiCl-HMPA mixture PhMeHSiCl
300 - -2.03 : -
295 ' 1.48 sbr -1.37 3.35
280 0.77 br -2.74 | -

- 260 0.00 vbr -6.31 sbr -
240 0.44 vbr -14.76 vbr -
220 0.00 vbr -35.28 vbr -
200 0.00 vbr -59.52 vbr -
Quantities used in each case: silane 1.0 ml, 6.93 mmoles

HMPA 3.0 mL, 17.28 mmoles
DMF 1.6 ml, 21.06 mmoles

solvent 2.0 mL CD,Cl, with 10% TMS

Table 6.6.12 v :
Variable temperature silicon-29 n.m.r. titration studies of PhCHMeSiMeZCL
and a 1:1.5 mixture of PhCHMeSiMeZCl and HMPA

Temperature (K) Silicon-29 n.m.r. chemical shifts &(ppm)
PhCHMeSiMeZCL PhCHMeSiMeZCL~HMPA mixture

300 30.6 20.1

294 : 30.6 30.1

280 ‘ 30.8 30.1

260 30.9 30.1

240 , 31.1 29.6

220 31.3 28.2

210 * nr ' 27.5 vbr

200 31.5 22.7 vbr

180 3.7 nr

Quantities used: PhCHMeSiMe,CLl 1.0 mt, 5.08 mmoles
HMPA 1.3 ml, 7.70 mmoles
solvent 2.0 ml dichloromethane-dz

* recorded on warming back to ambient temperature
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Table 6.7.6 '

N.M.R. titration study of PhCHMeSiMeZBr with tetrabutylammonium bromide
("Bu,NBr)

Assignments nBu4NBr Ratio of nBUANBP : PhCHMeSiMe,Br PhCHMeSiMe,Er

& (ppm) | 1.0 : 0.1 1.0 : 0.6 1.0 : 1.0
W ph - 6.94-6.75m  7.04-6.78m 7.06-6.65m  7.49-7.13m
CH,d - no  2.22q,7.3Hz 2.24q,7.3Hz 2.61q,7.7Hz
Me, Sl - no  1.14d,7.3Hz 1.17d,7.7Hz 1.59d,7.3Hz
SiMe - 0. 0.15 0.18 0.57,0.59
CHs 0.74-0.54m 0.72-0.56m 0.76-0.62m 0.79-0.63m -

(CH>) 5 1.60-0.88m 1.50-0.88m 1.55-0.94m 1.57-0.97m -
CHoN 3.24-2.90m 3.17-2.98m 3.23-2.94m 3.28-2.87m -

3¢ 4pso ¢ - 142.6 142.6 142.6 143.1
meta ¢ . - 128.5 128.5 128.6 128.9
ortho ¢ - 127.6  127.7 127.8 128.1
para C - 125.6 125.6 125.7 126.0
CH - 31.7 31.8 32.8 32.3
Me - 14.9 15.0 15.0 15.4
Site - 0.8 0.9 0.9 1.8,0.6
CHy 13.7 13.7 13.8 13.9 -
CH3CH 19.9 19.9 20.0 20.0 -
CHoCHN 244 24 .4 24.5 24.5 -
CHoN 59.1 sbr  59.2 sbr 59.2 sbr 59.2 sbr -

29si  siMe - - 29.6 29.4 29.3 29.2

Quantities used:
silane  mmol - 0.50 2.9%6 4.94 5.05

Mgy NBr mmol  4.97 4.97 4.97 4.97 -
solvent - 2.0 ml dichloromethane-d2 with 10% TMS
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Table 6.7.8 ~254-

N.M.R. titration study of PhCHMeSiMeZBr against DMPU with the addition of

tetrabutylammonium bromide ("Bu,NBr)

Assignments DMPU nBu4NBr Ratio PhCHMeSiMeZBr : DMPU : nBu4NBr
§Cppm) 1.0:0.0:0.0 1.0:0.04:0.0 1:0.04:0.04
T  ph - - 7.49-7.13m  7.45-7.19m 7.44=7.09m
CH - : - ‘ 2.61q 2.60q 2.57q
30mm - - 7.7Hz 7.7Hz 7.3Hz
 Me - - 1.59d 1.58d 1.54d
B - - - 7.3Hz 7.7Hz 7.3Hz
SiMe - - 0.59,0.57 0.56 0.53
-54,6H 3.25t - - 3.31t sbr obscured
Juy - 6.0Hz - .- 5.86Hz -
N-CHz 2.92 - - 3.03 3.02
Cg5-H 1.98an - - obscured obscured
CHg - 0.73-0.54m - : - 0.82-0.76m
CH, - 1.50-0.88m - - 1.22-0.98m
CHoN - 3.20-2.97m - - 3.5573.20m
3¢ 4psoc. - - 143.1 143.1 143.0
metaC - - - - 128.9 128.9 128.9
orthoC - - 128.1 o 128.1 128.1
paraC - - 126.0 126.0 126.0
CH - - 32.3 32.3 32.3
Me - - 15.4 15.4 15.4
SiMe - - 1.8,0.6 1.6 br,0.7 br 1.2
=0 156.8 - - no no
N-CHz  47.9 - - 48.6 48.6
Cs,6 35.6 - - 37.1 37.3
Cs 22.2 - - 22.2 22.0
CH3 - 13.7 - - 14.2
CHy - 19.9 - - 20.4
CHy - 244 - - 24.8
CHoN - 59.1 sbr - - 59.6 br
2957 siMe - - 29.2 29.2 29.2
Quantities used:
silane mmol - ’ - 5.33 5.33 5.33
DMPU  mmol  2.20 - 0.00 0.19 0.19
MBuyNBr mmol - 5.01 0.00 0.00 0.18

solvent 1.2 mL dichloromethane-d,



Table 6.7.9

'_255_

N.M.R. titration study of PhCHMeSiMe,Br against tetrabutylammonium
bromide ("BuyNBr) with the addition of DMPU

Assignments Ratio PhCHMeSiMeoBr : nBu4NBr : DMPU nBu4NBr
~ §¢ppm) 1.0:0.0:0.0 1.0:0.03:0.0 1.0:0.03:0.03
W ph 7.49-7.13m 7.44-7.12m  7.42-7.10m -
CH, 30y 2.610,7.7Hz 2.58q,7.3Hz 2.570,7.7Hz -
Me,3dyy 1.59d,7.3Hz 1.56d,7.3Hz 1.55d,7.3Hz -
SiMe 0.59,0.57 0.55 0.54 -
CHo - 0.84-0.77m  0.85-0.77m  0.74-0.54m
.cH;cn2 - 1.60-0.88m 1.23-1.02m  1.30-1.10m
CHoN - 3.55-3.35m  3.40-3.28m  3.24-2.90m
C416H - - obscured -
' C3’5H - - obscured ' -
N-CHz - - 3.04 -
3¢ dpso C  143.1  143.1 143.0 -
 meta € 128.9 128.9 128.9 -
ortho ¢ 128.1 128.1 128.1 -
para C ~ 126.0 126.0 126.0 -
CH - 32.3 32.3 32.3 -
Me 15.4 15.4 15.4 -
SiMe 1.8,0.6 1.2 1.2 -
CHz - 14.2 14.2 13.8
CHzCHy - 20.5 20.5 20.2
CHoCHo - 24.8 24.8 24.5
CHoN - 59.6 br 59.6 sbr 59.5 sbr
Cc=0 - - nr -
N"'CH3 - - 48-6 -
C4,6 ! - - 37.4 -
Cs - - 21.9 -
2957 SiMe 29.2 29.2 29.2 -
 Quantities used:
silane mmol 5.05 5.05 5.05 -
MBu,NBr mmol 0.00 0.18 0.18 5.01
DMPU mmol 0.00 0.00 . 0.18 -
solvent 1.2 ml dichLoromethané-dz

DMPU

156.8
47.9
35.6
22.2

2.20



Table 6.7.10

Proton n.m.r. titration

Ratio
CL:Br:HMPA

1.0:0.0:0.0
1.0:1.0:0.0
1.0:ﬁ.0:0.1
1.0:1.0:0.2
1.0:1.0:0.3
1.0:1.0:0.4
1.0:1.0:0.5
1.0:1.0:0.6
1.0:1.0:0.8
1.0:1.0:1.0
1.0:1.0:2.0
1.0:1.0:3.0
1.0:1.0:4.0
1.0:1.0:5.0
HMPA

Quantities used:

_256_

study of PhCHMeSiMezx (X=Cl, Br) against HMPA

0.59 ml, 2.984 mmoles
0.60 ml, 2.986 mmoles

>' Assignments
Ph CH, 3y Me,3d

7.33-7.10m 2.45q,7.3Hz 1.47d,7.3Hz
7.39-7.02n 5:37%:C-812 1.2 2.0
7.35-7.06m 5:239-6-812  1.51d,7.7hz
7.35-7.09m obscured 1.46d,7.3Hz
7.36-6.92m  obscured 1.42d,7.7Hz
'7.19—6.85m obscured 1.38d,7.7Hz
7.16-6.82m  obscured  1.34d,7.7Hz
7.18-6.90m  obscured  1.30d,7.3Hz
7.18-6.70m  obscured  1.23d,7.3Hz
'7.18-6.70m  obscured  1.20d,7.7Hz
7.05-6.72m obscured 1.12d,7.3Hz -
6.90-6.73m  obscured 1.06d,7.7Hz
6.97-6.55m obscured 1.01d,7.7Hz
6.95-6.48m obscured  1.00d,7.3Hz

PhCHMe SiMe CL

PhCHMe S Me 5Br

solvent

5(ppm)

SiMe

3
PN(CH3), Jpy

2.71d,10.6Hz
2.67d,10.6Hz
2.63d,10. 6Hz
2.59d,10.3Hz
2.56d,10.6Hz
2.53d,10.3Hz
2.46d,10.3Hz
2.42d,10.3Hz
2.32d,9.9Hz
2.25d,9.5Hz
2.19d,9.5Hz
2.14d,9.5Hz
2.66d,9.3Hz

2.0 ml dichloromethane-d2
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Table 6.7.23 ~269~

Proton and oxygen-17 n.m.r. titration studies of PhMeZSicl against DMF in

the presence of 2,6DBP

Ratio W on.m.r. SCppm) Oxygen=17 n.m.r. &(ppm)
PhMe,SiCL : 2,6DBP : DMF  NMe, o A-B c=0
0.0 : 1.1 : 0.4 . nr nr 312.7
1.0 : 1.1 : 0.4 2.80 - 35,1
1.0 : 1.1 : 0.6 - 2.81 - 335
1.0 = 1.1 & 0.9 2.80,2.81  1.1Hz  313.5
1.0 : 1.1 2 1.1 2-80d,057Hz 2 an; 313.5
1.0 : 1.1 : 1.5 2-804,0:7Hz 5 gn; 313.5
1.0 : 1.1 & 2.1 2.80,2.84  3.7Hz 314.3
1.0 : 1.1 & 3.2 2.80,2.86  5.5Hz 314.3
1.0 : 1.1 1 4.2 2-80d,0-7Hz ¢ _op; 315.1
1.0 : 1.1 & 6.4 2.80,2.89  8.1Hz . 316.7
1.0 : 1.1 : 8.5 2.80,2.90  9.2Hz 317.5
DME 2.87,2.9  7.8Hz 310.2

Quantities used: PhMeZSiCL 0.41 mL, 2.450 mmoles
2,6DBP 0.60 ml, 2.678 mmoles
solvent 2.0 ML chloroform-d1 with 5% TMS
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