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Abstract

Reaction of Ho- with MecocHEt2 produces two enolate ions,

MecocEt2 and cH2cocHEt2. The primary carbanion competitively

eliminates CzH+ and C4H6, and forms c2Ho-. The elimination of C2H4 is

a stepwise reaction proceeding through a six membered transition state;

the first step (deprotonation) is rate determining. The loss of c4H6 is a

rearrangement reaction õH2cocHEt2 --+ õH2cotvte * EtcH=cH 2. The

tertiary carbanion competitively eliminates H2, CH4, and C3H6. The losses

of CH4 and C3Hg are stepwise processes occurring through six and five

membered transition states, respectively. A double isotope fractionation

experiment (D, 13C¡ sho*s that both steps of the CH4 elimination are rate

determining.

The mechanisms of the formation of the major product ions produced

by collisional activation of the enolate negative ion of

3,3-dimethylheptan-4-one have been studied by deuterium labelling. H2

loss involves 1,2 elimination from the 6 and 7 positions. Methane

elimination is complex involving three competitive rearrangement

processes. Ethene loss produces the most abundant fragment ion and

occurs by elimination of the c1-c2 ethyl group with concomitant proton

transfer from the 1 position. ln the case of the enolate ion from

cD3cH2cMe2coPr, the expected elimination of c2H2D2 competes with

loss of CzHq from positions 6 and 7. Other decompositions are as follows:

loss of CgHA involves the methyl and ethyl substituents at positions 7,1 and



2 respectively; loss of C4H6 occurs by two processes, (i) successive losses

of two CZH| units (from the 1,2 and 6,7 positions), and (ii) loss of CH2CMe2

(from the 2 and 3 positions); and loss of CSH12 produces EI-C=C-O-

The major collision induced dissociations of PhõEt2 involve the losses

of H', H2 and cH¿. Loss of H' occurs from the phenyl ring, H2 is eliminated

principally by the process PhCEt2 + PhC(Et)=CHCHZ +H2, while methane

is lost by the stepwise process PhCEt2 + {Me-[Ph(Et)C=CHZ]] -

(C6H4)-C(EI¡=611, + CH4, in which the second step (deprotonation) is rate

determining. The characteristic fragmentation of both ph2õH and ph3õ is

loss of CqHq.This loss occurs without atom randomization and Dewer

benzene structures are proposed as intermediates. The ion ph3õ also

loses c6H6; this is a slow process which is preceded or accompanied by

both intra- and inter-ring hydrogen scrambling.

Trimethylborane may react with Ho- in the gas phase to produce two

non decomposing ions, Me2-go ano ve2EcH2. These ions lose H', H2

and CH4 on collisional activation; it is suggested that the loss of CH4

occurs through the intermediacy of ion complexes. The structure of the ions

Me2BO and Me2ECHZ together with the ions from their collisional

activation spectra have been investigated with the aid of ab initio

calculations. The calculations confirm the stability of the proposed precursor

and product ions, but indicate that the trismethyleneborane anion is

unstable with respect to the isomeric methylene cycloborapropane anion.



The adducts formed between the reaction of organoboranes and

simple alkoxides (RO-) have been shown to have a tetrahedral geometry.

On collisional activation these ions undergo a number of fragmentations

including the loss of CH4, ROCH3 and ROH; these processes are believed

to occur through the intermediacy of ion complexes A hydride transfer

reaction from the o centre of the alkoxide to give the borohydride anion

occurs; this type of reaction has not been observed before in gas phase

boron chemistry. The reaction between alkoxides of the type XCH2CH2O-

(where X = MeO, MeS, HO, F or Me2N) and trimethylborane also form

stable non decomposing adducts. On collisional activation these adducts

undergo a number of standard reactions including the loss of CH4, and the

formation of Me2BCH2, Me3EH and XCH2CH2O-. These adducts also

undergo a number of fragmentations not observed before in gas phase

boron chemistry, e.g. the loss of XH, XMe and the formation of X-. Alkoxides

of the type XCH2CH2O- may produce two adducts with Me3B viz:

J-

Ue3EOCH2CH2X or lrle3-AXCH2CH2O-. The latter adduct is believed to

be the precursor for a number of unique fragmentations e.g. the formation

of Me2ECH2 through a six centred transition state and the formation of

Ve3eX. The loss of XH, XMe and the formation of X- are believed to occur

through remote fragmentation processes

Simple enolate anions are binucleophilic in nature and should form

two isomeric adducts on reaction with boranes, e.g. the acetaldehyde

enolate anion may form two adducts Me3ECH2CHO or Me3EOCHCH2. Ab

initio calculations indicate that both adducts exist in a stable state energy

I



minimum. On collisional activation the adducts decompose via a number of

pathways; the adducts lose CH4, Me3B and form the ion Me2BCH2. These

fragmentations have been explained in terms of ion complexes and may

occur from either adduct. The adduct formed from the acetaldehyde enolate

anion and Me3B undergoes an interesting hydride transfer reaction to form

trle3EU. Ester enolate anions may form three isomeric adducts on reaction

with trimethylborane; these adducts undergo a number of standard

reactions e.g. the loss of CH4, and Me3B, and the formation of trrte2ãcH2.

ln addition the adducts also lose ketene and form the ion HC2o-, some

mechanisms have been proposed for these processes but the formation of

the isomeric precursor ions prevents us from distinguishing between the

different mechanisms.

M
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CHAPTER 1

INTRODUCTION

1.1 General

The first precision measurements of ionic masses and abundances were

reported in 1918 and 1919 by Astonl and Dempste12respectively. Since then,

steady improvements have been made in the performance of mass analysers3,

and new forms of both analysers (e.g. the quadrupole), and ionization

techniques have been developed. Mass spectrometry is now a well established

technique, and is used routinely as an analytical technique and in mechanistic

studies. The acceptance of negative ion mass spectrometry as a viable

analytical technique was delayed by over a decade in comparison to positive

ion mass spectrometry. This delay in the use of negative ions could be

attributed to a number of factors associated with low sensitivity, irreproducibility,

and inadequate equipment. For example, at electron energieS normally

employed to give positive ion mass spectra, it was originally proposed that the

formation of negative ions by electron impact was in general a factor of 103 less

than that for positive ions4. The strong dependence of negative ion spectra on

both electron energies and source temperature often led to marked changes in

the total ion current and variations in ion abundancesS,6. ln addition,

modification to the electron multiplier electronicsT had to be made if negative

ions were to be detected at all.

A resurgence of interest in negative ions came with the development of

simple and convenient means to produce large populations of negative

¡s¡s8-12. ln 1971, von Ardennel3carried out pioneering work in the production

of negative ions using reagent gases in a chemical ionization source to

moderate initially energetic electrons. Other techniques were developed to

produce negative ions including negative ion fast atom bombardm.nl 14'15 ¿¡6
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negative ion chemical ionization. ln conjunction with these ionization

techniques, the use of collisional activation spectroscopy, and new scanning

techniques (e.9. linked scans) together with results from ion cyclotron

resonance, flowing afterglow and related techniques are contributing to a

growing body of information on the thermodynamics, kinetics and mechanisms

of negative ion ¡s¿ç1¡e¡s79-81.

In this thesis, the collision induced fragmentations of some organic and

organoboron negative ions are reported, Studies in this area of negative ion

chemistry may be applied, i) to determine the identíties of unknown

compounds, and ii) to obtain fundamental information about ion behaviour.

1.2 The Production of Negative lons.

Primary negative ions are normally formed by electron impact and may be

produced by three general processes, depending on the energy of the electron

and the nature of the molecule. These three processes are generally classified

as follows:

(¡) Resonance Capture:

AB + e- -;. AB-'

This process involves the capture of low energy electrons in the range 0 -

10 eV by molecules with a positive electron affinity. lt may become an important

process as the pressure is increased and in the presence of a non reactive gas

such as nitrogenl6.
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(¡¡) Dissociative Resonance Capture:

AB +e- +A-+B'

This is an important process if the electron energy is less than 15 eV and

provided the molecular anion (AB-') is prone to fragment.

(iii) lon Pair Formation:

AB +e--) A-+ B+ +e-

This differs from the above two processes in that it is not a resonant

process, and occurs with electrons having a wide range of energies above 10

eV.

(¡v) Secondary-Electron Capture:

Electron energies in the range 0 - 5 eV and 40 - 70 eV have been used to

yield negative ion in electronic ground states, formed by processes (i) and (ii).

The 40 -70 eV range often gives the higher yield of negative ions17,18, for in

this range anions are formed by capture of secondary electrons originating at

metal surfaces or from gas phase positive ionizationlS'19.

1.3 An lntroduction to Negative lon Ghemical lonization.

The technique of chemical ionization was first introduced by Munson and

Field20 in 1966. Negative ion chemical ionization (NlCl) consists of the

formation of negative ions by a series of ion/molecule reactions rather than the

more conventional electron impact.

Negative ion chemical ionization (NlCt¡zt ,22 is normally carried out in a

high pressure source capable of operating at pressures in the range 10-3 to

10-1 Torr. ln the ion source, reagent ions are produced by etectron impact on a
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reagent gas (which is at a large partial pressure with respect to the sample).

The reagent ions then act upon the sample molecules via ion/molecule

reactions to produce negative ions.

These ion-molecule reactions may be conveniently subdivided into four

major categories, viz.

1. Proton transfer

2. Charge Exchange

3. Nucleophilicaddition

4. Nucleophilicdisplacement

1.3.1 Proton Transfer.

R- + AH --> A- + RH (1.1)

The tendency for a reagent ion R- to deprotonate a sample molecule AH is

determined by a knowledge of the gas phase proton affinities23 of the anions

R-and A-. Reaction 1.1 will be exothermic provided the proton affinity of the

ion R- is greater than that of the ion A-.

Proton transfer reactions are an important class of reactions in NlCl as many

organic molecules contain acidic hydrogens and the consequent production of

[M-g+1- negative ions provides molecular weight information.

There are many types of reagent gases that have been developed to

produce specific reagent ions that act as Bronsted bases. ln this thesis the

reagent ion HO- has been used extensively; it is conveniently prepared by

using H2O as the reagenlgas24,25. Scheme 7.7 illustrates the mechanism by

which Ho- is formed from H2o. lt should be noted that H- and o-' (from 02

impurities) are also present, and these may also contribute to negative ¡on
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production.

HeO + e- -) H- + HO'

H- + H2O '+ H2 + HO-

Scheme 1.1

Other examples of commonly used "Bronsted base" type reagent ions are:

NHe- which may be produced from NH326,27' MeO- may be produced from

MeOH/N2O28 or MeONO2e. The HO- ion may also be produced from a mixture

of N2O and CH4 or H230. A general method for producing Bronsted bases as

reagent ions has been described3l; this uses a mixture of CH4, 1% MeONO

and 5% HX, where HX may be Me2CO,C2H4,RSH, ROH, MeNO2 etc.. The

methane in these reactions acts as a buffer gas to produce the low energy

electrons which initiate the sequence. The ion O-' has also been used as a

NlOl reagent, it has a high proton affinity and may produce [M-H+¡- ions from

organic molecules32,33' ft may be conveniently prepared by using N2O as the

reagent gas34, i.e.

N2O+e--)O-+N2

The anion radical (O-') is also a key intermediate in the production of many

other reagent ions e.g. HO-from N2O/CH4, N2O/C4H1O,or N2O/H2, ârìd

MeO- from MeOH/N2O28.
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1.3.2 Charge Exchange

R- + A -) A- + R (1.2)

The charge exchange reaction shown in Equation 1.2 will occur if the

electron affinity3s of A is greater than that of the reagent R.

The low electron affinity of O2-' (10 kcal mol-1) means that it readily ionizes

samples with higher electron affinities by the process of charge exchange36.

The ion OZ-' may be produced from oxygen when the filament in the ion

source is replaced by a Townsend discharge3T, it may also been produced

from N2 containing a small amount of 0238.

1.3.3 Nucleophilic addition

A + R- -+ AR- (1.3)

Stable addition complexes may be produced by the addition of reagent ions

to sample molecules as in equation 1.3, particularly when the reagent ion has a

low proton affinity and is unlikely to react as a Bronsted base.

The Cl- ion is commonly used to form negative ion addition complexes.

Various aliphatic chloro compounds have been used to produce chloride ions

under electron impact conditions, e.g. dichloromethane39'ao and dichloro-

difluoromethaneal. The Cl- reagent ion system has been used to produce (M +

Cl-) complexes of a range of organic compounds including polycyclic

insecticides42, organophosphorus pesticides43, alkaloidsa4 and oligo-

saccharides4s. The ion O2-' has also been used to give ion attachment

spectra46'47' Oz-' has a much higher proton affinity than Cl- and may also

react as a Bronsted base, however with compounds of lower acidity (e,9.

alcohols), nucleophilic addition is the predominant process.
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1.3,4 Nucleophilic Displacement

AX + R- + AR + X- (1.4)

Nucleophilic displacement reactions (e.9. the reaction illustrated in

equation 1.4) have been studied extensively in condensed phase chemistry.

The absence of solvent in the gas phase can have a marked difference on the

reactivity of nucleophiles. Nucleophilic reactions in the gas phase generally

occur provided, i) the reaction is exothermic or thermoneutral, and ii) there are

no facile proton transfers occurring (for a review on gas phase nucleophile

reactions see ref. 48). The application of nucleophilic displacements to

analytical NlCl mass spectrometry is limited, as they provide no molecular

weight information and minimal structural information.

Although the ions HO- and O2-' generally react by proton transfer, there

have been some reports of them acting as nucleophiles49'so, for example

reactions of aliphatic esters (RCOOR') with HO- or O2-' may form the

carboxylate anion (RCOt-¡so.

1,4 Sensitivity of Chemical lonization

The sensitivity of an NlCl technique is dependent on the rate constant for ion

formation in that system. Absolute sensitivities are difficult to estimate due to

unknown and variable source extraction efficiencies and mass spectrometer

transmissions.

The fastest ion/molecule reactions proceed with rate constants of 1 to 4 x

1o-9cm3 molecule-1s-1 , this corresponds to a reaction occurring at every

collision between reactants, and applies to both positive and negative chemical

ionization. NlCl is therefore comparable in efficiency to positive ion Cl.

The rate constants for electron capture reactions depend upon the structure
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of the molecule being studied. However, under favourable conditions the

electron capture sensitivity may be orders of magnitude greater than that

observed for the formation of positive ions by chemical ionizationsl'52.

1.5 Magnetic Sector Analyser.

The separation of ions by mass may be carried out with a mass

spectrometer containing a magnetic sector, this principle is illustrated in Figure

1.1.

lons produced in an ion source are accelerated through a potential voltage

difference (V). The gain in kinetic energy of an ion is dependent on the charge

z, the mass rn, and the accelerating voltage V, as defined by equation 1.5.

zêV = l/rmr4 (1.5)

(e is the charge of an electron).

For an ion to reach the detector of the mass spectrometer, the ion must

traverse a path of 'radius of curvature r, through a magnetic field of strength B.

The magnetic sector influences the ions in a direction vertical to their flight path,

and hence the ions are forced to traverse a circular flight path, the radius of

which is defined by the balance of angular momentum and centrifugal force

caused by the field; see equation 1.6

rn?lr : Bzev (1.6)

lTlV : Bzer (1.7)

(1.8)rn/z : B2r2epy
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Rearrangement ol equation 1 .6 gives equation 1 .7, lhis demonstrates that the

radius of the flight path is proportional to the momentum of the ion (i.e. the

magnetic sector is a momentum analyser, not a mass analyser as is commonly

assumed). Combining equationsl.6 and 1.7 gives equation 1.8. lt can be seen

lrom equation 1.8 that ions of different m/z ratios can be made to traverse the

magnetic sector and reach the collector by varying B and V. ln addition, lhe

magnetic sector has a focusing effect, i.e. ions of the same mass, kinetic energy

and charge are focused at one point as in an optical system.

Electron beom

Collector

V

Figure 1.1 schematic diagram of a single focusing magnetic sector
analyser.

ln practice, variation of the accelerating voltage causes defocusing and a loss

of sensitivity, therefore ions are generally scanned by varying the magnetic

field.

Mognet
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1.6 Electric sector analyser.

Since a magnetic sector is a momentum analyser, ions of the same mass

and different kinetic energies are not focused at a single point. This means that

ions formed with a spread of kinetic energy will reduce the resolution of the

mass spectrometer. The addition of an electrostatic sector to a mass spec-

trometer allows the selection of ions with a defined kinetic energy and hence

increases the resolution.

An ion entering an electrostatic field will experience a force on it perpen-

dicular to the direction of it s travel, forcing the ion to travel in a circular path of

radius R. The formula for the motion of such an ion is given by Equation 1.9,

where E is the electrostatic field strength.

MIF/R : êE (1 e)

This equation shows that the radius of the flight path of an ion is dependant on

charge but not mass. Thus in an electrostatic field, separation of ions by their

charge is possible.

lf a narrow slit were placed in the image plane of an electrostatic sector, this

could be used to transmit a narrow band of energies, however this would lead

to a drastic loss in sensitivity (although resolution would be improved). This loss

in sensitivity may be overcome by using a combination of electrostatic sector

and magnetic sector in a Nier-Johnson geometry. This geometry allows all ions

to be focused at a single point according to their mass and their energy rather

than being transmitted along a plane. Figure 1.2 illustrates the ion optics of a

double focusing mass spectrometer of Nier-Johnson geometry.
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Figure 1.2 A schematic diagram of a double focusing magnetic and

electric sector instrument of Nier-Johnson geometry.

ln figure 1.2 the ion following the optical axis has mass g-and velocity v. A

second ion of mass m may have a velocity v(1 + p) ( where p represents the

spread in speed of ions produced in the source), and an angular divergence c

from the optical axis when it leaves the ion source. In a Nier-Johnson geometry

mass spectrometer this second ion would traverse a different pathway through

the mass spectrometer compared to the ion following the optical axis, but

ultimately this ion and others with different velocities produced in the source

would be focused at the same point. A well designed double focusing instrument

can give good resolution even wherì a ârìd B are large.

n

U
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1.7 An Introduction to Collisional Activation Mass

Spectroscopy.

Negative ions may be produced from organic molecules using the technique

of HO-/NlCl. This soft ionization technique often gives molecular weight

information, but since the [M-H+]- ions are in general formed from thermal ion

molecule reactions, fragmentations are not common. Collisional activation

(Cn¡ss-ss of the ion may be used to force the ion to decompose thus providing

valuable structural information.

lons produced in the ion source of a mass spectrometer are then generally

accelerated to a high translational energy (in the case of the VG ZAB zHF mass

spectrometer up to 8 keV). lf an inert gas (e.9. helium) is introduced into a field

free region of the mass spectrometer, this may result in a collision between the

accelerated ion and an inert atom or molecule. lf such an ion impinges upon a

neutral atom, some translational energy of the ion may be converted into internal

energy. lnternal energies of up to 25 eV have been reported56'57. Th¡s increase

in internal energy, i) intensifies any existing fragmentations, and ii) may allow the

ion to overcome activation barriers for decompositions otherwise inaccessible,

This in turn may lead to an increase in the amount of structural information

available.

The collision process leads to energy transfer to the electrons associated with

the ion with little momentum transfer. This electronic excitation is rapidly con-

verted into vibrational energy and spread statistically over the whole ion in

accordance with the Quasi-Equilibrium TheoryS8. For this reason there are often

strong similarities between a CA mass spectrum and the corresponding electron

impact mass spectrum.
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Figure 1.3 Top: The HO- negative ion chemical ionization mass

spectrum of pro-leu-gly amide. Bottom: Collision activated mass

analysed ion kinetic energy spectrum of the (M-H+)- ion of

pro-leu-gly amidess. The collision gas was argon, the (M-H+¡- ion

was produced by HO- negative ion chemical ionization.

Many commercial mass spectrometers are now available with inbuilt

"collision cells" for the purpose of producing collisional activation spectra. A
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collision cell normally has narrow ion entrance and exit slits, is ideally located

at the focus point within a field free region, and is differentially pumped.

The collisional activation technique may be applied to any polyatomic

negative ion: Figure 1.3 illustrates the added structural information that may be

obtained from a C A mass spectrum of a particular ion.

1.7.1 Charge lnversion of negative ions

During a collision of an accelerated ion with a neutral molecule in a field

free region, some ions will obtain sufficient energy to undergo processes that

will alter the nature of the charge associated with them. This work was

pioneered in the early 1970's by Cooks and Beynon60.

A non decomposing negative ion may be converted into a positive ion by a

collision with a neutral atom or molecule in a field free region (c.f. collisional

activation spectra) via the process illustrated in equation 1.10.

AB-+N +[AB+].+N+2e (1.10)

The energy required for this process (if AB- and AB+ are in ground states),

equals the sum of the electron affinity (EA) and the ionization energy (lA) of AB.

lf a peak corresponding to AB+ is present, the difference in translational energy

between AB- and AB+ may be measured to estimate the electron affinity of AB,

Generally AB+ is only a transient species, as it has a large amount of excess

energy and only the fragmentations of this ion are observed. The minimum

energy of the reaction

AB- --) [AB+¡. -+ A+ + B

is given by

^E-AEAAB+lE¡s+D
where D is the bond dissociation energy. Measurement of the difference in ion
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translational energies of AB- and AB+ can be used to estimate D and hence

provide valuable information6l concerning the mechanism of the reaction

under study.

Since the electric sector in this technique will be analysing positive ions

while the source and magnetic sector are transmitting negative ions, the

polarity of the electric sector is reversed hence the spectra recorded are called

+E spectra. This technique produces a positive ion spectrum of an initially non

decomposing negative ion and may may used to provide information

concerning both the negative ion and it s precurso¡ ¡srl1¡¿¡62,63.

1.8 An lntroduction to Mass Analysed lon Kinetic Energy

Spectroscopy

lons often fragment to produce a variety of daughter ions. The elucidation of

these decomposition pathways may be aided by the study of metastable

¡o nr60,64,65.

lons produced in the ion source of a mass spectrometer may be formed

with a wide range of energies. lons formed with a large amount of energy often

undergo one or more decompositions while still in the ion source. Some ions

which are formed do not decompose in the ion source yet have too much

energy to enable them to pass through the mass spectrometer intact. These

ions dissociate in transit after acceleration and are called "metastable ions".

Consider an ion mr+ undergoing a "metastable" decomposition (i.e. a

decomposition occurring after acceleration ) as in equation 1.11.

ffif -ì mr+ + m, (1.1 1)

At a first approximation the products may be assumed to continue in the

same direction and speed as mr+. As a consequence of the ion mr+ having a
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reduced mass and the velocity of the parent ion mr+, the ion mr+ will pass

through the mass spectrometer at quite different focusing conditions compared

to an ion of the same mass and charge that was formed in the ion source. The

"metastable" ion m r+ lherefore appears at an apparent mass m* which is

defined by Equation 1.12.

n; = mr2/m, (i.12)

where m, is the mass of the parent ion and

mris the mass of the fragment ion.

Observation of a metastable ion, when used in conjunction with equation 1.12

may be used to determine the fragmentation pathways (i.e. mr+ -+ m2+).

Following a "metastable" decomposition, the velocity oÍ mr+ does not

exactly match that of ffif .During the decomposition of the metastable ion,

some of the internal energy ol mr+ released as a result of the decomposition,

manifests itself as kinetic energy. This kinetic energy may appear with any

velocity, and can oppose or supplement either wholly or partially the original

velocity. This leads to a "spread" in the velocities of the ions. Under conditions

of good energy resolution this energy spread can be a sensitive probe for

mechanistic studies. For example cleavage reactions often give Gaussian

shape metastable peaks and low kinetic energy release T (small T value =

narrow peaks ). An example of a metastable peak for a negative ion cleavage

reaction is illustrated in figure 1.a@) for the loss of an acetyl radical from the

molecular anion of p-nitrophenyl acetate . Rearrangement reactions often yield

metastable peaks of various shapes including Gaussian, flat-topped or

dish-shaped; these peaks are often very wide indicating considerable kinetic
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energy release. An example of a dish shaped metastable peak is illustrated in

figure 1.4 (b) this is due to the loss of NO' from the molecular anion of

p-nitrobenzoic acid8. Composite metastable peaks may also be observed;

these indicate the occurrence of more than one mechanism for the

decomposition. Figure 1.5 illustrates a composite peak for the loss of NO'from

the molecular anion of m-nitrobenzoic acid66.

T = 0.002 cV

T = 0.E0 cV

2O.?O 21(/O
2000 2¡OO

ozN

N_O

Me

(a)
(b)

Figure 1.4: Metastable peaks for, a) the loss of an acetyl radical from

the p-nitrophenylacetate molecular negative ion, and b) the loss of NO'

from the gnitrobenzoic acid molecular negative ion.

Metastable peaks in a normal spectrum, while important, are generally diffuse

and weak. This may be overcome by using special metastable scanning

a
o
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techniques. There arc a variety of ways in which to record metastable ion spectra,

for example ion kinetic energy spectra6T, mass analysed ion kinetic energy

spectra63 and various linked scan techniques69'70' 1¡s MIKE technique is

described further in this thesis.

o

T = 0.O4 eV
0.45 eV

NO

c02H

T = 0.45 eV
0.G4 cV

co2H

Vol'.s

Figure 1.5. Composite metastable peak for the loss of NO' from the

m-nitrobenzo¡c acid parent ion.

The studies reported in this thesis have been largely confined to the use of

mass analysed ion kinetic energy spectroscopy (MIKES). A MIKE spectrum is

best recorded with a reverse geometry instrument, i.e. a mass spectrometer

where the magnetic sector precedes the electric sector. Such an instrument is

illustrated in Figure 1.6.

o
CO'H \-\- -\\
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Figure 1.6. A schematic diagram of the VG ZAB zHF mass

spectrometer, a reverse geometry instrument.

To determine a MIKE spectrum, the magnetic sector is set to transmit only

the ion under study to pass, and the electric sector is scanned. This results in a

spectrum of all "metastable" ions produced from the decomposition of the

selected ion in the second field free region. This technique is often coupled to

that of collisional activation in order to increase the number of observable

decompositions.

1.9 An lntroduction to lsotope Effects

lsotope effectsTl-73 can be an invaluable tool in the understanding of the

intrinsic details of reactions. ln brief, the substitution of an atom for a heavier
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isotope may lead to a change in the rate of the reaction. Comparison of the

individual rates may give valuable information about the kinetics and transition

states, or thermodynamics of the reaction'

The classical treatment of isotope effects assumes that the origin of the

isotope effect lies in the difference in zero po¡nt energy (ZPE) of a molecular

species caused by isotopic substitulion. Equation l.l3 shows the zero point

energy relationship.

€o = nrr,r' {( frr. ) (1.13)

where ( is the zero point energy

m* is the effective mass and

f is the force constant.

The force constant is a measure of the stiffness of a chemical bond and a

measure of how the potential energy changes with displacement of the

constituent atoms around the internuclear bond distance. When an atom is

replaced by one of its isotopes, the Born-Oppenheimer approximationT4

specifies that the potential energy of a system does not change, and as a

consequence force constants are unaffected by isotopic substitution. This

means that ZPE change on isotopic substitution is due to changes in effective

mass' consider the diatomic system A - H where rT'lA " m¡' The effective mass

may be calculated as

mAmH
*

therefore

rTì4+ rn¡1

1/r* 1/m4 * 1/rH

but since

m

frì4 >> m¡1 + 1/m* = 1/mH
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The ZPE difference for substitution of a deuterium for a hydrogen may be

represented thus

aEo=€ot -€oo

= (h{f)/4 
nl1/.'lmr- lNm,'l

= (h{f)/4ft[1 - 1tl2l

This expression is important in that it shows the relationship between ZPE

and the force constant, ÂËo * {f . Thus the force constant controls the size of the

difference inZPE between A-H and A-D.

ÂGs

^q

H

^ED

ê B-H
<+ B-D

A-H

A-D

A

A

+B
+B

+

+

Figure 1.7 A potential energy diagram for an equilibrium process

The two major types of isotope effects are equilibrium and kinetic. Figure 1.7

shows a simple potential energy diagram for a diatomic equilibrium process.

Since the force constants for the "reactants" and "products" are different, the

differences in ZPE for the two isotopic species are also different. Therefore the

Gibb's free energy (AG) for the two isotopic reactions are different, and this will

result in a difference in the equilibrium constants for the two isotopic reactions.
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Thus the equilibrium isotope effect value reflects differences in the force

constants of both the reactants and products.

The other major type of isotope effect is the kinetic isotope effect. Consider

the generalized reaction:

AH+B Ð [n---H---e]* --t A+BH

The deuterium kinetic isotope effect for this process is again a function of the

difference in force constants and the difference inZPE in both the reactants and

transition state. The difference in ZPE in the transition state arises from the

various degrees of freedom (of which there are 3N-5). ln this example there are

therefore 4 degrees of freedom, two bending modes and two stretching

vibrations. We are concerned with the stretching vibratíon.

f1 12

<- -+

A---H---B vs symmetric vibration

+ ++
A---H---B va asymmetric vibration

The asymmetric vibration is along the reaction coordinate and therefore

there is no restoring force (i.e. the reaction proceeds directly to products). The

asymmetric vibration is therefore isotopically insensitive (i.e. introduction of say

D for H will not produce a change in ZPE).The symmetric vibration is however

isotopically sensitive provided \ +12.lf f1 = f2 then there is no "motion" of the

central atom, and on isotopic substitution there is no change in ZPE. The kinetic

isotope effect may be determined from the different rates of the two reactions

under consideration. The value of the isotope effect depends on the structure

of the transition state. When Í1 , f2 then the kinetic isotope effect (1(.1.E.)

approaches the value 1 and the transition state is said to be "reactant like"TB



(figure 7.8/. When Í1 =12 then the K.l.E. approaches a maximum value and the

transition state ís said to be "symmetrical", when \.12 the K.l.E. approaches

the equilibrium isotope effect value and the transition state is said to be

"product like" .

+
+

^q

r.c. r.c.

ê-€- +
Tt

A--H-----B I'

e ++
-¡-

A------H--B l+
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^( ^E
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^ç
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^(

RR

^q

\ r'tz
''REACTANT LIKE''

T.S.

kH/kp -+ 1

11.f2

"PRODUCT LIKE''

T.S.

kHltp + E.l.E + maxmum

Figure 1.8: Potential energy curves showing relationship between

kinetÌc isotope effects and transition state structures.

The above treatment illustrated in figure 1.8 is a summary of the classicalisotope

effect theory, when species undergoing reactions have Maxwell Boltzman

distributionsT5 1i.e. in most condensed phase reactions). lt must be stressed that
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Maxwell-Boltzman conditions are not always achieved in ion reactions in the gas

phase. Thus the simple classical isotope effect theory does not always predict the

correct isotope effect value in gas phase reactions. This has been discussed in a

recent review by DerrickT6, and in the particular case of the Mclafferty

rearrangementTT. Nevertheless, we contend that the basic concepts of the classical

isotope effect theory still pertain in gas phase ion chemistry, and we use these

concepts in qualitative fashion throughout this thesis.
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CHAPTER 2

COLLISION INDUCED DISSOCIATIONS OF ENOLATE

ANIONS

2.1 lntroduction

Enolate ions may be produced by the reaction of HO- on alkyl ketones in a

chemical ionization source82. Braumans3'84 ¡"r studied the multi photon (laser

induced) dissociations of simple ketone enolate ions in an ion cyclotron

resonance spectrometer. The ion -CHTCOMe eliminates methane, while

-CH2COCF. eliminates CF.H and also forms -CFs. Equations (1) to (3) are

proposed as possible mechanisms for these reactions.

o

Ç. tMe (Hrc-Èg]

["*tH2c-c-Q ]

HC-_CO
+

CH¿

CF¡

(1)

(2)

(3)

orì
7wr/ +

cH2-c-o

HC:CO
+

cF3H

The intermediacy of ion complexes such as those in equations (1), (2) and (3)

is an important mechanistic question, but is a matter of conjecture. The question

arises as to whether such reactions are concerted or stepwise, and if they are
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stepwise do they involve tightly bound anions, loosely "solvated" anions or do

they occur through the intermediacy of radical/radical anion complexes.

o
I

H3C_C_CH3 _
I

CHs

o
I

H¡C-Ç-CH3-
I

CH:

HrCzc:-"", (4)

+ CH4

HrC4 (s)

+ CH4

H:c'
I

:

H

--i1-.",
o-

CHz

Cr

I

OR
o
il

o-+t

t
Me'

nrCzÇ:CU 3

Me

urczc-cH

Brauman and colleaguesss have applied isotope effects to determine the

mechanistic details for the (laser induced) loss of methane from the tert-butoxide

anion in an ion cyclotron resonance spectrometer. Brauman rationalized that the

loss of methane may occur by two mechanisms, viz. i) a concerted reaction

(equation 4), or ii) a stepwise reaction involving an intermediate complex

(equation 5). Brauman observed large secondary isotope effects and low

primary isotope effects in the elimination of methane, and interpreted these

results to signify the operation of a stepwise mechanism. ln subsequent work on

the unimolecular decomposition of alkoxides, Brauman and colleaguesS6 using

isotope effects and giving consideration to the electron affinities of possible

intermediates, proposed that such stepwise processes occur through the
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intermediacy of anionic intermediates rather than radical anion intermediates.

Hayes and colleaguessT have studied the collisionally activated loss of

methane and dihydrogen from alkoxides using isotope effects and ab initio

calculations. They concluded that the loss of methane and dihydrogen from

alkoxides do indeed occur via a stepwise mechanism and involve the

intermediacy of solvated hydride and methyl anions. Raftery and BowieBB have

studied the collision induced dissociations of cyclohexanone enolate negative

ions and observed the loss of H2 from the 3,4 and 3,6 positions and rationalized

this in terms of a solvated ion complex intermediate.

A number of reactions described in this thesis are thus rationalized in terms of

the intermediacy of ion complexes .

Hunt and colleaguesse,2E have studied the collisional activation spectra of a

variety of [M-H+]- ions derived from ketones. They have suggested that the

rearrangement peaks observed may be explained by the T-hydrogen

rearrangement and olefin elimination shown in equation 6. The collision

induced dissociations of the enolate ions of heptan-4-one91 and

butyrophenonee2 have been studied using 2¡1 ¿¡6 13ç labelling.'The

suggested mechanisms for the two major: reactions of the heptan-4-one enolate

ion are shown in equations (7) and (8) (Scheme 2.1).

o o

R + C2Ha (6)
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o

+ cH4 Q)

o
o

+ c2H4 (8)

Scheme 2.1

2.2 Collision lnduced Dissociations of the 3-Ethylpentan-2-one

Enolate lon

ln earlier studies, heptan-4-one was chosen for study since only one

carbanion may be initially formed due to the symmetry of the molecule. This

thesis extends that work to a consideration of 3-ethylpentan-2-one.

3-Ethylpentan-2-one was chosen for study for two reasons: i) it may form both a

primary and tertiary carbanion by deprotonation and both should fragment

differently, and ii) since the neutral molecule is symmetrical with two identical

side chains, this allows the determination of intramolecular isotope effects which

may be used as probes for reaction mechanisms.

The labelled compounds used in this study are listed in Table 2.7, water was

used to produce HO- as the reagent ion, and helium was used as the collision

gas in the second field free region. Full details are given in the experimental

section. The details of the C.A. mass spectra of compounds (1 ) - (1 1 ) are listed

in Tables 2.2 and 2.3; a typical spectrum is shown in figure 2.1.

o
BA

)H

I
H

H

N,{e

Dc
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CH3COCH(C2H5)2 (1) cH3COCH(CD2CH3)2 (7)

(e)

cH3cocH11 3cH2cH3)2t e) CHsCOCH(CD2CH3)(C2H5) (8)

cH3cocH113cu2cH3)(c2H5) (3) CH3COCHlCH2CD3)z

cH3cocH(cH213cHs)e Ø) CH3COCH(CH2CD3)(C2Hs) (10)

cH3cocH(cH213cu3¡1c2H5) (s) cH3cocH(cD2cDs¡1c2H5)r (11)

cD3cocD(c2H5)2 f

TABLE 2.1: Compounds used in the study of 3-ethyl-pentan-2-one.

t lndicated compounds were synthesised by Dr. M.B.stringer (see

acknowledgements).

- C¡o¡

ne (ø- r-r'f

nl
02- cot

(c03cocHt

(6)

(- caH3 D5)

(-caH 5q)

& 90

86

99

t02

- cH¡

il4

lHC=CO-)

11 tt./
81

117

1¡6
6

E/v

Figure 2.1: collisional activation spectrum of the enolate ions of

cH3cocH (C D2C Ds) (cz Hs)
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The data in Tables 2.2 and 2.3 and Figure 2.1 may be rationalized in terms of

a number of specific processes occurring from both the primary and tediary

carbanions; the tertiary carbanion competitively eliminâtes H2, CH4 and C3Hg,

whereas the primary carbanion eliminates C2H4 and C4Hg, and forms HC2O-.

2.2.1 Fragmentation of the Tertiary Carbanion.

Deuterium labelling shows that the elimination of dihydrogen specifically

involves loss of hydrogens from the 4- and 5- positions. This process is

analogous to the stepwise 1,2 elimination of hydrogen from alkox¡6ss87'93, ¿¡¿

a suggested mechanism is shown in Scheme 2.2. The loss of H' occurs from

positions 1 and/or 3, and can therefore come from either enolate anion to

a

produce -CH2COC(Et)Z and'CH2COC(Et)2

o o

+Hz

Scheme 2.2

The loss of CH4 is specific and is analogous to the process described earlier

in equation 7 (Scheme 2.1). The terminal methyl from an ethyl substituent is

eliminated together with a hydrogen from C-1. Deuterium and carbon-13 isotope

effects were measured for this process by comparing the loss of methane and

labelled methane in the appropriate spectra. Each reported value is an average

of ten individual measurements. Experimentally determined isotope effects for

H

H
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this process are listed alongside formula (1).The isotope effect H/D at position 1

was determined in the following manner. Partial exchange of 3-ethyl-

pentan-2-one with 0.1N NaOD/D2C- lor 10 min at 20oC gave D1 = 15, D2=45,

D3=30 and D4=9"¡. Measurement of the appropriate losses of CH4 and CH3D

from the enolates CHD2COCEI2 and CH2DCOCEt2 gave an average value

(statistically corrected ) for H/D of 2.5. The isotope effects may be interpreted in

either of two ways : i) the reaction is a concerted process, or ii) the reaction is

stepwise with two kinetically significant steps. These two possibilities are shown

in Scheme 2.3.

o
Position 1

FVD =2.5+0.3

Position 5

(1) 5
HlD = 1.28+0.03

r2c/t3c: 1.09 + o.o1

ln order to differentiate between these two possibilities, a double isotope

fractionation experiment of the type proposed initially by Belasco, Albery and

Knowles94 was performed. Consider the case in figure 2.2 where the reaction is

stepwise with two kinetically significant steps. The first step has a high activation

barrier, is a rate determining step, and a kinetic isotope effect may be observed.

The second step also has a high activation barrier. Provided the reaction

intermediate has a reasonable lifetime, the second step may also be rate

1

H
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determining and a kinetic isotope effect may also be observed. ln the case of

3-ethylpentan-2-one the rate determining nature of step A (Scheme 2.3) may be,

and is observed by using 13C labelling at position 5. Similarly, the rate

determining nature of the second step may be, and is observed by using D

labelling at position 1. (c.f. formula 1)

¿î
o

o

o

+ CH4 (a)

+ CH4 þ)

H

H

H
Me

o

BA
H

Me

Scheme 2.3

lf all the hydrogen atoms on C-1 were replaced with deuteriums then the

activation barrier for the second step would be.increased (i.e. ¡EtH < 
^Eto 

). On

increasing the activation barrier of the second step, the significance of the first

rate determining step (step A) would diminish, and any isotope effects

associated with that step should also decrease (i.e. the 13C isotope effect

observed for step A should decrease). Conversely in the case of a concerted

reaction, the introduction of deuteriums at C-1 should have a minimal effect on

the observed 13C isotope effect.
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Figure 2.2. A schematic potential energy diagram for the stepwise

loss of methane from 3-ethylpentan-2-one. The diagram illustrates: i)

two kinetically significant steps, and ii) the increased activation energy

for the second step on the introduction of deuterium at position 1 of

3-ethylpentan-2-one.

U

Nle

I

E+IJHD

o



35

The experiment that needs to be carried out is as follows. lt is already

known that the losses of CH4 and 1.CH¿ from CH3COC(CH213CH3)(CzHs)

occur in the ratio of 1.09 : 1 (see formula 1 and Tabte 2.2),i.e.12ç¡13C = 1.09. lf

the 12ç¡13ç isotope effect for the loss of CH3D and 13CH3D from

CD3COC(CHZ13CH3)(C2HS) is considerably less than 1.09, the Knowles

approach would indicate the reaction to be stepwise. lf however the isotope

effect is largely unchanged it is likely that the reaction is concerted.

o
+'

+ MeCHO

o16 "nr\
18

CD,
I

o16

I

CD,
--co,

8

MeCHO: MeCHrsO CQCDO: CD3CDTsO

1.15 L.T4

Scheme 2.4

It should be noted that Derrick et a1.77 have used the double isotope

labelling experiment to investigate the loss of acetaldehyde from the benzyl

ethyl ether molecular cation. The bis ether was used so that intramolecular

isotope effects could be determined. The results are summarizedin scheme 2.4.

This reaction is considered to be concerted, but Derrick ef a/contend that in this
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case the small difference observed in the 1697180 ratios does not differentiate

between, i) a stepwise reaction where the two steps are kinetically significant,

and ii) a concerted reaction. Derrick et al argued that the increase of the

activation barrier of the second step would increase the "back reaction" on the

first step. This "back reaction" would be accompanied by an isotope effect and

as a result a small decrease in the isotope effect for the first step would be

observed. Derrick et al concluded that the small decrease observed from their

fractionation experiment was diagnostically inconclusive, in this particular case.

ln our studies of 3-ethylpentan-2-one, a ratio of exactly 1 : 1 was obseryed

for the toss of cH3D and 13cH3o from cD3coõ(CHz13cH3){CzH5) , i.e.

12ç¡13C= 1.00. Thus 1¡s 12ç713C isotope effect has decreased from 1.09 [for

cH3coõ(cH213cHs)(czHs)l ro 1.00 [for cD3coõ(cHe13cu3¡1c2H5)]. lt is

most unlikely that the total removal of the isotope effect may be accounted for by

a "back reaction", and if is proposed that the mechanism is stepwise with two

kinetically significant steps (Equation b Scheme 2.3).

The loss of C3H6 is a minor process but it has an interesting mechanism.

Labelling dala (Table 2.3) indicate that the fragmentation involves the loss of

one methyl and one ethyl group from the two ethyl substituents. Kinetic isotope

effects were determined from the spectra of (3),(5), (8) and (10) (Tables 2.3)and

are summarized in Scheme 2.5. These results are consistent with either a

concerted process, or a stepwise process with two rate determining steps (see

Scheme 2.5). lnsufficient data is available to distinguish between these two

possibilities.
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(
o

o

+ CH4 + C?H4

5

Position 4 Position 5

HlD = L.23 + 0.02 HID = 1.48 + 0.02

r2c/r3c = 1.02+ 0.01 r2clr3c = 1.06 + 0.01

Scheme 2.5

2.2.2 Fragmentation of the Primary Anion

The formation of RC=C-O- (where R = alkyl, aryl or H) is a characteristic

reaction of enolate ¡q¡s.84'91'92 The overall mechanism for this process is

shown in Scheme 2.6, it is not known whether the reaction is stepwise or

concerted. The product ion in this fragmentation (when R = H) has been shown

to have the structure H-C=C-O- 95 and not the structure -HC=C=O suggested

by Squires in his study of ester enolate ionse6.

H
c

4

o-

+ H-C-C-O- + EI2CIì2

Scheme 2.6

The major fragmentation of the 3-ethylpentan-2-one enolate is the loss of

CZHq. Data shown in Table 2.2 shows that the fragmentation occurs with loss of

H

H

an ethyl substituent along with transfer of a terminal hydrogen to C-1 . lt is
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suggested the fragmentation is produced specifically from the primary enolate

since the corresponding enolate anion (2) from 2-ethylbutanal shows no loss oÍ

czH¿-

o

(2)

Table 2.2 lisls data for the loss of C2H4; isotope effect values from

compounds (3), (5), (8) and (10) are listed with Scheme 2.7.The high isotope

effect for labelling at position 5 together with the low isotope effects for labelling

at position 4 suggest that the reaction is stepwise with the first step being rate

determining. The mechanism proposed is shown in Scheme 2.7

o o o

4

5

C

fVD = I.02+ 0.02

t2ç¡13ç = 1.oo+0.01

Scheme 2.7

(

Position 4 Position 5

t.7L + 0.02

1.06 + 0.01

+

czH.q

The final fragmentation involves elimination of C4H6 to form an anion

C3H5O-. This unusual fragmentation occurs with loss of C1 and C2 together
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with their approriate substituents. The primary 12ç¡13C and secondary H/D

isotope effects for the methyl transfer are 1.07 + 0.01 and 1.28 + 0.02

respectively. The two mechanisms shown in sc.heme 2.8 accord with these

results. ln order to distinguish between the two mechanisms, the charge reversal

spectrum (see section 1.7.1) of the product ion was investigated. lons RCOCH2-

on collision with helium yield RCO+ plus CH2e1. The charge reversal spectrum

of the ion C3H5O- from 3-ethylpentan-2-one shows loss of CH2I. In addition

both the charge reversal spectrum and the CA mass spectrum are identical with

those of the acetone enolate aniont. lt is therefore suggested this unusual

rearrangement proceeds by the mechanism shown in Scheme 2.8(a) .

o

- C¿Ha
CHz- (a)

(b)

-t

o

- c¿Hs

Scheme 2.8

T charge Reversal spectrum of the ion c3H5o-: mlz (%) : a3 ps), 42 (1oo), 41

(29), 39 (35), 29 (77), 28 (32), 27 (57), 26(15), 15 (16), 14 (24),13 (8).

t Charge Reversal spectrum of the ion -CHTCOCH3: mlz (%): 43 (31), 42 (100),

41 (29),39 (24), 29 (35), 28 (31), 27 (31), 26 (21) ,15 (12), 14 (18), 13 (13).
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2.3 Collision lnduced Dissociations of the

3,3-Dimethylheptan-4-one Enolate lon

From previous studies the evidence suggests the elimination of ethene from

the heptan-4-one91 enolate ion occurs as shown in equation I (page 28),

however there is always the possibility of alternative reactions such as those

shown in equations 9 and 10.

o oo

(e)

+ C2Ha

+ C2Ha (10)

ln order to study these possibilities the collisional activation spectra of the

3,3-dimethylheptan-4-one enolate ion and labelled derivatives have been

examined. This system was chosen since it can only form one enolate ion,

namely EtCMe2COõUet <+ EtCMe2C(-O-)=CHEt. The answers to two questions

were sought: i) does EICMe2COõHft eliminate C2H4, and if so what is the

mechanism for this reaction, and ii) since EtCMe2COõHEt cannot eliminate

CH¿ by a process analogous to that shown in equation 7 (page 28) whal

alternative decompositions are noted?

The compounds used in this study are listed in Table 2.4, lhe collisional

activation mass spectra of their IM-H+¡- and [M-D+]- ions are recorded in

\)

OH
r\
õ
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Table 2.5. A particular example is shown in Figure 2.3. The results are in

accordance with previous studies in so far that neither hydrogen or carbon

scrambling accompanies or precedes any decompositions in these aliphatic

systems.

pl p2 pl B2

Pr (5) MeCD2
cDær (6) CD3CH2

CH2CD2lvle (7) CD3CD2

cH2cH2cD3 (8) CD3CD2

(1) Et
(2) Er
(3) Et
(4) Er

Pr
Pr
Pr
CDft

Table 2.4

-(CzH+1C2H2D2)

-CDìH

-CH¡

-HDr
l4l

r29 -Hr

il6 144
-C:H¡

(144)

(cDlcH:c:co-)

72

-C+Hs (144)

97 (-crH5Dl)

(x5)

125

88

86

(xl) (x5)

Volts ___-_-_-___>

Figure 2.3: Collisional activation mass spectrum of the [M-H+¡- enolate

ion derived from the compound EtCMe2COCH2CH2CD3.
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38 28 42 44 48 53

10

5 10 3 4 4
2

4

3

B

B

16 10

13

8 26 29 39 10

22

2

14

9 14

100 100 100 15

100

25
100

28 28

100 100

A A A

A

A

18 25

4 6 3 2

3

3 3

5 7 3

2

3

25 2

2

5

2

2

613 9 5 5

6

-H2
-HD

-cHg'
-cDg'

-cH¿
-cH3D
-cD3H
-cD,+

-czHq
-c2H2D
-czD+

2

-czH
-ceH
-ceH
-czD

a

5

3

2

5

D

D

o

2

a
I

-csHs
-caH6D2

-caH3D5

lc¿Ha
-CaH5D2

ac4H4D4

EtC2O-
MeCDTCO-

(1) (2)
Compounds
(3) (5) (6) (7) (8)

Species
Loss

A Not Resolved. B Not resolved, but less than 5 % of base peak.

Table 2.5: Collisional activation mass spectra of enolate ions derived

from the compounds (1) to (8) listed in Table 2.4. For lhe

spectrum of compound (4), see Figure 2.3.
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2.3.1 The Losses of H2, Me' and Et'

The loss of H2 follows a similar mechanism for that reported for

3-ethylpentan-2-one97 and heptan-4-one91, and is also analogous to the

reporled stepwise loss of H2from alkoxidessT. The enolate ion q (scheme 2.10)

produces a hydride ion complex b which may then undergo allylic deprotonation

to form the product ion C. This loss is specific except in the one case, illustrated

in figure 2.3. the deprotonation step for the reaction þ + e is the rate deter'

mining step. This result is confirmed by comparison of the losses ol H2 from the

ion derived from compound (1) (Table 2.Q and the loss of HD from the ion

derived f rom compound (6) (Table 2.Q. fhe ratio of this loss is 4:1. Thus the

introduction of deuterium at the terminal carbon increases the activation energy

of the rate determining step (AE*p) such that the expected loss of HD is

discriminated against. The discrimination is so pronounced that a second

competing process involving the loss of H2 is observed in Figure 2.3. The

mechanism for this latter process is unknown.

The losses of Me' and Et' are standard reactions involving a simple radical

cleavage of a bond to form radical anion productsg1,97, the mechanisms for

these processes are illustrated in Scheme 2.10 (a+d )and (a-f ). There is

however a second loss of Me' which involves loss of a C1 methyl group

(scheme 2.10 a+ I ),this loss seems to be unusual in that the radical product

ion e is not resonance stabilized.
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H_
(Ð

(b)

- Me.

o

o

(a)

-Il2

(c)

o

-EC

a

o

(d)(e)

Scheme 2.10

2.3.2 The Loss of Ethene

The peak corresponding to loss of CZH+ in the CA mass spectrum of the

3,3-dimethylheptan-4-one enolate ion is the base peak of the spectrum. The

peak has no fine structure, is steep sided with a round top, and is very wide

having a width at half height of 89 V. This corresponds to an energy release of

0.39 eV, which suggests that the reaction has a reverse energy barrier. The

value is similar to that ol 0.42 eV obtained for the loss of C2H4 from the

heptan-4-one enolate anion91, and suggests the mechanism is stepwise with

the first step beíng rate determining (scheme 2.11 (a)) lc.Í. equation (6) page 271.

This process occurs exclusively in the spectra of compounds labelled in either

the 5, 6 or 7 positions [compounds (2), (3) and (4) Table 2.s and Figure 2.J].
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+ c2H4
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(a)

J )
H

ù

o o o

(b)

H
+ C2H4

Scheme 2.11

The situation becomes more complex when deuterium is introduced at the 1 or 2

positions. For example CD3CH2(Me)2COCHEt eliminates C2H2D2 and C2H4

in the ratio of 100:25, with the two peaks having widths at half height of 89 and

78 eV respectively. lt is suggested that this result is due to the increased

activation energy for the deprotonation step, arising from the isotope effects

caused by the introduction of deuterium at position (1).This increase in

"activation energy" is discriminating against the loss of C2H2D2, such that the

extra energy required to overcome the barrier has led to an alternative process

(Scheme 2.11 b) becoming viable.

2.3.3 The Losses of C3Hg, C4Hg, and C5H12

Examination of Figure 2.3 together with the spectrum from

CD3CD2(Me)2CCOõHCHzCHg (Tabte 2.5) shows that the loss of C3Hg

involves the elimination of the C1, C2 ethyl group together with the C7 methyl

group. This elimination is rationalized in scheme 2.12(a), and is analogous to



processes from heptan-4-one91 and 3-ethylpentan-2-one (scheme 2.5 page 37)

enolate anions. There are two distinct and competítive losses of C4H6. These

can be seen in Figure 2.3. One loss involves the sequential losses of two CZH+

units from either end of the ion, and is rationalizedin scheme 2.12 (b).lt is likely

that both losses oÍ C2H4 involve mechanisms similar to that already described

for the loss of ethene (i.e. the formation of an incipient anion c.l. scheme 2.11a)

o

+ C3Hg
(a)

o

46

(b)

I
-

o

H

o

o

- Cz}l¿ - cz}l+

+ C4Hg

- 

-O-C-C-Et + QH¡

o

)a

(c)

)

(d)

Scheme 2.12
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The second loss of C4H6 involves migration of the methyl group at position 1

together with elimination of C2 and C3 with their associated substituents (see

Table 2.5).ll is not known. whether the methyl group migrates to C5 or oxygen, a

possible mechanism is that shown in Scheme 2.12 (c). The elimination of

CSHt2 to produce the ion EIC=CO- is a standard reaction91,97,98 type for

enolate anions and is illustrated in Scheme 2.12 (d) (c.f. Scheme 2.6 page 37).

o

- CH¿ (1 1)

oo

F
a\

(a)

o

(b)

- CH¿ (12)

(c)

o

(d)

o
o

- CH+ ( 13)

(e)

Scheme 2.13

2.3.4 The Loss of Methane

(Ð

The inability of the 3,3-dimethylheptan-4-one ion to lose methane (and hence
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excess energy) through facile six centred transition state processes [c.f.

3-ethylpentan-2-one (scheme 2.3 þ page 33) and heptan-4-one (equation 7

page 28)l is due to the lack of hydrogens at C3. However, methane is lost by

three alternative competing processes; the spectra of compounds (4), (6) and (8)

(Figure 2.3,Table 2.5 ) illustrate the nature of these processes. The various

losses of methane involve the methyl groups at position 1 and 7.The major loss

involves the methyl group at position 7 (equation 11 Scheme 2.13) and a

"solvated methyl anion complex" a is a likely intermediate in this pathway. The

methyl anion of this ion complex a may then abstract the C5 vinyl proton from

the neutral moiety to give the product ion b.

The second loss of methane involves the methyl group from position 7,

together with one of the gem dimethyl hydrogens (equation 12 Scheme 2.13). ll

is proposed that the reaction proceeds through ion complex a to c. The product

ion c which is formed from this reaction is non stabilized and may spontaneously

undergo a "Michael addition" to form the more stable ion d. There is however no

direct evidence for the formation of an ion of this structure. The third loss of

methane(equation 13 Scheme 2.13) involves the methyl at C-1 together with a

hydrogen at C5. The ion complex g(Scheme 2.13) is suggested as an

intermediate for this process, with the product ion I forming when the methyl

anion deprotonates o to the carbonyl group.
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CHAPTER 3

Gollision lnduced Dissociations of Substituted Benzyl

Negative lons.

3.1 An lntroduction to Benzyl Negative Ions

ln Chapter 2, the basic fragmentations of stabilized enolate ions were

considered. Another system which may form "stable" carbanions by

deprotonation are molecules related to toluene.

The benzyl/tropylium cation story is one of the most researched in gas

phase ion chemistry9s't00. The tropylium cation is the more stable of the two

ions, and its formation from the benzyl cation is accompanied or preceded by

hydrogen and carbon randomization. Randomization reactions also occur for

simpler aromatic systems, e.g. the benzene101,102 and pyridine radical

cations103, where H and C scrambling occur by different mechanismsl0l-103,

with H scrambling being the faster reaction104.

The structure and reactivity of C7H7- species are also of interest. There are

(at least) three discrete CIHZ- ions; PhCH2-, cyclo CIH[ (from

deprotonation of cycloheptatriene) and a third isomer formed by deprotonation

of norbornadienel05-107. The three isomers may be distinguished by their

exchange reactions with MeOD (PhCH2- and cyclo CZHI incorporate up to

two and seven deuteriums respectivelyl05¡, and by their inf rared photo-

chemistry106. Cyclo-C7H 7- tèürànges to PhCH2- when HO- is allowed to

react with cycloheptatriene, and it has been suggested that the rearrangement

proceeds through the intermediacy ol alC7H7- (HZO)] ion complex107.
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C6H5CD2- + MeONO + C6H5CD=NO- + MeOD (1)

Aryl H scrambling reactions are not as well known (or understood) for

negative ions are they are for positive ions. The first observations were for ions

(Ph)nX- (n=3, X = As and n = 4,X =5¡¡1oa't09; more recently for benzoyl

enolate anions92 and ions PhOCHR ( R = alkyl, allyl or aryl)110. However there

are also cases where a loss involving an aryl hydrogen is specific, e.g. from the

molecular anions of fluoroacetanilideslll, benzil monoximell2 and from

thiophenoxidesl ls. Finally, the methylene hydrogens of PhCH2- retain their

positional identity during the ion molecule reaction shown in equatio¡ 7114.

ln recent years NlCl mass spectrometry has become increasingly used in

the determination of aromatic residuesll6-122. However little is known about

the fragmentation patterns of aromatic anions. The collision induced mass

spectrum of a polyatomic negative ion is often a structural fingerprint of that

ion115. ln this chapter the collision induced dissociations of the substituted

benzyl systems nrrö1et)2 , Ph2õH and Ph3c- are reported. Two questions

have been addressed:- i) what are the characteristic fragmentations of alkyl and

aryl substituted benzyl negative ions, and ii) does hydrogen or carbon

scrambling occur prior to or during these fragmentations?
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-H.
146

Ph

l5 cHt-

rrB -E¡.

103 -C3l'ls lt9 -c2I\

rl0

l3l - cI{4

-H2
145

'17 C6Hs,

I ,-+¡Á,

Figure 3.1: Collisional Activation Mass Spectrum of the deprotonated

3-Phenylpentane anion.

3.2 Collision lnduced Dissociations of the 3-Phenylpentane An¡on.

All compounds used for this study are listed in Table 3.l. The CA mass

spectrum of the ion PhõEt2 is shownin Figure 3.1;the spectra of its labelled

derivatives are listed in Table 3.2.

The symmetrical ion PhCEt2 was chosen for study in order that

fragmentations of the side chains could be investigated with the aid of

intramolecular isotope effects, The ion PhCEt2 loses H., H2, CH4, QZH+ +

H.), C2H4, C3Hg and forms the ions CHg- and C6H5- figure 3. /). With the

exception of the loss of H'and the formation of COHS-., the majority of



fragmentations of the ion PhCEl2 mal be rationalized through the intermediacy

of ion complexes.

52

+H' (2)(

CoHs- + CsHro (3)

Scheme 3.1

The major fragmentation of the 3-phenylpentane anion is the loss of a

hydrogen atom from the phenyl ring, and the overall reaction is illustrated in

equation 2. Specific deuterium labelling at the ortho and para positions of the

aromatic ring shows the loss of both H' and D'from the ring (Table 3.2);

whether this loss of H' (D') occurs randomly from the ring or whether it is lost

from a specific position following H randomization is not known. Whatever the

mechanism there is a pronounced deuterium isotope effect [H/D > 4] operating

for the process. Apart from this process and the minor formation of C6H5-

illustrated in equation 3, all other fragmentations may be rationalized as

occurring through the intermediacy of ion complexes.
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TABLE 3.2: Collisional activation mass spectra of labelled analogues of deprotonated 3-phenylpentane.

(¡
À

H.

D.

H2

HD

CFI4

l3CFI4

CH3D

CD3H

CzH+

C2H3D

czH5'
l2ç13ç¡¡r.

CzHzDz'

CzHzDz'

Loss

100 100 100

20b

20b

8

5l

100

42b

42b

a 100b

25 a, l00b

29.0

28.9

28.0 3 4s

24.9

24.9

a,

l8 18

a a 2 2

4.0

3.8

6.1 5 8 6

3.5

2.7

Q) (3)

PhC(EÐ(CHzCDE)

(4)

p¡õ(pg(Coztr¿e)

(5)

QD5C-Et2

(6)

(C6H2D3)õEt2Phc(EÐ(
l3cH:)

a Small notresolved. b D. = Hz=2 a.m.u.



Table 3.2 Continued.

Loss

Formation

cgHs
12C213CHs

C:HoDz

coHs-

coDr
C6H2D5-

cH¡-
cDr

1

(3)

PhõGÐ(CHzcDg)

(4)

Ptrõ@Ð(Coztvte)

(5)

C¡DsõEtz

(6)

(QHzD¡)CEtz
(2)

1

't".)
2.5

1.8
J

3

3 4

1.0

I

1

5

0

1 1 2

1

I

2

0.5

33
1.1

(Jr
(Jr
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H

- a

-H2

c

Scheme 3.2

The CA mass spectra of the ions PhC(Et)(CH2CD3) and PhC(Et)(CD2CH3)

(Table 3.2) show that there are two competing 1,2 elimination reactions in

operation for the loss of H2. These two processes may be rationalized by the

intermediacy of ion complex a (Scheme 3.2). The hydride ion of the ion

complex A may compet¡tively deprotonate at two sites giving product ions þ and

e. Similar processes have been described before and are considered to be

step-wise processes87,93.

The loss of methane involves a terminal methyl group of the alkyl

substituent together with a hydrogen from the aromatic ring as evidenced by the

spectra of the five labelled derivatives (Table 3.2). ft. is suggested that the

reaction proceeds through the intermediacy of ion complex { (equation 4

scheme 3.3). The D and 13C ¡sotope effects (derived from the spectra of the

ions Phõ(Et)(cH2cD3), Phc(Et)(cH2ttcH3) and c6D3H2õ(Et)z) ror this

process are listed alongside formula 3.

b
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+ cH¿ (4)

* FVD = 1.12 + 0.01

12ç¡13ç= 1.oo+0.01

+ rvD 3.75 ! 0.2

+ CH4 (s)

Àæ

d

Et

{<

Me
H
!
+

(3 )

I
H

+

Scheme 3.3

The H/D value derived from C5D3H2C(Et)2 is obtained by assuming

statistical randomization of H and D on the phenyl ring. These isotope effects

clearly indicate that the deprotonation step of equation 4 is rate determining,

but the first step (the formation of ç[) shows no 13C isotope effect. lnterestingly,

the spectrum of C6O5õft2(Tabte 3.2) shows the loss of both CH3D and CH4

in the ratio of 18:3. Presumably in this case, the pronounced deuterium isotope

effect operating for the deprotonation of the aromatic ring in equation 4

discriminates against this reaction, and allows the operation of a second and

minor loss of methane not observed in other spectra. lt seems likely this
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process would occur with the methyl anion deprotonating an allylic hydrogen

(which is the most acidic hydrogen available to it); the mechanism shown in

equation 5 is proposed for this process. lt is ¡nteresting to note that the loss of

methane involving a six centred transition state (equation 4) is favoured over

the methyl anion deprotonating the most acidic site (equation fl.

The minor loss of C3Hg involves the loss of a C1 methyl group from the

pentane chain along with the C4, C5 ethyl group from the other end of the

pentane chain. The reaction is believed to occur through a six centred

elimination reaction of the type illustrated in equation 6, however the possibility

of the alternative S¡i reaction yielding enõ=CH2 + C3H6 shown in equation 7

cannot be discounted. The observation of the formation of Me- anions in the

spectra of 3-phenylpentane and derivatives (Figure 3.1, Table 3.2) is also

suggestive of the formation of ion complexes in the fragmentations of these

ions, since any ion complex formed is likely to dissociate to ion and neutral.

Me

+ Q,}J+ + CHa

(6)

(7)+ C¡Hs

Scheme 3.4

Examination of the data in Table 3.2 shows that the loss of CZHS is unusual

in that it does not involve simple loss of an ethyl radical. lsotopic labelling at the

1 and 2 positions of the pentane chain shows pronounced isotope effects; for
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example the ion PhC(Et)(CH2CD3) loses CeHS and CH2CD3 in the ratio

61;27, i.e. an isotope effect H/D of 2.25is observed. lt is proposed that this

elimination corresponds to the loss of C2H4 + H' (equation 8). The H/D isotope

effect indicate that the first step (the loss of H' from the 1(5) position) ís rate

determining, the radical intermediate formed then eliminates C2H4. An

analogous reactionl23 ¡¿s been observed previously for the loss of C2HS'

from Et2CCOZ-

ô.

+H

H

+ CrHo + H' (8)

3.3 Collision lnduced Dissociations of the Anions Derived from

Diphenylmethane and Triphenylmethane

The CA mass spectrum of deprotonated diphenylmethane is shown in

Figure 3.2; those of its labelled derivatives are listed in Table 3.3. The CA

linked scan (E,B) spectra of the trityl anion and labelled derivatives are shown

in Figures 3.3 to 3.5. ln these cases the CA mass spectra showed unresolved

peaks and linked scan spectra were required to achieve the appropriate

resolution.
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Figure 3.2: Collisional activation mass spectrum of deprotonated

diphenylmethane 243
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Figure 3.3: Collisional activation mass spectrum of Ph.C- [major peaks in

the c.a. mass spectrum of Phr13c-are m/z(loss) %242 (H2) 100; 192 (caHa)

1 1 ; 168 (CoH¿) 3; 167 (C6H5.) 4 ; and 1oo (C6H6) 221.
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Figure 3.5: Collisional activation mass spectrum of (C6H2DS)gC-



(7)

(8)

(e)

(10)

(11)

Ph2crI_
11

Ph2'-CH

Ph2cD

Ph(C6D5)CH

Ph(C6H2D3)CH

Compound Ion

100

100

100

100

100

754

364

lTa

84

80

754

364

l7a

12

t3

HDH}HD
Loss of

2

1.5

2

1.01b

1.13b

0.70b

0.94d

C+H+ C4H2D2 C+Dq

0.5

0.2

0.3

0.1 6c

0.20e

0.15c

0.1 ge

c6HS c6H2D3 CODS

Table 3.3 Collisional Activation Mass Spectra of Ph2CH and labelled derivatives.

a 
Both H2 and D' = 2a.m.u. 

o-" 
An average of 10 individual scans.

o)
f\)

(7)

(8)

(e)

(1 0)

(11)

Compound

Ph2CH
1?

Ph2"CH

Ph2cD

Ph(C6D5)CH

Ph(C6H2D3)CH

Ion

0.2

0.2

0.1

0.05

0.05

0.05

0.05

C6H2D3ceHs coDs

Formation of
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The major fragmentations of Ph2õH are losses of H'and H2, and for Ph3C-

loss of H2. The loss of H2 presumably occurs through similar mechanisms in

both the diphenylmethane and triphenylmethane anion systems' The loss

involves two separate phenyl groups, however it is preceded or accompanied

by hydrogen scrambling within each phenyl group. lnterpretation of the data for

this process in the diphenyl methane system is complicated by the

accompanying loss of D' in some spectra. Exact isotope effect measurements

are not possible, however consideration of the data in Table 3.3 and Figures

3.0 to 3.5 shows that there is an H/D isotope effect of close to 3 operating for

this process. The exact mechanism for this process is not known, but whatever

the mechanism, it is likely that fluorenyl anions (gequation 10 , R = H or Ph) are

product ions of these reaction. There is no direct evidence for the formation of

these anions

(9) PhCR + Ph.
+ Hz (10)

Ph-..
c-Ph

{

aR

Ph

R

Ph

'ç- c-CH (12)

þ

(11) Ph + (PhCR)

Scheme 3.5

R
+ CaHa
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The loss of Ph. and PhCR are minor processes and occur in both systems (i.e.

from the diphenylmethane and triphenylmethane anions). These losses are

simple cleavage reactions and are illustrated in equations 9 and 11 (Scheme

3.5); in the case of the Ph3C- anion process 11 co-occurs with inter ring H

transfer (see later).

The characteristic fragmentation of Ph2öR systems (R = H or Ph) is loss of

CqH+.This reaction is specific; there is neither evidence of the benzylic carbon

inserting into a phenyt ring nor of intra or inter ring scrambling. Both Ph213CH-

and Ph.13C- eliminate C4H 4; Figure 3.4 shows specific losses of C4H4 and

C4D4,while Figure 3.5 shows specific loss of C4H2D2. lsotope effects H/D of

1.45 and 1.42 (correction made for statistical factors where appropriate) are

noted for respective losses of C4H 4 and C¿D+ from the ions Ph(C6D5)C-H

(Table 3.3) and Ph2(C6D5)C- (Figure 3.4) respectively. lt is proposed that this

fragmentation occurs through a Dewar benzene intermediate þ (Scheme 3.5,

R=H or Ph) and the overall reaction is illustrated in equation 72. Bowie and

Stringerll3 reported earlier the specific loss of C4H4 from PhS-, but at that

time offered no mechanism for the reaction because of the multitude of complex

decompositions noted for the PhS- system. lt is probable that this

decomposition of PhS- is directly analogous to that shown in equation 12.

Other fragmentations observed for Ph3C- give rise to peaks al mlz 167,

166, 165, 115 and 77 (see Figure 3.3) which are formed respectively by losses

of C4H4, C6HS', (COH¿ + C4H4) and ClgHlO. The spectrum of Ph313C- (see

legend to Figure 3.3) shows that no fragmentation involves insertion of 13C into
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a phenyl ring to effect carbon scrambling. All of these fragmentations are

interrelated: consider the loss of C6H6 (to form mlz 165) and the formation of

COHS- @1277). The complex nature of these reactions can be seen in Figures

3.4 and 3.5.

Ph3c - CeHe Phc(c6H4) ( 13)+

a

It is proposed that the loss of C6H6 forms the fluorenyl anion a and a possible

simplified mechanism is suggested in equation 13.|f Ph2(C6D5)C- loses only

COHO,C6H5D and C6HD5, then peaks at m/z 170, 169 and 165 would be

observed in figure 3.4. However peaks are observed at mlz 170, 169, 168, 166

and 165 corresponding to losses of C6H6, C6H5D, C6H4D2, C6H2D4 and

C6HD5. ln addition, figure 3.4 shows formation of C6H5-, C6H4D-, C6HD4-

and CODS-.There is therefore a process in which a single hydrogen

(deuterium) is being transferred from one ring to another. lt is suggested that

this occurs by the process shown in scheme 3.6.



þb

Ph2cD(c6D,

c z b

ll

Ph(c4D4H)CD(C6H4)

d ef

Scheme 3.6

lon A (Scheme 3.6) may transfer an orlho H+ or D+ to form þ and g; these ions

transfer H+ or D+ across rings to form f and ç[ each of which may form e.

Assuming statistical elimination, a 1 : 2 ralio of a to e gives the following ratios :-

C6H5-: COH¿D-: C6HD+-: C6DS- = 100:50:50:50, and mlz

165:166:168:169:170: = 15:20:20:100:26. Examination of Figure 3.4 shows a

rough correlation with these values, but there is an appreciable deuterium

isotope effect operating (e.9. see the abundances of mlz 166 and 170) making

a quantitative assessment difficult. A similar treatment for (C6H2DS)gC- (Figure

3.5) will give only mlz 170 and 171 if no intra ring H/D scrambling occurs. The

presence of mlz 169 (- C6HD5) shows that the loss of COHO from Ph3C-

involves both intra ring H scrambling as well as specific H transfer between

rings.

The minor loss of C6H5. from Ph3C- yields mlz 166 (Figure 3.3/, but the

data in figures 3.4 and 3.5 do not indicate whether this reaction occurs

following H scrambling. The loss of COH¿ from Ph3C- ís likely to involve H

transfer as shown in equation 14. However the positions of ring hydrogens
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remain intact during the loss of C6H4, as evidenced by specific /osses of C6D4

and C6H2D2 shown in figures 3.4 and 3.5 respectively. This indicates that the

intra ring H scrambling which co-occurs with C6H6 loss, is concomitant with

processes d + g (Scheme 3.3), not process A + g.

Ph2c Ph2cH(cóH4) Ph2CH + CoH¿ (14)

PhcH-c-cH + C+H+ (15)

Finally, the formation of CgHZ- (mlz 115, Figure 1) occurs by specific losses

of (C6H4 and C4H4). The sequence of this consecutive process is not known;

one possibility is shown in equation 15.

H

(
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CHAPTER 4

Collision lnduced Dissociat¡ons of some Organoborates and

[M-H+¡- Ions derived from Organoboranes.

4.1 lntroduction.

Organoboranesl24-126 are extremely versatile and useful reagents for the

synthesis of organic compounds. Surprisingly little is known about their

mechanism of operation and the knowledge of their negative ion gas phase

chemistry is sparse. A number of relationships exist between organoboranes

compounds and organic compounds. For example, i) tricoordinate organo-

boranes BRt are isoelectronic with the corresponding carbocations RrC+, and

ii) the electronegativity of boron127 has been estimated at 2.O,avalue which is

relatively close to that of carbon at 2.5.

B-X B-X

_ B-X B-X

Scheme 4.1

Perhaps the most useful feature of boron is the empty and readily

accessible p orbital, making boranes electrophílic or Lewis acidic in nature.

R

I

X_B-
R
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This Lewis acidity leads to boranes forming complexes with neutral or

negatively charged nucleophiles, and the formation of these complexes seems

to be a key step in most of the ionic reactions of boranesl24'128. Many other

compounds have vacant p orbitals and can form complexes with nucleophiles,

but what makes boranes unique in nature is the ability of the boron p orbital to

effectively participate in pn-pn bonding with adjacent p or spn (n = 1 ,2, 3)

orbitals or with other second row elements such as C, N, O and F.

This p,, - p¡ ovêrlap illustrated in Scheme 4.1 is crucial to the reactivity of

boranes in, i) allowing the stabilization of negative charges or radicals ato the

boron centre, and ii) facilitating the characteristic 1,2 migrations common to

organoboranes in condensed phase chemistry129-131.

The majority of gas phase investigations of ions derived from organo-

boranes have utilized conventional electron impact, and dealt mainly with

positive ions132-136. However, some aspects of the'gas phase negative ion

chemistry of boron hydrides and alkylboranes have been described. Rosen et

¿1137 observed the formation of negative ions from diborane (e.g. 82H6-' ârìd

B2H5-) in conventional mass spectra. Beauchampl3s-140 has investigated the

gas phase Lewis acidities of boranes by ion cyclotron resonance and observed

deuterium transfer (from DNO-'), fluoride transfer (from SF6-' and SF5-) and

the deprotonation of trimethylborane to form the ion Me2-B=CH2. Hayes et

¿1141,142 have used ion cyclotron resonance mass spectrometry and ab initio

calculations to investigate the reactions of alkoxides and mono solvated

alkoxides with alkylboranes and alkoxyboranes. Their results suggested the

mechanistic pathways shown in Scheme 4.2. lnitial approach of the

nucleophile can either, i) hydrogen bond to form ion complex a which readily
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converts to tetrahedral species b over a small activation barrier, or ii) results in

direct attack at the central boron to form þ. Intermediate þ generally lies some

200 kJ mol-1 lower in energy than g, and the direct pathway to b is the more

probable approach. lntermediate b decomposes principally to effect

nucleophilic displacement (equation l), but more complex reactions may also

occur. Attempts were made by Hayes141 1s verify the structure of the non

decomposing adducts observed in the ion cyclotron resonance mass

spectrometer (i.e. were they hydrogen bonded or tetrahedral adducts), however

these attempts failed to produce any experimental evidence for the structure of

the adducts.

MeO H Me

Hlc-n

MeO- + Me2BY
Y + Me2BOMe (1)

Me(])B-O + c2H6 Q)

Me

a

Y

Scheme 4.2

The aims of the studies reported in this chapter are as follows -

i) To investigate the characteristic collision induced dissociations of the

[M-U+¡- ion derived from trimethylborane.

ii) As has been previously stated the formation of tetrahedral borates is a

key step in the condensed phase reactions of nucleophiles with organo-

boranes, therefore it is important to ascertain whether the adduct observed in

Meo' j*
N/tre' b
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the ion cyclotron reaction of alkoxides with organoboranes and alkoxyboranes

is indeed tetrahedral as the solution phase counterparl would suggest, or

whether it is a hydrogen bonded structure.

iii) What are the 
"h"r".t.ristic 

fragmentation of these ions and other

adducts formed from the gas phase reactions of some nucleophiles with

organoboranes? ln particular are the characteristic migrations common to

organoborates in condensed phase chemistry observed in the gas phase?

4.2 Collision lnduced Dissociations of the [M-f¡+¡- lon derived

from Trimethylborane

Trimethylborane may react with HO- in a chemical ionization source to

produce two stabilized ions. The HO- ion may deprotonate the trimethyl-

borane to produce the precursor ion shown in equation 3 (Scheme 4.3), or

alternatively may attack the boron atom to plausibly produce an intermediate,

which decomposes to the precursor ion shown in equation 4 (Scheme 4.3, c.f.

Scheme 4.2). Collisional activation of these two ions show predominately loss

of H2 and CH4; the overall reactions are illustrated in equations 5-8 (Scheme

4.3). The collisional activation spectra derived from the product ions shown in

equations 3 and 4 are illustrated in Figures 4.1 and 42. The spectra of the

corresponding deuterated precursors (Table 4.1) conlirm that the major losses

of H2 and CH4 occur to form ions of atomic composition consistent with the

product ions structures shown in equations 5-8. The spectra also show that

deuterium isotope effects are operating for the various losses of H2 and CH4

(see Tabte 4.1). For example the spectrum of (CH3XCD3)E=O shows the loss

of cH3D and cD3H in a ratio of 1 :1.16, similarly the spectrum of
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(CH3XCD3)B=CH2 shows the loss of CH3D and CD3H in a ratio of 1 : 2.2.The

mechanisms of these reactions are likely to be similar to those of cognate

reactions of organophosphorusl43 and organosiliconl44 ions; these are

believed to be stepwise processes, with the first step involving formation of a

methyl anion complex, which then subsequently deprotonates acidic sites on

the neutral moiety.

HO- f ffICH2BMe2+ H2C-BMe2 + fLo (3)

MqB-O + cH¿ (4)

(s)

H

{¿HO- + Me3B

Me2B=CH2

Me28=O

Me

[n1cnr¡r- + Hr)-

[B(CHrt + cHo]-

[lcHr¡rno + Hr]-

ICH2BO + CHo]-

(6)

(7)

Scheme 4.3

(8)
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55

54

39 CH2ECH2

53

xl0

Figure 4.1 Collisional activation spectrum ol the anion Me2-B=CH2.

Mc
4t CH2BO

d=ct.t,
N4e

Mc

57

I

B=O
Me

56

5.5

Figure 4.2 Csllisional activation spectrum of the anion Me2E=O
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lon

Me(CD3)B=CH2

Me2B=CD,

CD3¡28=Ctl,

Me(CD3)E=O

H' D'/H2 HD DZ Me'CD3' CH4 MeD CD3H CD4

100 89 12 1.2 1.8 4.O

100 64 14

100 65 8 <1

50 29 24 25 29

= -139.02607 a.u

= t.23295Ã,

= 1.4569^

= 1.0295,Ä,

= 1,22.20370

5

2 91

1 1.2 3.8

Table 4.1 Collisional Activation Mass Spectra of the (M-t¡+¡- or (M-D+)- lons

Derived from Labelled Trimethylboranes

Attempts were made to confirm the structures of the product ions illustrated

in equation 5 - g using ab initio calculationst, and the results are shown in

formulae 4 to g. Geometries were optimized using GAUSSIAN 661a5 ¿1

RHF/6-31+G. level ; energies were calculated using additional Moeller -

Plesset corre¡"1¡o¡s146 (MP2) and genuíne minima were confirmed by

harmonic frequency analysis and by standard test of wavefunction stability by

release of the RHF constraint.

H. H
H-/g-¿'

\H
\--

,/

E : -103.04507 a.u

BC = l.ß45L
CH = 1.0820Å
BCH = 122.9295"

E

BO
BC

CH
BCH

4

I Medium level (4-31 G) calculations on these systems were performed by the

author; the final high level 6-31+G./MP2 calculations were performed by Dr J,C.

Sheldon (see acknowledgements).
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H2

H

I

CH-
\\
,y'
C

I
H

B"-'-'

H

C/
\H

H

E

BCr

BCz

CrHr
CzHz

czc
crBC2
BCIHl
BC2H2

H2C2BC1

= -142.2131 a.u.

= 1.4475 A.

= I.5777 L
= 1.0346 Ä.

= 1.0846 Å

= 1.5592 Ã

= 123.2724"

= 123.27240

= 121.6633"

= 76.2326o

-142.15996 a.u.

r.ss42 
^1.0860 Å

723.5845"

E

BC
CH
BCH

76

The loss of CH4 from deprotonated trimethylborane would be expected to

form an allene type struclure, ab initio calculations show that such an ion exists

in a stable state energy minimum, and the calculated structure of the bis

methyleneborane ion is shown in formula 4 ; the calculations also show that the

alternative configuration where the hydrogens are eclipsed is not stable. The

corresponding loss of CH4 from the borate ion Me26=O would be expected to

give the oxa analogue [CH2BO]- which is isoelectronic with ketene, and the

calculations suggest a structure 5 that reflects that resemblance. The spectrum

of the deprotonated trimethylborane shows the loss oÍ H2 as one of the main

peaks in the spectrum. The spectrum of the deuterium labelled derivative

suggests that the ion could have the structure [B(CHZ)g]-; if this ion exists it
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must have radical character and is thus of considerable theoretical interest. Ab

initio calculations were used in an attempt to elucidate the possible structures

of this ion;the results suggest that the trismethyleneborane species [B(CH2)3]-

does not adopt a singlet ground state in D3¡ or lower symmetry but on modest

distortion relaxes to the stable cycloborapropane ion O. The calculations show

that there is a D3¡ structure 7, but it is a triplet state lying 141 kJ mol-1 above 0.

The BC bond of 7 is calculated to be 1.544 A, a value intermediate between a

single (B-C, 1.63 - 1.66 Ä), and a double bond (B=C, 1.43 - 1.46). An analogous

situation pedains for the oxa ion [(CH2)2BO]-. The C2, ot C2 versions of this

ion do not give a stable state energy minimum, but relax to the cyclic species $.

The stable I(CH2)2BOl- structure is a triplet g, 314 kJ mol-1 in energy above g.

Calculations of the bonding in g indicates CB bonds (1.519 Å¡ witn appreciable

double bond character, whereas the BO bond (1 .478 

^) 
is essentially a single

bond.
H

H.

H

E=
BO=
BC=
CC=
CH=
OBC =
BCH :
HCBO =

-142.15996 a.u.

r.264r 
^1.59s0 Å

1.s807 Å
1.0861 Ä
150.29760

t24.g62g0
77.224to

E=
BO=
BC=
CHr =
cHz =
OBC =
BCH1 =
BCH2 =

-178.04867 a.u.

r.4784 Ã
1.s1S8 Å
1.0840.À

1.0g32.Ä.

118.5059"

724.96280

rzt.2t060

I 9
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4.3 The Structure of Non-decomposing Boron Adducts.

Ab initio calculationsl4l suggest that two stable species, A and þ(Scheme

4.2 page 70) may be formed when MeO- is allowed to react with Me2BY.

These two ions should fragment differently on collisional activation. ln order to

determine whether the non decomposing adducts formed were hydrogen

bonded or tetrahedral species a simple experiment was carried out. The

reactions of Me2BOCH3 with CD3O- and Me2BOCD3 with CH3O- were

carried out under identical conditions. Should the tetrahedral adduct 10 be

formed then it will be identical for both reactions, i.e. a tetrahedral species with

a C2 axis of symmetry.

Me,
.B*,/ \oc",

10

Thus in this case, the collisional activation spectra of the tetrahedral adducts

formed by the reactions (Me2BOCH3 with CD3O-) and (Me2BOCD3 with

CH3O-) should be identical. ln contrast, should a hydrogen bonded species be

formed, then the Me2BOCH3 /CD3O- reaction should form the ion l!_ and the

Me2BOCD3/CHSO- reaction should form ion 1 2. lons 1 1 and 12 should

produce different collisional activation spectra; 11 will competively form CD3O-

and lose CD3OH, while 12 will give MeO- and eliminate CH3OD
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Me

Me

H

H

Me

N4e

o- HC,/ B-Or- D

11 t2

lf Me2BOCH3/CD3O- gives a mixture of lO and 11 and Me2BOCD3/CH3O-

gives a mixture of 10 and 12. the composite spectra of the two systems again

should be different. The collisional activation spectra of the adducts

(Me2BOCH3/CD3O-) and (Me2BOCD3/CH3O-) are identical within experi-

mental error and the spectra are shown in Figure 4.3. ln a similar way the

collisional activation mass spectra of the product ions of (Me2BOEt / C2D5O-)

and (Me2BOC2D5 lC2H5O-) ions are identical within experimental error (see

Table 4.2). These results are consistent with the stable adducts having

tetrahedral geometry. ln this context is should be noted that the collisional

activation spectra of the two corresponding silicon adductslaT llrle3siOMe +

CD3O-) and (Me3S¡OCD3 + CH3O-) are different. Whether this is due to non

equilibration of equatorial and apical substituents in a trigonal - bypyramidal

intermediate or to the formation of ion complexes analogous to 1 1 and 12 is not

known. The important observation is that the two spectra are different, whereas

the spectra of the analogous boron ions are the same.

9cHg9cDs
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- cDjot-l
À'le2l3OCIJ3 + -OCD3

- cr,tsoD

H2CBO

MqBO

cHjo-

cDro-

- clJ.

- CD3OH

MqBOCQ + -OCH3 - CH3OD

H2CBO

Me2BO

cltro-

| ¡.o,o-
- clJ4

Figure 4.3 Collisional activation mass spectra of the adducts [Me2BOCH3 +

Iil
ilii
iill
II¡'

CD3O1 and [Me2BOCD3 + CH3OI



Table 4-2 Collisional Activation Mass Spectra of Organoborane plus alkoxide Adducts

(MeO)sB + MeO-, 138

(MeO)¡B + MeO-, 135

Et2BOEr + EtO-, 159

Me2BOC2D5 + EtO-, 136

Me2BOEt + C2D5O-, 136

Me2BOEt + EtO-, 131

MezBOMe + MeO-' 103

Adduct, m/z

115(CH2O)4,

89(MeOCD¡)6,

108(MeOH)11,

34((Meo)¡B)26,

107(MeOD)4, 106(CD3OH) 2,

31((MeO)zCD:OB)100.

92(MeOMe)8,

105(CHzO)21, 103(MeOH) 25, 89(MeOMe) 20, 3l((MeO)¡B) 100.

157 (H) 4,

45(Er2BOEr) 14.

129(C2Hel. l, 115(MeCHO) 9, 113(EIOH) 100, 85(EtOEÐ I,

135(H.) 3, 120(CFI4) 8 92 (CFI3CHO)7,

5O(MezBOEt) 9, 45(Me2BOCzDs) 13.

90 (EIOD) 100, 85 (C2D5OH)73,

135(H.) 3, 120(CFI4) 13,92 (CH3CHO)7,

5O(MezBOEt) 18, 4S(MezBOCzDs) 13.

90(EtOD) 100, 85(CzDsOH) 85,

130(H.) 21, 115(CH4) 4, 87(CH:CHO)7, 85(EIOH) 100, 45(MezBOEt) 8.

102 (H.) 4, 87 (CÉI4) 3, 73 (CHzO) 4, 7l (MeOH) 100,

41 (CH¿+MeOMe) 0.8 31 (MezBOMe)22.

57 (MeOMe) 0.6,

m/z (loss) abundance

oo
O
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4.4 Collision I nd u ced Disso ciation of Simple Alkoxide

Organoborate Adducts.

The collisional activation mass spectra of the product ions formed between

simple alkoxides and organoborates are recorded in Table 4.2 and illustrated

for a particular example in Figure 4.3. The general fragmentation behaviour

may be illustrated by reference to the ion tvte2ElOtvte)2; a summary of the

fragmentations of this ion are given in Scheme 4.4.

Me2BOMe + MeO (e)

OMe

MeO (Me2BOMe)

g

lvfe2B-=O + MeOMe (11)

OMe

d
+ CH2O (12)

H

MeOXlvIe)BO + C2H6

(13)

(A,IeO)2BCH¡+ CH4

(14)

Scheme 4.4

Most of the fragmentations shown in Scheme 4.4 have analogous reactions

in siliconl44 and phosphorus ions143. The analogous react¡ons in silicon and

phosphorus are considered to proceed via the intermediacy of ion complexes

although in some cases radical/radical anion complexes may be involved. As a

result the fragmentations of these simple alkoxide borates have been
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rationalized in terms of the intermediacy of ion complexes. lt is suggested that

all fragmentations shown in scheme 4.4 proceed through either ion complexes

c or d. The MeO- ion complex c is responsible for the major fragmentations; ion

c may dissociate directly to form MeO- (equation 9) or the MeO- may

deprotonate one of the methyl groups attached to the boron to effect elimination

of MeOH (equation l0), Secondary deuterium isotope effects H/D of 1.23 and

1.15 are observed for MeO- formation and MeOH loss (see Figure 4.3).The

MeO- ion may also effect an S¡2 reaction in which dimethyl ether is

eliminated: this process is represented in equation 71. The hydride transfer

reaction to give the borohydride anion (equation 12) is notable since this type

of reaction has not been observed before in gas phase boron chemistry. The

methoxide ion is known to be an ambident nucleophilic species in the gas

phase - it may transfer a hydride ion to a number of neutrals including

formaldehyde and sulphur dioxidego. ln this study the reaction becomes more

pronounced as the number of methoxy groups around the boron increases; in

the case of [(MeO)48]- loss of CH2O gives a peak of 21ï" abundance (Table

4.2).

The Me- anion of the ion complex d may deprotonate a methyl group

attached to the boron to give the product ion shown in equation 14.

Alternatively Me- may attack the methyl group of the methoxy substituent via an

S¡2 reaction to eliminate ethane and give the product ion shown in equation

13.



83

4.5 Colllslon lnduced Dlssociatlons of Negatlve Borate lons

formed from Bifunctional Alkoxide lons and Trimethylborane.

The occurrence of the hydride transfer reaction to trimethylboranes in the

collision induced dissociation of simple alkoxide/borane adducts (see section

4.4 page 82, 83), together with reports of migration reactionsl29-131 occurring

in condensed phase reactions of organoborate ions (e.9. equations l5 and

l6) has led us to consider the collisional activation spectra of adducts formed

between Me3B and some bifunctional alkoxide ions of the type -OCH2CH2X

(where X = F, HO, MeO, MeS and Me2N).

X

+X- 15

R

X

R

R:B +R,B + X- 16

X = halogen, N2, OSO2R, Me2S, etc

Scheme 4.5

The purpose of this phase of the investigation was to determine whether

migrations reactions from boron occur in the gas phase. Some most unusual

rearrangements do occur; some have been studied by deuterium labelling.

The borate adducts Me.-aOCH2CH2X (where X = F, HO, MeO, MeS and

MerN) undergo a number of standard reactions including the loss of CH¿,
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and the formation of the ions Me.BH, -OCH2CH2X, C2H3O-, Me2B=CH2 and

CaH40X-. The adducts also undergo some gas phase reactions not

observed before in boron chemistry such as the formation of MerBX and the

loss of XMe and XH. The collisional activation spectra of these borate anions

are record ed in Tables 4.3, 4.4, 4.5, and a typical spectrum is shown in Figure

4.4. Some of the rearrangements are studied fudher by recourse to the

spectra of adducts [Me3B + -O(CH2)¡X] (n=3-5) (see Table 4.3-4.4).

r40

[(cD,),B + -oCH.cH.oMelt' I

(cD3)28=

ó3

MeOCH2CH20-

75

- MeOH

- CD¡

roB
- cH3D

(cD3)3BH
t2C

t23

c2H30-
tol

cH30-
JI

66
(MeOCD3)

Figure 4.4: Collisional activation mass spectrum of the adduct derived from

the reaction of the anion MeOCH2CH2O- with Me3B.

.o,l_

43



Table 4.3: Collisional Activation Mass Spectra of the Adducts formed from the Reactions of Me3llB and
MeO(CH2)no- (n -2 ro 5) and Labelled Derivatives.

MeOCHzCI]¿O-

MeOCHzCDzO-

CD¡OCHzCHzO-

MeOCH2CHzO-

MeOCHzCDzO-

CD3OCH2CHzO-

MeO(CHz)¡O-

MeO(CHÐ2CD2ù

MeO(CHz)¡O-

MeO(CHzÞCDzO-

MeO(CHz)¿ù

MeO(CHz)sO-

Alkoxide

Me3B

Me3B

MqB

(CD¡)¡B

(CD¡)¡B

(CD¡)¡B

Me3B

Me3B

(CDs)¡B

(CD3)3B

Me3B

Me3B

Borane

9

6

2l

20

52

32

26

30

46

27

36

11 24

48

44

l8

2t

79

47

3t

2l

18

50

38

30

614

199

16

t3

24

2t
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2

0.s

I
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9

)

8
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4

Ĵ

3
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Table 4.3: continued

MeOCH2CH2O-

MeOCH2CD20-

CD3OCH2CH2O-

MeOCH2CH2O-

CD3OCH2CH2O-

McOCHzCDzO-

CH¡O(CHz)¡O-

MeO(CHz)zCDzO-

CH¡O(CHÐ:O-

McO(CH)2CD20-

McO(CH2)aO-

MeO(CHÐsO-

MeOCMe)rCHrO-

Alkoxide

[X(CHdnO ì

MEB

Me¡B

MeB

(cÞ)¡B

(CD¡)¡B

(CD¡):B

MEB

Me¡B

(CD¡)¡B

(CD3)3B

MEB

MEB

MerB

Borane

58

45

42

88

82

68

76

78

100

100

28

l6

100

100

100

100

100

100

100

100

100

98

100

100

100

27

ú=LÌ'12 (UlÌ)2ö=UD,

9

6

9

9

9

6

8

6

7

t2

l3

ll

2

2

2

6

3

)

I
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2

4

3

3

5

6

6

6

8

7
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Table 4.4: Collisional Activation Mass Spectra of Adducts formed by the Reactions of Me3llB with

XCHzCH1O- (X = NMe2 or SMe) and Labelled Derivatives.

@
{

Me2NCH2CHzO-

Me2NCH2CDzO-

CD3)2NCH2CH2O-

MezNCHzCHzO-

MezN(CHrgO-

MeSCH2CHzO-

CD3SCH2CHzO-

MeSCHzCDzO-

MeSCH2CH2O-

X(CHz)nO-

Alkoxide

Me3B

Me3B

Me3B

(CD3)38

Me3B

Me3B

Me3B

Me3B

(Coj¡rg

Borane

66

84

78

32

80

23

10

3l

11

38

16 25

8

5

CH¿ CH3D CDIH CD¿

Loss of

22

6

29

24

24

47

l8

10

30

34

XH XD

7

2

3

a

XMe XCD:

a = 91 rì..rn.rì. = loss of MeSCD¡ = formation of MeSCFI2CH2O-



Table 4.4: continued

Me2NCH2CH2O-

Me2NCH2CD20-

CD:)zNCHzCHzO-

MezNCHzCHzO-

Me2N(CH2)3O-

MeSCHzCHzO-

CDgSCHzCHzO-

MeSCH2CþO-

M

Alkoxide
(X(CHÐnO- = ROJ

Me3B

Me3B

Me3B

Me3B

Me3B

Me3B

Me¡B

Borane

72

73

84

100

100

100

100

100

100

13

9

l6

l6

2l

I

r4

6

r6

8

8

6

22

24

48

96

100

55

45

45

100

100

r00

1

I

5

3

9

6

5

5
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Table4.5: CollisionalActivationMassSpectraof Adductsformedinreactionsof Me3llB and XCHzCHzO-(X

= HO or F) and Labelled Derivatives.

a 109 a.m.u. = loss of CD¿ - loss of FIF.

b 107 a.m.u. = loss of CD¡H = loss of HOD

@
(o

HOCH2CH2O-

DOCHzCHzO-

HOCH2CH2O-

FCHzCHzO-

FCHzCDzO-

FCHTCHTO-

Alkoxide

XCHzCHzO-

Me3B

Me3B

(CD3)38

Me3B

Me3B

(CDr)rB

Borane

RrB

50

t6 28

75

24

38

6 t3a

CH¿ CH3D CD3H CD¿

Loss of

XH XD CzH¿O CHzCDzO (R3B + H2) ß¡B + HD)

8

6

28

3

1

6a

b

I

l3

9

ll
15

10

4

8

9

t2

l5

J

0.5

4



Table 4.5 continued

a =63 a.m.u. = formation of FCH2CHzO- - formation of (CD¡)ZBCDZ'

HOCHzCHzO-

DOCHzCHzO-

HOCHzCHzO-

FCH2CFI2O-

FCHzCDzO-

FCHzCHzO-

Alkoxide

XCHzCHzO-

MqB

MegB

(CD¡)¡B

Me3B

Me3B

(CDr)rB

Borane

100

100

100

9tì

82

10G

t2
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28

r00
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100â

.Me¡)ZtsCHZ ICDÐztivt,r,

1 Ĵ

1 2

ll
24

24

1 9

I

2

0

1

I

I

2

J
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6
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6
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4.5.1 The losses of CH¿ and Me3 B, and the f ormation of

XCH2CHzO-, MerB-CH, and CaH4OX-.

The formation of ions XCH 2CH2O-, Me2E=CH 2 and Me3EH and the

loss of CH4 are standard reactions of organoborates adducts and are

observed for all species listed in Tables 4.3 - 4.5. The mechanisms for the

formation of XCH2CH2O- and Me3EH, and for the loss of CH4are

analogous to those summarized in equations 9, 12 and 14 (scheme 4.4 page

81).

Me
\_

\,b/Ì-o(cHt2oH
Me

(*"- [naqnoqcHt2oH])

Me2BOCH2CH2O- + CHa I7

[MerB + -ocH2cH2xl- + + (MerB + XH) 18

Scheme 4.6

The major loss of methane from the adduct (HocH2cH2o- + BMe3)

does not occur by the standard mechanism. The loss involves elimination of a

boron methyl group together with the hydrogen on the hydroxy substituent.

The reaction is illustrated in equation 17 (Scheme 4.6). The formation of

C2HgO- is a minor reaction; the formation of this ion involves loss of Me3B, a

hydrogen from C1, and the X substituent. This ion is likely to correspond to
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the acetaldehyde enolate anion. The overall reaction is suggested in

equation 18 (Scheme 4.6), but the intimate mechanism is not known,

The formation of the ion corresponding to CaH4OX- is related to the 1,2

stepwise loss of H2 from alkoxides87,91,97' deuterium labelling indicates that

the adduct loses hydrogen atoms from the C1 and C2 positions of the

alkoxide. A possible mechanism is shownin equation 19.

-----'+

o
\

H

c_cH
\

+ Me3B + H, l-9.

X

x-

The formation of Me2E=CH2 ma! occur by a different mechanism in

binucleophilic systems compared to the simpler alkoxide/borane systems

The formation of Me2B=CH2 in the simpler alkoxides/borane systems is a

minor process. ln contrast, it is the base peak in the spectra of these systems

(with the exception of when X = MeS or HO). lt is suggested that the

binucleophilic species examined in this study may form two alternative

adducts on reaction with organoboranes, these two possible adäucts are

shown in A and þ(Scheme 4.4. Adduct a may decompose to Me2B=CH2 by

a standard process (scheme 4.4 page 8l). Alternatively the formation of

Me2B=cH2 may occur through adduct b, which may undergo an intra-

molecular elimination of XCH2CH2OH to form Me2E=CH 2 @quation 20

Scheme 4.1
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Me

--g-OCHzCHzXM{/
Me

a

Me

o-"r." + XCH2CH2OH 20
rvLL2+

Me

Me

Scheme 4.7

4.5.2 The Losses of XH and XMe and Formation of X- and Me3EX

(X=F, HO, MeO, MeS and Me2N).

The formation of MegÊX is a minor reaction, but it has an interesting

mechanism and occurs exclus¡vely for the systems X = HO and F). There are

two possible mechanisms by which this ion may be formed; these are

illustrated in equations 21 and 22. Since both mechanisms ¡nvolve the

formation of ethylene oxide and Me3ÉX, it is not possible to distinguish

between them

t\
Me3B (XCnrCHzO-) Me3BX + (2r)
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o

/\ (22)+ MgBX +

Scheme 4.8

All adducts studied (with the exception of the system where X = NMe2)

show the loss of XH, XMe and the formation of X-; for example the spectrum

of Me3BOCH2CH2OMe (Figure 4.4, page 84) shows the loss of MeOH,

MeOMe and the formation of MeO-. For ease of representation and

understanding, the discussion of the fragmentations and their mechanisms

will be limited to X = MeO, although the mechanisms proposed apply to all

systems unlesg othenryise stated.

Deuterium labelling indicates that the main loss of MeOH occurs with

loss of the terminal methoxyl group and a hydrogen at C1 of the alkoxy group.

However there is a minor loss of MeOH which involves the loss of a hydrogen

from a boron methyl group. There are two plausible rationales for these

reactions: i) where a methyl group attached to the boron migrates lo C2 of the

alkoxy group displacing MeO-; the MeO- may then deprotonate competitively

at two sites (equations 23 and 24 Scheme 4.9), and ii) a "remote"

fragmentat¡s¡148-150 to produce MeO-, followed by competitive

deprotonalion (equations 25 and 26 Scheme 4.9).
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+ MeoH Q3)

Me
g

ve-d \c"
I + MeoH (24)

Me .CHz
Me
b

o-a",
I

cH2

Qorra"

(#þ("'
\Me

Me. -O-
.,'3Bt -cH
ivrez I ll + MeoH (25)

Me CHz

ç

CHz
I

CHz
+

+ MeoH Q6)

Scheme 4.9

Remote fragmentationsl4S-150 arc a matter of some conjecture. They

could however operate in these cases since:-

i) The ions being examined in this study carry no "formal" charge i.e. the

"extra electrons" are not available for a typical "push pull" mechanism (in

simple valence bond terms) since they are involved in a formal bond to the

boron.

ii) As the carbon chain of the alkoxide is increased only a small decrease

in the the amount of MeOH lost is observed e.g. loss of MeOH from the ion

MeO(CH2)2OBMe3 is 38 % of the base peak, while loss of MeOH from the

ion MeO(CH2)SOEMe3 is 13 "/" of the base peak (Tabte 4.3). ln addition,

substitution at the C2 oÍ the alkoxy such that C2 becomes a tertiary centre has
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l¡ttle effect on the loss of MeOH, e.g. loss of MeOH from the ion

MeO(CH2¡2OAUe3 is 38 % of the base peak, while loss of MeOH from the

ion MeO(CMe2)CH2OEtvte3 is 24 "/" of the base peak (Table 4.3). ll would be

expected that a migration led reaction would be severely discriminated

against by lengthening of the carbon chain andlor steric hindrance at C2 of

the alkoxide group.

The migration reaction should produce the product ions a and b

(Scheme 4.g), whereas the remote fragmentation mechanism would produce

the two ions c and d.

10

ln order to determine conclusively that a migration led reaction was not

involved in this mechanism, it was proposed to study the spectrum of an

adduct formed between an alkoxide and a cyclic borane adduct (e.9. 10). The

rigid structure of the cyclic borane would not allow the migration mechanism

shown in equations 23 and 24, but should allow the remote fragmentation

mechanism (equations 25 and 26). Unfortunately, attempts to synthesise an

appropriate cyclic borane failed, and the debate as to the mechanism is

unresolved.

The loss of XMe is a minor reaction and is observed for all systems

except when of X = NMe2 or F. The loss involves a methyl group attached to

the boron together with the substituent X. The mechanism shown in equation



97

27 is suggested for this process. lt is not known why X = NMe2 and F

substituents fail to parlicipate in this process. The formation of X- occurs for

all systems with the exception of X = NMez. Perhaps the mechanism is of the

typethat occurs in condensed phase chemistry (see equation 15 Scheme 4'5

page 83) but this seems unlikely since extension of the carbon chain of the

alkoxide does not detrimentally effect production of X-e.g., the abundance of

the peak corresponding to formation of MeO- from adducts (MeO(CH2)2O- +

Me.B) and (MeO(CH2)'O- + Me3B) are 1 and 7"/" respectively; a migration

mechanism of the type illustrated in equation 15 (scheme 4-5) would be

expected to discriminate against formation of X- from longer chain alkoxides.

MqBOCH2CH2X

a\
Me3BOCH¡CH¡-X 

-
Me-B-OCH'CH""ftj.

o
+ XùIe (21)

* Me2BOCH2CH2Me (28)

+X-

MøB-

I

IJIC-CHz

X-

Scheme 4.10

There are two other losses of methane observed in the spectra of adducts
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from (XCH2CH20- and Me3B); both involve X substituents that have a

methyl group (e.g X = MeS, MeO and Me2N). The first involves elimination of

a methyl attached to the sulphur, nitrogen or oxygen together with a hydrogen

from a boron methyl. A remote fragmentation mechanism is suggested and

illustrated in equation 29. The other loss of methane occurs exclusively for the

X = NMe2 system and involves a methyl group on the amine substituent

together with a hydrogen from the other methyl group on the amine

substituent. A suggested mechanism for this process is shown in equation 30.

Me_B_ OCH2CH2A-Me

-zO-'(CHr)'

I

*.-N-*"

Me

Me

Me

Me

Me

Me-
H2

"/
a\

o

(

(2e)cH++
CH"

t-
CH2

I

B

I

Me_

-

Me

Me-B

(A = NMe, O and S)

Me

---O-.(cFIr)r

l-- +CHa (30)

Nç
cHz

Scheme 4.11



Table 4.6: collisional Activation Mass Spectra of the Adducts formed by the Reaction of Me3ltB *ith some Enolate

Anions.

Substrate

(CD3)3B

MqB

Me3B

Me3B

Me3B

Me:B

Me3B

(CD¡)¡B

MerB

MerB

M B

Reacting ion

:Nu

-CDzCHO

-CD2CHO

- CD2CDO

-CHzCOMe

gtõHcoPr

-CH2CN

-CHzCN

-CDzCN

-CH2SOMe

-CD2SOCD3

o

t2

152
132

8

11

1

7

4

85
35
32

5

J

_1

4

4

65

13
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12

10

9

2

9

2

1

0

1

J

2

J

4

3

4

1

4

4

2

Loss of

H cD+ cH2co MerB (CD3)jBH'D' cH¿ cHsD CD2C0 NuH NuD

100

100

100

100

100

100

100

100

100

100

100
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4.6 Gas Phase Reactions of Enolate Negative Ions with

Trimethylborane

ln the preceding section it was suggested that functional alkoxide ions

could act as ambident nucleophiles towards boranes, i.e. the reaction

between e.g. MeOCH2CH2O- and Me3B could form two adducts

trle3EocH2cH2oMe and Me3e-ð1tr¡c H2CH2}-. tn this secrion we

explore this possibility further by examining the ion chemistry of adducts

formed by the reaction of Me3B with enolate ions, i.e. nucleophiles which

would be expected to be ambident in their reactions with boranes.

All the negative enolate ions examined in this study reacted with

trimethylborane to produce collisionally stabilized adducts; the collisional

activation mass spectra of these ions are shown in Tables 4.6 and 4.8, or

Figures 4.5 or 4.6.

4.6.1 Simple Enolate lons

Simple enolate anions may form two different tetrahedral adducts on

reaction with trimethylborane. ln order to investigate this possibility from a

theoretical viewpoinl, ab initio calculations (3-21G and 4-31G-/13-21G) have

been used on the simplest model system, i.e. HgB/(CH2CHO)-. The

calculations suggest that two possible tetrahedral adducts A and B (Table

4.7) are stable local minima; A is marginally more stable than B by only 4 kJ

mol-1 at the 4-31G. level.



Table 4.7: Geometries and Energies of Stable Adducts from H3B/(CH2CHO)
(4-3rG*//3-2rG).

B

\

/
H7

H2

H+t 4'T

Hro

H

B

-178.58270 a.u. (4-31G*)

A

-178.58412 a.u. (4-3tC*¡

t-2
L-3

1-4

1-5

5-6
6-7

6-8

8-9

8-10

109.60

109.9

109.9

119.0

7t5.7
126.0

121.1

120.4

179.8

180.1

180.0

109.30

109.2

tt}.2
7t0.7
112.4

ttz.t
r07.6
r28.1

117.7

110.9

181.8

r.22 

^1.23

7.24

t.54
1.30

1.08

r.33
r.07
L.O7

2-r-5
3- 1-5

3- 1-5

1-5-6

5-6-7

s-6-8
6-8-9

6-8-10

6-5-7-2
8-6-5-1

7-6-5-8

r-2 r.n L
1-3 r.24
7-4 1.23

1-5 t.69
5-6 1.09

5-7 1.09

5-8 1.48

8-9 1.10

8-10 1.20

2-1-5

3-1-5

4-t-5
1-5-8

5-8-9

6-5-8

7-5-8

5-8-10

8-5-1-2

10-6-5-1

9-8-5-10

The collisional activation mass spectrum of the adduct(s) formed between

Me3B and deprotonated acetaldehyde is shown in Figure 4.s. The

interpretation of this spectrum is aided by those of a variety of deuterium

labelled derivatives (Table 4.6). Fragmentations are summarized in equations

31 lo 37 (Scheme 4.12 and 4.13).

01

YO
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MeaB r- CH2CHO

43 (CH
2O-io )-

(Me D-lt1

99

a2 l_a H,)
4

2 ¿

\
55 57(MeaBH)

(x 20)

E. Volts

Figure 4.5: Collisional activation mass spectrum of the adduct(s) derived

f rom the reaction of trimethylborane(1 1B) with the

acetaldehyde enolate anion.

The major fragmentation of the -(CHTCHO)/MeaB adduct is dissociation

of the adduct to yield the acetaldehyde enolate ion (equation 31) - analogous

fragmentations occur for all enolate systems. This fragmentation is

represented as occurring from either of the adducts A or þ. through the

intermediate ion complex g. Two other minor reactions may also proceed

through c, viz. deprotonation to Me2E=cH 2 (mlz 55) (equation 32), and the
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interesting hydride ion transfer reaction to form Me3BH- (equation 33). The

formation of Me2B=CH2 ma/ also occur through the alternative six centred

mechanism shown in equation 34, this mechanism leads to identical products

as that 'trom equation 32 and cannot be discounted. Elimination of methane is

a standard reaction of Me3En adducts [see section 4.4 (page 82) and

a.5.1(page 91)1. ln this case, labelling studies (Table 4.6) indicate competitive

elimination of both methyl and methylene protons. These reactions are

believed to proceed through ion complexes and the three reactions shown in

equations 35to 3Zseems most likely, the major process being deprotonation

of the methylene protons as shown in equation 35.

Fragmentations of all other species shown in Table 4.6 are directly

analogous to those described in section 4.4 (pages 82 and 83).

Me3BCH2CHO 

-
a

MqBOCH CItz-
h

o
\..-

(tvte3B) rç'-ç¡1
,/

H
g

(CH2CHo)- + Me3B (31)

- 
Me2B-CHz + CH3CHO (32)

\
Me3BH + CH2CO (33)

-CHz + CH3CHO (34)

Scheme 4.12
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Me3BCH2CHO [Me- (Me2BCH2CHO)] Me2BCHCHO

+ CH4
(35)

CH2(Me)BCH2CHO + CH+

Me3BOCHzCHz 
- 

[tute-(uqnOCH-Cnz)] 
- 

CH2(Me)BOCH-CH2 Q7)

+ CH¿

Scheme 4.13

73(cHrcorMe )

(36)

MeaB + CH2CO2Me
I

I

4t(H c2o- )

87 (-CH2CO )

il3

( MerB=CH, )

55

(x 20) lx 20)

E Vol ts

Figure 4.6: Collisional activation mass spectrum of the adduct(s) formed

between the reaction of trimethylborane(118) and the methyl

acetate enolate anion.

l-cH¿)
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4.6.2 Enolates from Alkyl Acetates

The collisional activation mass spectrum of the adduct derived from the

reaction of trimethylborane and deprotonated methyl acetate is shown in Figure

4.6. The spectra of deuterium labelled derivatives of this system are listed in

Table 4.8, along with the spectra of the adducts of Me3B and other

deprotonated alkyl acetates. The spectra show losses of CH4, CH2CO, and

Me3B and formation of the anions Me2ECH2 and HC2O-.

Ester enolates may act as ambident nucleophiles and hence produce

more than one adduct on reaction with Me3B; however in addition to the

possible formation of the two adducts A and þ(scheme 4.14), there is also the

possibility of a third adduct c being formed. The possible formation of these

isomeric parent ions makes the interpretation of some fragmentations difficult,

CHz

il*"r"-É\o*
o
ilt*B ._c-c-o*

H2

ba

o
li

Me3B-

c

Scheme 4,14



Table 4.8: Collisional Activation Spectra of Adducts Formed between Me3llB and Alkyl Acetate Enolate Anions

MerB

MerB

MerB

cD3)3B

MerB

MerB

MerB

MerB

McrB

MerB

Subst¡ate

-cDrcorMe

-cD2co2ú3

-CDrCOrMc

-cDrcorEt

-cDzco2P.

-CDtCOrisoPr

-cDrcorBu

-CDrCOrtert Bu

-cD2co2cH2Ph

Reacting ion

=Nu
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2

3

1

5

3

4

1

I

I

Loss of

cH4 cH3D CD3H CD4 CH2CO OZOHD NuH NuD MerB (CD3)38

I

I

J

r.5

1.5

2.5 r

3
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2
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62 I

60 1
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78

28
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8

3

9

1

I

0.5

0.5
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r00

r00
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100

2
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3

2

3

6

7

5

4

I
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HC2O- DC2O-

J

o
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The losses of CH4 and Me3B are directly comparable to the analogous

reactions occurring in the aldehyde enolate systems (schemes 4.12 and 4.13,

pages 103,104). The formation of Me2BCH2 ma! occur through an inter-

mediate ion complex analogoustothat in equation 31 (scheme 4.12 page 103);

however the reaction may also proceed through six centre transition states

such as those outlined in equations 38lo 40. The data available does not allow

us to distinguish between these mechanisms.

H.
H"C< LEH""l) I '
'"0V.\o

",1i" (?t
M'¿Ç/"-o*"

H2

H
H"C< ( C]H"'l) rll L

o

cHr-c-oMe + MqB:CHz 38

OH

I

Hrç=\oMe * MqB:Qt{z 39

o

+ M%B:CHz 40
OMe

The pronounced loss of ketene and the formation of HC2O- are not

observed in systems listed in Table 4.6. These fragmentations are observed for

all the alkyl acetates studied (Table 4.8). The most plausible mechanisms for

the loss of ketene are those illustrated in Scheme 4.15

t"4Ç.-"-or" \CHí
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Scheme 4.15

The abundance ratios for peaks arising from the loss of ketene are dependant

upon the nature of the alkoxy group, i.e. MeO > EtO > PrO > iso PrO = BuO >

tBuO; this order approximates the relative acidities of the analogous alcohols

pg¡1193. This observation is not inconsistent with the formation and

decomposition oÍ a (Scheme 4.15), but the other possibilities cannot be

excluded on available data.

Finally the formation of HC2O- (Figure 4.6 and Table 4.8) is not easily

explained. There is no apparent correlation of the abundance of the peak

corresponding to H2CO- with the "migratory aptitude" of RO (Table 4.8).

However, a possible mechanism may involve the disolvated alkoxide

intermediate þ shown in equation 42.
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Ghapter 5

Conclusion

Proton abstraction from 3-ethylpentan-2-one yields two enolate anions,

both of which may be identified by characteristic fragmentations. Double

isotope fractionation experiments have been successfully employed to

elucidate the stepwise mechanism for the loss of methane from deprotonated

3-ethylpentan-2-one. The questions raised about the fragmentations of

3,3-dimethylheptan-4-one have been answered, namely: i) the loss of czï¿

is the major collision induced dissociation of the 3,3-dimethylheptan-4-one

enolate anion, the six centred mechanism proposed for this fragmentation is

shown in Scheme 2.11 (a) page 45. However if there is a CD3 group at

position 1, a deuterium isotope effect discriminates against the reaction 2.11

(a) such that a second reaction 2.11 (b) is observed. (¡¡) The enolate ion of

3,3-dimethylheptan-4-one cannot eliminate CH4 by a standard process (see

equation 7 page 28), instead three alternative losses of methane are

observed (equations 11to 13 page 47¡.

The study of the collision induced dissociation of some aromatic anions

has answered the questions raised in the introduction of chapter 3, namely: i)

the characteristic fragmentation of enõet2 is B cleavage to the anion site to

form {Me- [en1et¡c=cHz] ] which then undergoes a number of subsequent

reactions including deprotonation and elimination, ii) phenyl substituted

benzyl anions elíminate C4H4: Ph3C-, in addition also loses CeHe.

iii) examples have been discovered where fragmentation of aromatic systems

occur with the hydrogen skeleton of the ion remaining intact, e.g. losses of
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C+H+ and C6H4 from Ph3C-. ln contrast there are slow processes which

involve both inter-ring H transfer and intra-ring H scrambling , e.g. loss of

COHO from Ph3C-.

Deuterium labelling has shown that the non decomposing adduct formed

from the reaction of Me2BOR and RO- (R - Me, Et) in the gas phase is likely

to have a tetrahedral geometry. The collision induced fragmentations of this

ion may be explained through the intermediacy of ion complexes. An

interesting hydride transfer from the alkoxide to the borane occurs in these

systems. This is illustrated in equation 12 (page 81);this is the first time this

type of reaction has been observed in gas phase boron chemistry.

The reaction of alkoxides of the type XCH2CH2O- with Me.B (X = Me2N,

MeS, MeO, F and HO) produces non decomposing adducts in the source of

the mass spectrometer, it has been suggested that this reaction may form two

isomeric adducts, viz: Me.6ocH2OH'X and l,,rr".ãfcH zcH,zo-. Collisonal

activation of these adducts leads to some novel rearrangements; it has been

suggested that some of these fragmentations óccur through "remote"

fragmentation mechanisms (scheme 4.9,4.10 and 4.11, pages gS, 97, gB

respectively).
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Chapter 6

Experimental

9.1 General

Collisional activation (CA) mass spectra were recorded on a VG ZAB

2HF mass spectrometer operating in the chemical ionization mode. All slits

were fully open to obtain maximum sensitivity and to minimize energy

resolution effects151. The chemical ionization slit was used in the ion source;

ionizing energy was 100 eV (tungsten filament), ion source temperature

150oC, accelerating voltage -8 kV. Anions of compounds and their labelled

derivatives were generated by H* abstraction with HO- (or H- or O-'¡, D+

abstraction with DO- (or D- or O-'), or from the complexing with alkoxides

(RO-). Reactant ions were generated from H2O, D2Q^ or ROH introduced

through the septum inlet. Solid samples were introduced via a heated direct

inlet probe, gases and low boiling point liquids (. 30") were introduced

through a gas inlet, and all other liquid samples were introduced through the

heated septum inlet. The indicated source ion gauge pressure (of reactant

gas) was typically 5 x 10-6 Torr, the pressure of the substrate was 2 x 10-6

Torr and the estimated total pressure within the ion source was 1 O-2 Torr.

The pressure of He in the second field free collision cell was 2 x 10-7 Torr,

measured by an ion gauge situated between the electric sector and the

second collision cell. This produced a decrease in the main beam of c.a. 10%

and corresponds to essentially single collision conditionslS2. 1¡s same

pressure was used in the first collision cell for linked scan experiments. CA

mass spectra were measured with He in the second cell and by scanning the

electric sector. CA linked scan mass spectra were measured with He in the
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first collision cell and by simultaneously scanning (E/B = constant) the

magnetic and electric sectors.

lsotope effects listed in the text were determined by comparing the peak

areas of the appropriate dissociations in each spectrum: listed values arc a

mean of ten individual measurements. Peak widths at half height are also a

mean of ten individual measurements.

Routine positive ion mass spectra were recorded with an AEI MS 3074

double sector mass spectrometer operating at an electron energy of 70 eV.

The samples were introduced into the ion source by a direct insertion probe.

lnfrared spectra were recorded on a Jasco A-1 02 inlrared spectrophotometer

as a nujol mull or as a liquid film. The 1602 cm-1 peak of polystyrene was

used as a standard. Proton nuclear magnetic resonance spectra were

recorded on either a Jeol PMX-60 spectrometer, a Varian T-60 operating at

60 MHz, or a Bruker WP-80 spectrometer operating at 80 MHz. All n.m.r.

spectra were obtained in deuterochloroform using tetramethylsilane as an

internal standard. Data are given in the following order; chemical shift (0) in

p.p.m., relative intensity indicating the number of protons, and multiplicity.

Abbreviations s=singlet; d=doublet; t=triplet; q=quartet; m=multiplet; b=broad.

Melting points were determined using a Kofler hot-stage melting point

apparatus and are uncorrected. All solvents were of analytical grade or were

purified according to standard proceduresl53 before use. Petroleum ether

refers to petroleum ether boiling point in the range 60-70oC. Solvent

removed in vacuo refers to removal of solvent using a Buchi Rotavap

operating at water aspirator pressure.
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9.2 Labelled Compounds.

The identity and incorporation of labelled compounds was routinely

checked by positive ion mass spectrometry and proton n.m.r.. The following

isotopically labelled compounds were commercially available and used

without fufiher purification: deuterium gas, deuterium oxide (> 99% atom,

AINSE), iodomethane-d3 (>99% atom, Aldrich), bromobenzene-d5 Þ99%

atom, Aldrich), methanol-d1 (>99% atom, Aldrich), methanol-d4þ99% atom,

Aldrich), acetic acid-d4 (> 99% atom, Service des molécule Marquées

France), lithium aluminium hydride-d 4 Q98% atom, Aldrich), ethanol-d6

(>99% atom, Merck, Sharp and Dohme.), 1-iodoethane-1-13C 1OeZ. atom),

1 -iodoetha ne-2-13C loaf ato m), benzoic acid-carboxy-1 s" (60% ato m).

The following labelled compounds were prepared by standard methods:

ethan-1 -ol-2,2,2-d3154, ethan-1 -ol-1 ,1 -dr155, 1-iodoethane-1 ,1 -dr15o,

1-iodoethane-2,2,2-d3156, 1-iodoethane-1,1,2,2,2-dg156,

bromoben zene-2,4,6-dr157, acetaldehyde-d4158, acetaldehyde-2,2,2-dr15s,

methyl acetate-1 ,1 ,1-d3160, and methyl-d3 acetate161. These compounds

were distilled before use.

9.3 Synthesis of Compounds Described in Chaptet 2.

3- Ethylpentan-2-one

(i) Ethyl a-ethylacetoacetate

Potassium t-butoxide (11.2 g, 0.1 mol) was dissolved in anhydrous

ferf-butanol (100m1). Ethyl acetoacetate (139, 0.1mol) was added dropwise
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over a period of 10 min., and the solution allowed to stir for a further 15 min at

25oC. lodoethane (0.1 mol,8 ml) was added dropwise over 10 min., and the

mixture heated under reflux for 3 hours. The ferf-butanol was distilled off, water

(50 ml) added, and the solution extracted with diethyl ether (2 x 40 ml). The

combined organic phases were washed with water (25 ml), aqueous sodium

chloride (saturated, 25 ml) and dried (Na2SOa). The solvent was removed in

vacuo and the crude product distilled to yield ethyl cr-ethylacetoacetate. b.p.

95"C/18 mm Hg (Lit162 :189"1743 mm Hg), [1 2.1 g,76"/"1,

1H NMR: õ4.2,2H, s; 3.4, 1H, t; 2.15 3H, t; 1.g5, 2H, m; 1.35, 3H, t; O.g5 3H, t.

(ii) Ethyl a,a-diethylacetoacetate

Potassium t-butoxide (O.72 g, 6.4 mmol) was dissolved in anhydrous

ferf-butanol (8 ml), ethyl cr-ethylacetoacetate (1 g, 6.4 mmol) was added

dropwise over a period of 10 min., and the solution allowed to stir for 15 min at

25'C. lodoethane (6.4 mmol, 0.5 ml) was added dropwise over 10 min., and the

mixture was heated under reflux for 3 hours. The ferf-butanol was distilled off,

water (30 ml) added, and the solution extracted with diethyl ether (3 x 12 ml).

The organic extract was washed with water (20 ml), aqueous sodium chloride

(saturated, 20 ml) and dried (Na2SOa). The solvent was removed in vacuo to

yield crude ethyl cr,a-diethylacetoacetate which was used without further

purification.

(i i i ) 3 - Ethy lp e ntan-2 -o n e

sodium hydroxide (0.9 g), methanol (2 ml) and water (8 ml) was added to the

crude ethyl o,cr-diethylacetoacetate (see (ii) above), and the mixture was



115

heated under reflux for 6 hours. Aqueous sodium chloride (saturated, 25 ml)

was added and the solution extracted with diethyl ether (3 x 10 ml). The

combined organic phases were washed with water (25 ml), aqueous sodium

chloride (saturated, 25 ml) and dried (Na2SO4). Pure 3-ethylpentan-2-one was

collected by distillation b.p. 138-140' (Lit163: 135-139o), [0.69, 82%].

(3-Ethyl-t ,1 -d2)pentan-2-one (3-Ethyl-2,2,2-dg)pentan-2-o ne

(3-Ethyl-t-13C¡pentan-2-one (3-Ethyl-1,1,2,2,2'd5)pentan-2-one

(3-Ethyl -2-1 3C) pe n ta n -2- one-s-1 3c (3-Ethyl- 2-1 3 clp e n ta n -2-o n e

(3- Et hyl -2,2,2-d g)pe n ta n-2-o ne-5,5,5-d g

These compounds were prepared by the method used to prepare

3-ethylpentan-2-one, using the appropriate labelled iodoethanes. Yields

were 83y", 85V", 92/", 91"/", 92/o, 80o/o, 81y" respectively. Deuterium

incorporation was greaterthan 98%, carbon-13 incorporation was 98%.

3,3-Dimethyl heptan-4-o ne

(i ) 3-ch lo ro-3- m ethy I butan e

This was prepared from 3-methylbutan-3-ol by a standard methodl aq ¡n rc y.

yield.

(ii) 3,3-D¡methylpentan-2-o ne

This was prepared by modifications of the methods of Whitmore and

4¡ss¡¡165.

A solution of the Grignard reagent prepared from 3-chloro-3-methylbutane

(42.6 g) and magnesium (9.75 g) in anhydrous diethyl ether (100 ml) was

added dropwise, with stirring over a 5 hour period, to a solution of acetic
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anhydride (40.8 g) in anhydrous diethyl ether (75 ml) maintained at -78oC

under an atmosphere of nitrogen. The mixture was allowed to warm to 20oC,

aqueous ammonium chloride (saturated, 200 ml) was added, the organic

phase was separated and the extracted with diethyl ether (2 x 100 ml). The

combined organic extract was washed with aqueous sodium hydroxide (3 x

50 ml), aqueous sodium chloride (saturated, 50 ml), dried (Na2S04) and

fractionated. The fraction of b.p. 125-132'1760 mm (15.5 g) was redistilled

(70-72'198 mm Hg) (Lit166: 120o) to give 3,3-dimethylpentan-2-one as a

colourless liquid (12.3 9,27 "/").

i.r. (film), v, 2950 (C-H), 1705 (CO),

1H NMR: ô,2.1,3H, s; 1.5,2H,Q; 1.15,6H, s; 1.g,3H,t.

(ii¡) N,N-Dimethylhydrazone of 3,S-dimethylpentan-4-one.

This was prepared by a modification of the method of Wiley ¿¡6 ¡¡¡s¡167.

A solution of 3,3-dimethylpentan-4-one (4.56 g) and N,N-dimethylhydrazine

(3.8 ml) was heated under reflux for 4.5 hours under an atmosphere of

nitrogen. The mixture was allowed to cool to 20"C, sodium hydroxide (2 g)

was added, the organic phase was decanted and fractionated. Crude

hydrazone (4.1 g) was obtained (b.p. 64-78'160 mm).

1H NMR: ô, 2.3, 6H, s; 1 .8, 3H, s; 1 .3 2H, q; 1 .9, 3H, t.

(iv) N,N-Dimethyhydrazone of 3,S-dimethylheptan-4-one

This method was prepared by a modification of the method of Corey and

gn¿s¡s168.

n-Butyl lithium in hexane (1.03 ml, 1.6 M, 1.65 mmol) was added with stirring
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to a solution of diisopropylamine (167 mg) in anhydrous tetrahydrofuran (5

ml) at 0o, under nitrogen. The solution was allowed to stir for 15 min., and

crude hydrazone (234 mg, see (iii) above) in anhydrous tetrahydrofuran (1,5

ml) was added, the mixture was stirred at 0o for 2 hours, then cooled to -78".

lodoethane (260 mg) was added, the mixture stirred aT -78" for 1.5 hours,

allowed to warm to 20o, and poured into water (25 ml). The mixture was

extracted with dichloromethane (3 x 15 ml), and the organic extract washed

with water (2x 10 ml), aqueous sodium chloride (saturated, 15 ml) and dried

(Na2SO4). Removal of the solvent gave crude hydrazone (270 mg, 98%).

(v) 3,3- Di methylhe ptan -4-o ne.

A mixture of hydrazone (270 mg, see (iv) above), aqueous hydrogen chloride

(2N, 25 ml) and diethyl ether (25 ml) was allowed to stir at 20o for 3.5 hours.

The organic phase was separated, the aqueous phase extracted with diethyl

ether (2 x 10 ml), and the organic extract washed with water (15 ml), aqueous

sodium chloride (saturated, 15 ml) and dried (K2CO3). Removal of the solvent

followed by distillation of the remaining oil in a glass T tube at 120ol50 mm

Hg gave 3,3-dimethylheptan-4-one (194 mg, 94 "/" yield) (titl0g' 83-84'/10

mm Hg).

1H NMR: ô, 2.0, 2H,li 1.3, 4H, b; 1.0, 6H, s; O.g, 3H, t, 0.8S, gH, t.

3,3-D imethyl hepta n-4-o ne-6,6-d2

This compound was prepared in a similar manner to that of

3,3-dimethylheptan-4-one, except that 1-iodoethane-l,1-d2was used instead

of iodoethane in step (iii), b.p. 120-25"150 mm Hg, [0.16 9,64"/"],d2=ggo/"
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3,3-D ¡ met hyl h e ptan-4 - one-7,7,7-d3

This compound was prepared in a similar manner to 3,3-dimethyl-

heptan-4-one, except that 1-iodoethane-2,2,2-d3 was used instead of

iodoethane in step (iii), b.p. 120-25'150 mm Hg, [0.15 g, 59%], d3=99%

3,3- D¡ met hyl h e pta n-4 - one-2,2-d 2.

(i) 2-Bromo-2-methylhexan-3-o ne.

Bromine (25 g) was added dropwise with stirring to a solution of

2-methylhexan-3-one (17.9 g), glacial acetic acid (100 ml) and water (20m1),

The reaction temperature was increased to 80o over a period of t hour, and

the reaction mixture allowed to stir at 80o for 20 min. The solution was

allowed to cool to 20o, diluted with water (100 ml), sodium carbonate (10 g)

added, and the mixture extracted with diethyl ether (3 x 50 ml). The ethereal

extract was washed with water (50 ml), dried (Na2Soa), the solvent removed,

and 2-bromo-2-methylhexan-3-one was obtaíned by distillation (b.p.

14O-140"1100 mm Hg) (Lit170:62-65o/13 mm Hg), [25.5g,85 "/"],d2=gg"¡"

1H NMR: ô, 2.6, 2H,l; 1 .7, 6H, s; 1.1 ,2H,q, O.g, 3H, t.

(i i ) 3,3- D i m ethy I h e ptan-4-o n e -2, 2 -d 2.

This was prepared by a modification of the method of Weiss171.

2-Bromo-2-methylhexan-3-one (1.2 g) was added dropwise to a stirred

solution of lithium (0.91 g) in liquid ammonia (150 ml) under nitrogen.

lodoethane-1,1-d2 (0.5 ml) in anhydrous diethyl ether (20 ml) was added, the

solution was allowed to stir for t hour, then iodoethane-1 ,1-d2 (0.5 ml) was
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added and the solution allowed to stir at -33o for 12 hours. The ammonia was

allowed to evaporate off as the solution warmed to 20o, ammonium chloride

(2.0 g) was added, followed by water (20 ml) and diethyl ether (20 ml). The

layers were separated and the aqueous layer extracted with diethyl ether (2 x

20 ml). The organic extract was washed with water (15 ml), aqueous sodium

chloride (saturated, 20 ml) and dried (NaeSO+). Distillation yielded

3,3-dimethylheptan-4-one-2,2-d2 (0.65 g, 90 %) b.p. 125-30'/50 mm, d2=

99%.

3,3-D¡methylheptan-1 ,1 ,1 -d3-4-o ne.

This was prepared in 92o/" yield in the same manner as 3,3-dimethyl-

heptan-4-one-2,2-d2 except that 1-iodoethane-2,2,2-d.¡ wâs used instead of

1 -iodoethane-1,1 -d2, d3=$$/o.

3,3-D¡ methyl heptan-4-on e-1,1,1,2,2-d g.

This was prepared in 89% yield in the same manner as 3,3-dimethyl-

heptan-4-one-2,2-d2 except that 1-iodoethane-1,1,2,2,2-d5 was used instead

of 1-iodoethane-1 ,1-d2, dS=98%

9.4 Synthesis of Compounds Described in Chapter 3.

3-Phenylpentane-1,1,1 -d3

(i) 3-Phenylpentan-3-ol-1,1,1 -d g

1-lodoethane-2,2,2-dS (1 9,6.3 mmol) in anhydrous diethyl ether (2 ml) was
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added dropwise with stirring to a mixture of magnesium (0.15 9,6.3 mmol) in

anhydrous diethyl ether (4 ml) at 20" under an atmosphere of nitrogen, and

the mixture was allowed to stir Íor 20 min.. Propiophenone (0.84 g, 6.3 mmol)

in anhydrous diethyl ether (2 ml) was added, the mixture was heated under

reflux for 3 hours, and then allowed to cool to 20oC. Water (1 ml) was added,

followed by concentrated sulphuric acid (15 ml), and the solution stirred for 30

min.. The solution was extracted with diethyl ether (3 x 10 ml), the combined

organic extract was washed with aqueous sodium hydrogen carbonate

(saturated,2 x 20 ml), water (20 ml), aqueous sodium chloride (saturated, 20

ml) and dried (Na2SO4). The solvent was removed by distillation to yield a

pale yellow oil (0.98 g).

(ii) S-Phenylpentane-l,1,1 -d3

The crude product (0.98 g) from (i) above was dissolved in glacial acetic acid

(10 ml) containing concentrated sulphuric acid (1 drop). 5 o/" Palladium on

charcoal (50 mg) was added and the mixture stirred under an atmosphere of

hydrogen for 6 hours. The mixture was filtered through celite, the celite

washed with diethyl ether (30 ml), the combined organic extract was

neutralized with aqueous sodium hydroxide (50 '/",15 ml), washed with water

(20 ml), aqueous sodium chloride (saturated, 20 ml) and dried (Na2SOa).

3-Phenylpentane-1,1,1-d3 was collected by distillation, b.p.83-85'122 mm Hg

(Litlzz' 1Bo'), (0.8s g,BBT"), dB=99%.

1H NMR: ô, 7.1, 5H, s; 2.3,1H,q; 1.8, 3H, q; O.g, 4H, t.
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(3-Phenyl-d5) pe ntan e

(i ) (3-Phenyt-dQpentan-3-ol

Bromobenzene-d5 (0.96 g, 4.6 mmol) in anhydrous diethyl ether (2 ml) was

added with stirring to a mixture of magnesium (0.11 g, 4.6 mmol) in

anhydrous diethyl ether (5 ml) under an atmosphere of nitrogen, and the

mixture was allowed to stir at 20" for 20 min.. Pentan-3-one (0.4 g, 4.6 mmol)

in anhydrous diethyl ether (2 ml) was added, the mixture was heated under

reflux for 1.5 hours, then allowed to cool to 20oC. Water (1 ml) was added,

followed by concentrated sulphuric acid (15 ml), and the solution stirred for 30

min.. The solution was extracted with diethyl ether (3 x 10 ml), the organic

extract was washed with aqueous sodium hydrogen carbonate (saturated, 2 x

20 ml), water (20 ml), aqueous sodium chloride (saturated, 20 ml) and dried

(Na2SOa). The solvent was removed by distillation to yield a pale yellow oil

(0.6e s).

(i i) (3-P h e ny l-d 5) pe ntan e

The crude product (0.69 g) from (i) above was dissolved in glacial acetic acid

(10 ml) with concentrated sulphuric acid (1 drop). 5 "/" Palladium on charcoal

(50 mg) was added and the mixture stirred under an atmosphere of hydrogen

for 6 hours. The mixture was filtered through celite, the celite washed with

diethyl ether (30 ml), the combined organic extract was neutralized with

aqueous sodium hydroxide (50 %, 15 ml), washed with water (20 ml),

aqueous sodium chloride (saturated,20 ml) and dried (Naesoa).
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(3-Phenyl-d5)pentane was collected by distillation, b.p. 83-85'122 mm Hg,

(0.58 g, 85 %), d5=997"

1H NMR: ô, 2.5, 1H, m; 1.9, 4H, m; 0.9, 6H, t.

Diphenylmethane

(i) Diphenylmethanol

Bromobenzene (0.45 ml, 0.67 g, 4.1 mmol) in anhydrous diethyl ether (2 ml)

was added dropwise to a rapidly stirred mixture of magnesium (4.1 mmol, 0.1

g), iodine (1 crystal) and anhydrous diethyl ether (2 ml) at 20o under an

atmosphere of nitrogen. The solution was allowed to stir for 30 min., and

benzaldehyde (0.43 g , 0.42 ml, 4.1 mmol) in anhydrous diethyl ether (2 ml)

was added dropwise overa period of 10 min.. The mixture was heated under

reflux for 2 hours, and allowed to cool to 20o. Water (0.5 ml), aqueous

sulphuric acid (10"/",5 ml), water (15 ml) was added, the organic layerwas

separated and the aqueous layer extracted with diethyl ether (3 x 10 ml). The

combined organic extract was washed with aqueous sodium hydrogen

carbonate (saturated, 2 x 20 ml), water (20 ml), aqueous sodium chloride

(saturated, 20 ml) and dried (Na2SOa). The solvent was removed in vacuolo

yield-a pale yellow oil. Recrystallization (petroleum ether) of the oil gave pure

diphenylmethanol, (0.66 g, Bg%), rTt.p. = 69-7Oo (Litlzg = 68o) .

(ii) Diphenylmethane

A mixture of diphenylmethanol (0.66 g, 3.5 mmol), palladium on charcoal

(5%, 50 mg) and ethanol (15 ml) was stirred for 4 hours at 20oc under an

atmosphere of hydrogen (in a standard hydrogenation apparatus). The
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solut¡on was filtered through celite and the solvent removed in vacuo. Pure

diphenylmethane (0.53 9,91%) was collected by sublimation 80-90"/10 mm

Hg (tit17a 261-262), m.p 24-25" (tit175 24-25").

1H NMR: õ,7.0, 1oH, s; 3.8,2H, s.

(Phenyl-2,4,6-d3)phenyl methane

This compound was prepared by the the reaction of phenyl-2,4,6-d3

magnesium bromide with benzaldehyde followed by hydrogenation using the

same procedure used for the preparation of diphenylmethane, [0.95 g, 63 %],

b.p. 80-90o/10 mm Hg, m.p. 24-25", d3 = 98%.

(Phenyl-d5) nh enyl metha ne

This compound was prepared by the the reaction of phenyl-d5 magnesium

bromide with benzaldehyde followed by hydrogenation in a similar manner

to that used for the preparation of diphenylmethane [1.13 g, 73 %| b.p.

80-90"/10 mm Hg, m.p. 24'25", d5 = 99%.

Di phenytmethane-1 -1 3C

A mixture of diphenylmethanot-t-13C (25 mg,0.14 mmol, available from a

previous study), palladium on charcoal (5/", 10 mg) and ethanol (5 ml) was

stirred for 6 hours at 20oC under an atmosphere of hydrogen (in a standard

hydrogenation apparatus). The solution was filtered through celite and the

solvent removed in vacrro. Diphenylmethane-1-lsC (13 mg, 55%) was

collected by sublimation (80-9Oo/10 mm Hg), m.p.24-25o, 13C = 60.57".
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3-Ph e nyl pe nta ne -2,2-d 2

Li2CuCl4 in anhydrous tetrahydrofuran (0.5 ml, 0.1 M) was added with stirring

to a solution of 1-brorno-1-phenylpropane (0.98 g, 4.9 mmol) and

ethyl-1,1-d2-magnes¡um iodide in anhydrous tetrahydrofuran (4.9 ml, 1M, 4.9

mmol) at 0o under an atmosphere of nitrogen. The solution was allowed to stir

for 3 hours, and then warmed to 20o. Aqueous hydrogen chloride (10y",20

ml) was added, the organic layer was separated and the aqueous layer

extracted with diethyl ether (3 x 15 ml). The combined organic phases were

washed with aqueous sodium hydrogen carbonate (saturated, 20 ml), water

(20 ml), aqueous sodium chloride (saturated, 20 ml) and dried (Na2S04).

Pure 3-phenylpentane-2,2-d2was collected by distillation, b.p. 83-5o/20 mm

Hg, [0.34 g, 46"/"1, d2=98/".

Triphenylmethane-13C

(i) Methyt benzoate-carboxy-l 3C

Diazald (1.5 g) was added pofiionwise at 20o to a two phase solution of

benzoic acid-carboxy-13C (g mmol, 0.376 g) in diethyl ether (6 ml) and

aqueous sodium hydroxide (50%, 6 ml) until a faint yellow colour remained.

The solution was allowed to stir at 20o for 2 hours, and the product extracted

with diethyl ether (3 x 20 ml). The excess solvent was removed in vacuo, and

distillation gave methyl benzoate- carboxy-13j, [O.gB g, 94 %], b.p. go-gg"/20

mm Hg (Litlzo: 198-200").

(ii ) Tri p h e nyl methano I-t -1 
3 C

Bromobenzene (0.62 g, 4 mmol) in anhydrous diethyl ether (2 ml) was added
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dropwise to a rapidly stirred mixture of magnesium (4 mmol, 0.1 g) and iodine

(1 crystal) in anhydrous diethyl ether (2 ml) under an atmosphere of nitrogen.

The solution was allowed to stir for 30 min., methyl benzoare-carboxy-13C

(0.2 g, 1.5 mmol) in anhydrous diethyl ether (5 ml) was added, and the

mixture heated under reflux Íor 12 hours. Aqueous hydrogen chloride (10"/.,

20 ml) was added, the organic phase was separated and the aqueous phase

extracted with diethyl ether (3 x 15 ml). The combined organic extract was

washed with aqueous sodium hydrogen carbonate (saturated, 20 ml), water

(20 ml), aqueous sodium chloride (saturated, 20 ml) and dried (Na2S04).

The solvent was removed in vacuo to and the residue recrystdlized from

ethanol to give triphenylmethanol-1-13C (0.38 g, g7Io), rTl.p = 157-160oC

lLi{77=164-165o), 13C - 60%.

(i ii ) Trip he nyl m ethan e- t -1 3 C

A mixture of triphenylmethanol-1-13C (0.3 g, 1.1 mmol) and sodium

borohydride (0.79, 20 mmol) was added portionwise with rapid stirring to

trifluoroacetic acid (10 ml) at 0o underan atmosphere of'nitrogen, the mixtu're

was allowed to stir at 20" lor t hour, and the trifluoroacetic acid was removed

in vacuo. Aqueous sodium hydrogen carbonate (saturated, 30 ml) was added

to the residue, and the solution extracted with diethyl ether (3 x 2s ml), the

organic extract was washed with water (30 ml), aqueous sodium chloride

(saturated, 30 ml) and dried (Na2S04). The solvent was removed rn vacuo

and the crude product recrystallized from ethanol to give triphenyl-

methane-l -13C (0.2 g, 71'/"), Íì.p = 91-93' 1Lit178: g2"¡.
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Tri(phen yl-2,4,6-d3) metha ne

(i ) Tri (p h e ny l-2, 4,6-d 3) m ethano I

Bromobenzene-2,4,6-d3 (0.96 ml, 9 mmol) in anhydrous diethyl ether (2 ml)

was added dropwise at 20o with stirring to a mixture of magnesium (9 mmol,

0.2 g) and iodine (1 crystal) in anhydrous diethyl ether (10 ml) at20" under

an atmosphere of nitrogen. The solution was allowed to stir for 30 mín., and

diethyl carbonate (0.36 ml, 3 mmol) in anhydrous diethyl ether (5 ml) was

added dropwise over a period of 10 min.. The mixture was heated under

reflux lor 12 hours, and then allowed to cool to 20o. Aqueous hydrogen

chloride (10y",20 ml) was added, the organic layer was separated and the

aqueous layerextracted with diethyl ether (3 x 15 ml). The combined organic

extracts were washed with aqueous sodium hydrogen carbonate (saturated,

20 ml), water (20 ml), aqueous sodium chloride (saturated, 20 ml) and dried

(N aZ S O O ). The solvent was removed in vacuo to give crude

tri(phenyl-2,4,6-d3)methanol [ 0.71 g], which was recrystallized from ethanol,

frì.P.= 161-63o, [0.62 9,76"/"].

(ii ) Til (ph e nyl-2,4,6-d 3) methane

Tri(phenyl-2,4,6-d3)methanol was reduced with sodium borohydride and

trifluoroacetic acid in a similar manner to that described for the reduction of

triphenylmethanol-l-13c to give tri(phenyl-2,4,6-d3)methane, m.p. 93-g5o

[0.39 g, 85%], d9 = 9B%.
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Tri(phenyl-d5)methan e

Tri(phenyl-d5)methane was prepared by a similar procedure to that described

for tri(phenyl-2,4,6-d3)methane except that bromobenzene-d5 was used

instead of bromobenzene-2,4,6-d3, m.p. = 91-92o, [0.2 g, 56%], d1S = 97"/"

(Phenyl-d5)diphenylmethane

(i) (Phenyl-d 5)phenylmethanol

Bromobenzene-d5 (0.32 ml, 3 mmol) in anhydrous diethyl ether (2 ml) was

added dropwise with stirring to a mixture of magnesium (3 mmol, 0.07 g) and

iodine (1 crystal) in anhydrous diethyl ether (6 ml) at 20" under an

atmosphere of nitrogen. The solution was allowed to stir for 30 min.,

benzophenone (0.54 g, 3 mmol) in anhydrous diethyl ether (5 ml) added, and

the mixture heated under reflux lor 12 hours. Aqueous hydrogen chloride

(10"/",20 ml) was added, the organic layer was separated and the aqueous

layer extracted with diethyl ether (3 x 15 ml). The combined organic phases

were washed with aqueous sodium hydrogen carbonate (saturated, 20 ml),

water (20 ml), aqueous sodium chloride (saturated, 20 ml) and dried

(N ae S O a). The solvent was removed in vacuo to give crude

(phenyl-d5)diphenylmethanol [0.7 g, 89%].

(i¡) (Phenyl-d fldiph e nylmethane

(Phenyl-d5)diphenylmethanol (from (i) above) was reduced with sodium

borohydride and trifluoroacetic acid in a similar manner to that described for
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the reduction of triphenylmethanol-1-1 3c to give (phenyl-d5)diphenyl-

methane, rn.p.= 91-92o, [0.56 9,86%], dS = 99%

9.5 Synthesis of Compounds Described in Chapter 4.

2-Methoxyethan-1 -ol-1,1 -d2

(i) Methyl 1 -methoxyacetate

Methyl a-bromoacetate (20 m|,0.15 mol) was added dropwise with stirring to

a solution of sodium (3.45 9,0.15 mol) in anhydrous methanol (100 ml). The

solution was heated under reflux for 3 hours and methyl methoxyacetate was

collected by distillation b.p. 129-130" (Lit17s: 129o) , [10.0 g, GB%]

(ii) 2-Methoxyethan-1 -ol-1,1 -d 2

Methyl 1-methoxyacetate (5 mmol, 0.529) was added dropwise at 20o to a

rapidly stirred suspension of lithium aluminium deuteride (2.5 mmol,0.12 g)

in anhydrous diethyl ether (5 ml) under an atmosphere of nitrogen. The

solution was heated under reflux for t hour, allowed to cool to 20o and

aqueous sodium hydroxide (10o/",0.25 ml) was added to the suspension. The

mixture was filtered, and the product collected by distillation, b.p. 124-125'

(litleo :123.5-1 25o ), [0.34 g, 88%], d2=99o/".

2-(Meth oxy-d3)eth an-1 -o I

A solution of sodium (0.16 9,7.1 mmol), methanol-d4 p.2s g,2.1 mmor),

2-chloroethan-1-ol (0.56 9,0.71 mmol) and anhydrous tetrahydrofuran (5 ml)

was placed in a sealed glass tube and heated at 80o for t hour. The reaction

mixture was allowed to cool to 20o, filtered and the filtrate distilled to give
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2-(methoxy-d3)ethan-1 -ol, b.p.=1 25-126", [0.41 g, 74"/o), d3=99%

2-(Methylthio)ethan-1 -ol

Potassium ferf-butoxide (0.189, 1.6 mmol) was added to a solution of

2-mercaptoethanol (0.11 ml, 1.6mmo1,0.139) in anhydrous tetrahydrofuran (2

ml) and allowed to stir for 10 min. lodomethane (0.1m|, 1.6 mmol) in

anhydrous tetrahydrofuran (1 ml) was added, and the solution heated under

reflux for one hour. The reaction mixture was filtered and the product

collected by distillation, b.p. 169-171oC (Littal:68-70"120 mm Hg); [0.13 g,

87%1.

1H NMR: ô,3.9, 2H,li2.g,2H,t; 4.8, 1H, s; 2.1,3H, s.

2-(Methyl-d3-th io)ethan-1 -o I

This was prepared by the same method as 2-(methylthio)ethan-1-ol

except iodomethane-d3 was used instead of iodomethane, b.p. 169-171oC,

[0.11g, B3/"], d3=98%.

2-(N,N-D¡ methylamino-d 6)ethanol

A solution of ethanolamine (3.8 mmol, 0.23 g), triethylamine (1.6 ml, 11.5

mmol) and iodomethane-d3 (0.5 ml, 1.14 9,7.7 mmol) was heated under

reflux for 3 hours, the reaction mixture was allowed to cool to 20o and filtered

The product was collected by distillation to yield 2-(N,N-dimethylamino-d6)-

ethanol b.p. 133-134' (Litlaz : 135o), [0.13 g, 377o],d6=99%
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Bromodimethylborane

Tetramethyltin (5 ml, 6.45 g, 36.1 mmol) was added dropwise with stirring to

tribromoborane (9.05 9,36.1 mmol,3,4 ml) at -50'C underan atmosphere of

nitrogen, the reaction was allowed to stir for t hour, and then allowed to warm

to 20'C. The reaction mixture was distilled a|170" and the distillate redistilled

to yield bromodimethylborane (4.7 g, 39 %) b.p. g4-37" (Utlas :37-38" ).

(Methyl-d3)di methyl bo rane

Bromodimethylborane (7.86 mmol, 0.95 g) was added dropwise with stirring

to a solution of methyl-d3 magnesium iodide in anhydrous diethyl ether (1M,

8 ml, 7.86 mmol) at 0' under an atmosphere of nitrogen. The solution was

allowed to stirfor 30 min., and then heated under reflux for 10 min.. During

this time (methyl-d3)dimethylboranelsa distilled off, and was collected in a U

tube cooled to -78o, [0.59 g, 85%], d3=99%.

Methoxyd i methyl borane

Anhydrous methanol (0.5 m1,0.56 g, 15.5 mmol) was added dropwise with

stirring to a solution of bromodimethylborane (15.S mmol, 1.8S g) in

anhydrous benzene (5 ml) under an atmosphere of nitrogen, and allowed to

stir at 20o for 30 min.. Methoxydimethylborane was collected by distillation

b.p. 34-38" (Littas :34-36'), [0.86 g ,78%].
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(Methoxy-d3)d i methyl borane

This was prepared in a similar manner to that of methoxydimethylborane

except anhydrous methanol-d4 was used instead of anhydrous methanol,

b.p.= 35-370, [0.45 9,79!"], d3=99%.

3-Methoxypropan-1-ol

(i) Methyl 2-methoxypropanoate

Methyl acrylate (19 9,0.22 mol) was added dropwise with stirring at 0o to a

solution of sodium (0.22 mol, 5.3 g) in anhydrous methanol (100 ml). The

solution was allowed to stir for t hour at 0o, warmed to 20o, allowed to stir for

a further 30 min., neutralized by the addition of carbon dioxide, filtered and

the product collected by distillation, b.p. 141-143" (Lit186:+S-45"/13 mm Hg ),

[9.3 g, 36%1.

(ii) 3-Methoxypropan-1 -ol

Methyl 3-methoxypropanoate (8.5 mmol, 1 g) was added dropwise with

stirring to a suspension of lithium aluminium hydride (0.09 g, 2.5 mmol) in

anhydrous diethyl ether (5 ml) under an atmosphere of nitrogen. The solution

was heated under reflux for t hour, allowed to cool to 20o and aqueous

sodium hydroxide (1O"/",0.25 ml) added to the suspension. The mixture was

filtered, and the product collected by distillation, b.p. 151-152" (L¡tlez

148-1 49"), 10.7 g, 93%1.

3-Methoxypropan-I -ol-1,1 -d2

This was prepared in a similar manner to that of 3-methoxypropanol except

that lithium aluminium deuteride was used instead of lithium aluminium
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hydride. b.p. 152-153" [0.71 g, 91o/"1, d2= 98/".

(3-Meth oxy-d3) propan-1 -ol

3-Bromopropan-1-ol (2 g, 14.3 mmol) was added at 20o to a solution of

sodium (0.33 g, 14.3 mmol) dissolved in methanol-d4 (0.5 g, 14.3 mmol) and

anhydrous tetrahydofuran (3 ml). The reaction mixture was placed in a sealed

glass tube and heated at B0o for t hour. The reaction mixture was filtered and

the product collected by distillation. b.p. 152-153o, [0.97 9,73 "/"], dg=ggo¡.

4-Meth oxybutan-1-o I

(i) 4-Bromobutan-1-ol

Aqueous hydrogen bromide (48o/",0.4 mol, o7 g) was added with stirring to a

solution of tetrahydrofuran (100 ml) at 70o, heated under reflux for 2 hours,

allowed to cool to 20o, neutralized with sodium carbonate (10 g), and filtered.

The organic phase was separated, washed with water (2x 30 ml), aqueous

sodium chloride (saturated, 30 ml) and dried (Na2S04). Vacuum distillation

gave 4-bromobutan-1-ol, b.p. 64-67"110 mm Hg (Lit188 .56-6o/3 mm Hg),

[19.3 9,32 "/"].

(i) a-Methoxybutan- 1 -ol

4-Bromobutan-1-ol (10 9,65 mmol) was added at 20o with stirring to a

solution of sodium (1.5 9,65 mmol) dissolved in anhydrous methanol (1oo

ml). The reaction mixture was heated under reflux for t hour, allowed to cool

to 20o and filtered. Vacuum distillation gave 4-methoxybutan-1-ol, b.p.
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84-7ol10mm Hg (Li118e :63-64"17 mm Hg), [4.6 g, 68%]

1H NMR: ô, 3.4, 3H, s; 3.6, 6H, b; 1.8, 4H, b.

5-Methoxypentan-1-o I

5-Methoxypentan-1-ol was prepared in a similar manner to that of

4-methoxybutan-1-ol except that tetrahydropyran was used instead of

tetrahydrofuran, b.p. 110-112116 mm Hg (L¡t lag 102-104o112 mm Hg), 12.4

9,621"1.

1H NMR: ô, 3.9, 1H, d; 3.4, 3H, s; 3.6, 2H,l;3.5, 2H, t; 1.5, 6H, b.

Alkylacetates

Tert-Butyl acetate was prepared from a standard reactionlg0 61 tert-butanol,

acetylchloride and dimethylaniline. All other acetates were prepared from a

standard reactionl9l between acetylchloride and the appropriate alcohol.

Alkylacetate Boiling Point ("C) % Yield

n-Propyl

iso-Propyl

n-Butyl

tert-Butyl

Benzyl

Phenyl

Allyl

1 O0-1 921e2

65-961s2

124-61s2

g6-91e2

93-4/10mm Hglez

1 9S-1 961 e2

1 03-1 941e2

83

79

83

36

52

45

7B
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