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Abstract

Reaction of HO™ with MeCOCHEt, produces two enolate ions,
MeCOEEtz and C_)HZCOCHEtz. The primary carbanion competitively

eliminates CoH,4 and C4Hg, and forms CoHO™. The elimination of CoHy is
a stepwise reaction proceeding through a six membered transition state;

the first step (deprotonation) is rate determining. The loss of Cy4Hg is a

rearrangement reaction CHyCOCHEty ——» CHoCOMe + EtCH=CHy. The
tertiary carbanion competitively eliminates Ho, CHy, and CgHg. The losses

of CHyq and C3Hg are stepwise processes occurring through six and five
membered transition states, respectively. A double isotope fractionation
experiment (D, 13C) shows that both steps of the CHy4 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. Ho

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. In the case of the enolate ion from

CD3CH5CMesCOPr, the expected elimination of CoHsDo competes with
loss of CoHy from positions 6 and 7. Other decompositions are as follows:

loss of C3Hg involves the methy! and ethyl substituents at positions 7, 1 and



2 respectively; loss of C4Hg occurs by two processes, (i) successive losses

of two CoHy units (from the 1,2 and 6,7 positions), and (ii) loss of CHoCMes

(from the 2 and 3 positions); and loss of C5H4o produces Et-C=C-O~
The major collision induced dissociations of PhCEty involve the losses

of H*, Hp and CHy. Loss of H* occurs from the pheny! ring, Hy is eliminated
principally by the process Ph(_)Etz - PhC(Et)=CHC_)H2 + Ho, while methane

is lost by the stepwise process PhC_DEtz - {MeT[Ph(Et)C=CH»s]} —»
(CgH4) C(Et)=CHo + CHy, in which the second step (deprotonation) is rate
determining. The characteristic fragmentation of both Ph2(_)H and Ph3(_) is
loss of C4H4. This loss occurs without atom randomization and Dewer
benzene structures are proposed as intermediates. The ion Ph3C_3 a136

loses CgHg; 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, MepyBO and MesBCHy. These ions lose H°, Ho

and CHy on collisional activation; it is suggested that the loss of CHy
occurs through the intermediacy of ion complexes. The structure of the ions
MeoBO and Me2§CH2 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.
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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 CHy, ROCHg and ROH; these processes are believed

to occur through the intermediacy of ion complexes A hydride transfer
reaction from the a 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 XCHoCHoO™

(where X = MeO, MeS, HO, F or MeoN) and trimethylborane also form
stable non decomposing adducts. On collisional activation these adducts

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

formation of Me2§CH2, M93§H and XCHZCHZO‘. 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 XCHoCH,O™ may produce two adducts with MegB viz:

= -+
Me3BOCHoCHoX or MegBXCHoCHoO™. The latter adduct is believed to
be the precursor for a number of unique fragmentations e.g. the formation

of Me2§CH2 through a six centred transition state and the formation of

Me3§X. 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 MegBCHoCHO or MesBOCHCH,. 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 CHy, MegB and form the ion Me2§CH2. 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 MegB undergoes an interesting hydride transfer reaction to form

Me3§H. 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 CHy, and MegB, and the formation of Me2§CH2.

In addition the adducts also lose ketene and form the ion HC5O~, some

mechanisms have been proposed for these processes but the formation of
the isomeric precursor ions prevents us from distinguishing between the

different mechanisms.
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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 Aston! and Dempster? respectively. 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
technigues 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 ions*. 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 abundances®:®. In addition,
modification to the electron multiplier electronics’ 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
ions8-12, In 1971 ,‘von Ardenne3 carried 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 bombardment 14:15 and



negative ion chemical ionization. In conjunction with these ionization
techniques, the use of collisional activation spectroscopy, and new scanning
techniques (e.g. 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 reactions’9-81,

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 identities 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:

(i) 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. It may become an important
process as the pressure is increased and in the presence of a non reactive gas

such as nitrogen9.



(ii) Dissociative Resonance Capture:

AB +e7 - 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+ Bt +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.

(iv) 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 ionization!8:19.

1.3 An Introduction to Negative lon Chemical lonization.
The technique of chemical ionization was first introduced by Munson and
Field?0 in 1966. Negative ion chemical ionization (NICI) 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 (NICI)21.22 js normally carried out in a
high pressure source capable of operating at pressures in the range 1073 1o

1071 Torr. In the ion source, reagent ions are produced by electron impact on a



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. Nucleophilic addition

4. Nucleophilic displacement

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 NICI as many
organic molecules contain acidic hydrogens and the consequent production of
[M-H*]™ 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. In this thesis the

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

using HoO as the reagent gas?425, Scheme 1.1 illustrates the mechanism by

which HO™ is formed from H»O. It should be noted that H~ and O™ (from Oos

impurities) are also present, and these may also contribute to negative ion



production.
HO + €& — H™ + HO’

H™ + H20'—> Ho + HO™
Scheme 1.1

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

NHo~ which may be produced from NH326:27; MeO™ may be produced from
MeOH/N5028 or MeONO?°. The HO™ ion may also be produced from a mixture
of NoO and CHy4 or Hy30. A general method for producing Bronsted bases as
reagent ions has been described3?; this uses a mixture of CHy, 1% MeONO

and 5% HX, where HX may be Me»CO, CoHy, RSH, ROH, MeNO» 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

NICI reagent, it has a high proton affinity and may produce [M-H*]™ ions from
organic molecules32:33: it may be conveniently prepared by using N5O as the

reagent gas34, i.e.
N2O+e‘—>0“+N2
The anion radical (O™") is also a key intermediate in the production of many

other reagent ions e.g. HO™ from N5O/CHy, NoO/G4H4q, or NoO/H», and

MeO™ from MeOH/N50?8,



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 affinity3® of A is greater than that of the reagent R.

The low electron affinity of Oo™* (10 kcal mol'1) means that it readily ionizes
samples with higher electron affinities by the process of charge exchange38.
The ion Oo™" may be produced from oxygen when the filament in the ion
source is replaced by a Townsend discharge37, it may also been produced

from Ny containing a small amount of 0538,

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 CI™ 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. dichloromethane39:40 and dichloro-
difluoromethane?!. The CI~ reagent ion system has been used to produce (M +
Cl") complexes of a range of organic compounds including polycyclic

insecticides*?, organophosphorus pesticides43, alkaloids*4 and oligo-

saccharides4®. The ion O,™* has also been used to give ion attachment

spectra*®:47; 0,~* has a much higher proton affinity than CI~ and may also

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

alcohols), nucleophilic addition is the predominant process.



1.3.4 Nucleophilic Displacement

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

Nucleophilic displacement reactions (e.g. 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 NICI mass spectrometry is limited, as they provide no molecular

weight information and minimal structural information.
Although the ions HO™ and O»™" generally react by proton transfer, there
have been some reports of them acting as nucleophiles4®:50,  for example

reactions of -aliphatic esters (RCOOR') with HO™ or Oo™" may form the

carboxylate anion (RCO,™)%0.

1.4 Sensitivity of Chemical lonization

The sensitivity of an NICI 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
10"9¢cm3 molecule'1s'1, this corresponds to a reaction occurring at every
collision between reactants, and applies to both positive and negative chemical
ionization. NICl is therefore comparable in efficiency to positive ion CI.

The rate constants for electron capture reactions depend upon the structure



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 ionization®1:52,

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 m, and the accelerating voltage V, as defined by equation 1.5.

zeV="1/,m~2 (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

m#@kr = Bzev (1.6)

mv = Bzer (1.7)

m/z = B2rPeny (1.8)
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Rearrangement of equation 1.6 gives equation 1.7, this 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). iCombining equations 1.6 and 1.7 gives equation 1.8. It can be seen
from 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. In addition, the
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.

Collector

Figure 1.1 Schematic diagram of a single focusing magnetic sector
analyser.
In practice, variation of the accelerating voltage causes defocusing and a loss
of sensitivity, therefore ions are generally scanned by varying the magnetic

field.



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.

mZ/R = eF (1.9)

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.

If 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.

10
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7,
Eiectrestatic 7/
cnalyser

%
[

— Collector

Figure 1.2 A schematic diagram of a double focusing magnetic and

electric sector instrument of Nier-Johnson geometry.

In figure 1.2 the ion following the optical axis has mass ‘m-and velocity v. A
“second ion of mass m may have a velocity v(1 + B) ( where B represents the
spread in speed of ions produced in the source), and an angular divergence «
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 when o and B are large.



12
1.7 An Introduction to Collisional Activation Mass

Spectroscopy.

Negative ions may be produced from organic molecules using the technique
df HO™/NICI. 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
(CA)33-55 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 2HF mass
spectrometer up to 8 keV). if an inert gas (e.g. 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. If such an ion impinges upon a
neutral atom, some translational energy of the ion méy be converted into internal
energy. Internal energies of up to 25 eV have been reported®6:57, This 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 Theory®8. For this reason there are often
strong similarities between a CA mass spectrum and the corresponding electron

impact mass spectrum.
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Pro-Leu-Gly-Amide
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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 amide®®. 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



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
negétive 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 Inversion 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 Beynon®0.
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.
If 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

where D is the bond dissociation energy. Measurement of the difference in ion

14



translational energies of AB™ and AB* can be used to estimate D and hence
provide valuable information®! 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 precursor neutrai62.63,

1.8 An Introduction 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
ions60.64,65

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 m,* undergoing a "metastable” decomposition (i.e. a

decomposition occurring after acceleration ) as in equation 1.11.
mt - myt + my (1.11)

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

same direction and speed as m,*. As a consequence of the ion my,* having a

15



reduced mass and the velocity of the parent ion m,*+, the ion m,* 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,* therefore appears at an apparent mass m" which is

defined by Equation 1.12.

*
m = maAm, (1.12)
where m, is the mass of the parent ion and

m, is 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. m;* — m,*).
Following a "metastable” decomposition, the velocity of m,* does not
exactly match that of m,*. During the decomposition of the metastable ion,

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

manifests itself as kinetic energy. This kinetic energy may appear with any
velocity, and can oppose or supplément 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 1.4(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

16
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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 acid®. 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 acid®®.

/"\
T = 0.002 cV [\/ \
i T = 0.80 eV

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 p-nitrobenzoic 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
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techniques. There are a variety of ways in which to record metastable ion spectra,
for example ion kinetic energy spectra®’, mass analysed ion kinetic energy
spectra® and various linked scan techniques®9:79- The MIKE technique is

described further in this thesis.

o-
/\ T = 004 eV
_ 045 eV
NO, ' f
b CO,H |

@ |
CO,H T = 045 eV
2 \ @ 0.04 ¢V /
-
' CO,H

\Volis

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

m-nitrobenzoic 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.
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Figure 1.6. A schematic diagram of the VG ZAB 2HF mass
spectrometer, a reverse geometry instrument.

To determine a.MlKE spectrum, the rﬁagnetic 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 Introduction to Isotope Effects

Isotope effects”!-73 can be an invaluable tool in the understanding of the

intrinsic details of reactions. In brief, the substitution of an atom for a heavier

19



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 point energy (ZPE) of a molecular
species caused by isotopic substitution. Equation 1.13 shows the zero point

energy relationship.

g, = Moy V() (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 approximation’4
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 mp » my. The effective mass

may be calculated as

*

m = mAmH
mA+ mH

therefore 1/m* = 1/mA + 1/m|.|

but since ma» My = /m*=Tmy.

20
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The ZPE difference for substitution of a deuterium for a hydrogen may be

represented thus

ALy = aoH ) <F°oD

= (), [IAm - 1Rm ]

= (/g1 - 112]
This expression is important in that it shows the relationship between ZPE
and the force constant, Atj < f. Thus the force constant controls the size of the

difference in ZPE between A-H and A-D.

AAH + B & B—H + A
AD + B o B-D + A

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 —>  [A-H-BJ¥ —  A+BH
The deuterium kinetic isotope effect for this process is again a function of the
difference in force constants and the difference in ZPE 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). In this example there are
therefore 4 degrees of freedom, two bending modes and two stretching

vibrations. We are concerned with the stretching vibration.

A---H---B Vg Symmetric vibration

A---H---B V4 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 fy # fo. If f{ = f5 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 f4 > fo then the kinetic isotope effect (K.L.E.)

approaches the value 1 and the transition state is said to be "reactant like"’8
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(figure 1.8). When f{ = fo then the K.I.E. approaches a maximum value and the

transition state is said to be "symmetrical”, when f{ < fo the K.1.E. approaches

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

"product like" .
1
AE AL ¥
R P
A At
R
AG
r.c. r.c.
— « - «— - -
AcHerenB T Acet-B T
f1 > f2 f-| < f2
"REACTANT LIKE" "PRODUCT LIKE"
T.S. T.S.
Khkp — 1 KHkp — E.LE.

AE }
AE R
r.c.
— -
AerrtieB T

"SYMMETRICAL"

T.S.

kH/kD — maximum

Figure 1.8: Potential energy curves showing relationship between

kinetic isotope effects and transition state structures.

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

effect theory, when species undergoing reactions have Maxwell Boltzman

distributions”® (i.e. in most condensed phase reactions). it 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 Derrick’®, and in the particular case of the MclLafferty
rearrangement’’. 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 Introduction
Enolate ions may be produced by the reaction of HO™ on alkyl ketones in a
chemical ionization source82, Brauman83.84 has studied the multi photon (laser

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

resonance spectrometer. The ion “"CH,COMe eliminates methane, while

~CH,COCFj eliminates CFzH and also forms “CF5. Equations (1) to (3) are

proposed as possible mechanisms for these reactions.

0
Il —
N\ ~ _ HC=CO
CHy
ﬁ _
M\ C ' S CF,
oy, — [CR(me=c=9]| — + (2)
\ CH,=C—=0
HC=CO
+ (3)
CF;H

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.

_ I O
o) o |C
| I H,C= ~ch, @
Hy;C—C—CH; —~ |H;C----C—CH; | —
P + CH,
CH, sz CH,
. o -1 .
| Me |
o H,C— * ~CH C
e H,CZ ™SCH;  (5)
H3C_'C'_CH3—— —
O + CH,
CH,4 ﬂ: Me

Brauman and colleagues8® 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. In subsequent work on
the unimolecular decomposition of alkoxides, Brauman and colleagues8® using
isotope effects and giving consideration to the electron affinities of possible

intermediates, proposed that such stepwise processes occur through the



27
intermediacy of anionic intermediates rather than radical anion intermediates.
Hayes and colleagues8’ 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 frorln
alkoxides do indeed occur via a stepwise mechanism and involve the
intermediacy of solvated hydride and methyl anions. Raftery and Bowie88 have

studied the collision induced dissociations of cyclohexanone enolate negative
ions and observed the loss of Ho from the 3,4 and 3,6 positions and rationalized

this in ferms 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 colleagues®9:28 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 y-hydrogen
rearrangement and olefin elimination shown in equation 6. The collision
induced dissociations of the enolate ions of heptan-4-one®! and
butyrophenone®2? have been studied using 2H and 13¢ 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).
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— > | +cHg, D

O o)
c Py
— e +CH, ®

Scheme 2.1

2.2 Collision Induced Dissociations of the 3-Ethylpentan-2-one
Enolate lon

In 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 2.1, 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) - (11) are listed

in Tables 2.2 and 2.3; a typical spectrum is shown in figure 2.1.
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CH3COCH(CoHg)o - (1) CH3COCH(CD,CHg)s (7)
CH3COCH(13CH,CHg),T (2) CH3COCH(CD,CHg)(CoHs)  (8)
CH3COCH(13CH,CH3)(CoHs) (3)  CH3COCH(CHoCDg)s (9)
CHCOCH(CH,13CH), (4) CH3COCH(CHoCD3)(CoHs)  (10)

CH3COCH(CH,13CHg)(CoHs) (5)  CHZCOCH(CDoCDg)(CoHs)t (1)

CD3COCD(CoHg)y T (6)

TABLE 2.1: Compounds used in the study of 3-ethyl-pentan-2-one.
t Indicated compounds were synthesised by Dr. M.B.Stringer (see
acknowledgements).

-C,04

18 (M-H'T
9] 90 -
/U\gco,—co, = =CaH,
-H'-l“
-COH
EE - CH,
102
Y
. (-C4K,D 99
) (CD,COCH3) G0y
(HC=CO) (-CoH503)
- 17
41 (MecOCH)) n o
N o 16
M UL

E/Y

Figure 2.1: Collisional activation spectrum of the enolate ions of
CH3COCH(CD,CD3)(CoH5)
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Table 2.2. Collisional activation mass spectra of enolate anions derived from compounds (1) - (11); losses of H-, Ho,

CHyg, and CoHy

loss of Loss of lLoss of
Compound T3 D H, o b, ay  Ter, Tagd g [ ey o, e, 0,
m 16 12 39 100
@ 15 11 37 100
) 30 21 70 100 100
@ 16 14 38 100
) 2 18 38 35 106 100
6) 172 178 2 100
) 15 8 37 100
® 30 10 3 71 102 100
© 15 6 3 100
(10) 2 8 3 3 24 100 58
an 26 12 3 35 25 100 57
* Involves loss of 2 am.u.

Table 2.3. Collisional activation mass spectra of enolate anions derived from compounds (1) - (11); loss of CqHg and
formation of CoH5O™ and HC50~
o Kelative Abundince
Loss of Formaton of lonnation of

Compound [ Clty ey TeBeu e, cid, Gyigh, Cligo” e ey’ ¢iD,07 CiLp o7 GloT o

m 9 3 7

) 8 4 7

f6)! 4.07 3.99 4 8

) 10 .4 7

() 10 2.05 1.92 8

© 4 6

Q)] 11 11 3 7

(8) 6.7 6 10

0] 8.3 3 8

(10) 10 2.0 14 10

an 1 7.5 3.0 2.1 13

0€
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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 tertiary

carbanions: the tertiary carbanion competitively eliminates Ho, CHy and C3Hg,

whereas the primary carbanion eliminates CoHy4 and C4Hg, and forms HC,0™.

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 alkoxides87:93, and
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

produce ~CH,COC(Et)5 and *CHoCOC (Et)p.

o) o(H 0 -
5 H = + H,
Scheme 2.2

The loss of CHy 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
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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/D50 for 10 min at 20°C gave D¢ = 15, Do=46,
D3=30 and D4=9%. Measurement of the appropriate losses of CHy and CH3D

from the enolates CHDZCOC_)Etz and CH2DCO(_3Et2 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

1 _
H/D =25+0.3

H
Position 5

1 5

H/D = 1.28+0.03

120/13C = 1.09 + 0.01

In order to differentiate between these two possibilities, a double isotope
fractionation experiment of the type proposed initially by Belasco, Albery and
Knowles®4 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
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determining and a kinetic isotope effect may also be observed. In the case of
3-ethylpentan-2-one the rate determining nature of step A (Scheme 2.3) may be,
and is observed by using 13¢ 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)

O
H)ﬁ)
0] O 0
_ A B + CcH, b
H H‘ _ —_— —
"Me

Scheme 2.3

—_— + CH4 (a)

If all the hydrogen atoms on C-1 were replaced with deuteriums then the
activation barrier for the second step would be increased (i.e. AE*H < AE%p5). 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 13¢ 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.



A+

H A
"Me

CH; (CD,)

L

+ CH, (CH,D)

” _HO) \
1

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.

34
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The experiment that needs to be carried out is as follows. It is already
known that the losses of CHy and 18CH, from CH3COC(CH513CH3)(CoHs)
occur in the ratio of 1.09 : 1 (see formula 1 and Table 2.2), i.e. 12C/13C = 1.09. If

the 12C/13C isotope effect for the loss of CH3D and 13CH3D from

CD3COC(CH5,'8CH3)(CoHs) is considerably less than 1.09, the Knowles

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

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

— _|+
\ o (
o J\ - H + MeCHO
H O
H
* +
] CD, ]
ﬁ 016 \CD2 016
|
18
O K 180 CD,
CD;,
MeCHO : MeCH'®0 CD5CDO : CD;CD™*0
= 1.15 = 1.14
Scheme 2.4

It should be noted that Derrick et al.”” 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 summarized in scheme 2.4.

This reaction is considered to be concerted, but Derrick et al contend that in this
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case the small difference observed in the 10/180 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.

In our studies of 3-ethylpentan-2-one, a ratio of exactly 1 : 1 was observed
for the loss of CHgD and 13CH3D from CD3COC(CHo13CH3)(CoHs) | ie.
126/13¢= 1.00. Thus the 12C/13C isotope effect haé decreased from 1.09 [for
CH3COC(CH,13CH3)(CoHi)] to 1.00 [for CDgCOT(CHo 13CH3)(CoHB)l. It is
most unlikely that the total removal of the isotope effect may be accounted for by

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

kinetically significant steps (Equation b Scheme 2.3).
The loss of CgHg is a minor process but it has an interesting mechanism.

Labelling data (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). Insufficient data is available to distinguish between these two

possibilities.
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+ CH4 + C2H 4

Position 4 Position 5

HD =123+0.02 HD  =1.48%002
2e/Bc=1.02+001 2C/3C =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 ions.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~ 93 and not the structure "THC=C=0 suggested

by Squires in his study of ester enolate ions®6.

H—C=C—0O + EuCH,

Scheme 2.6

The major fragmentation of the 3-ethylpentan-2-one enolate is the loss of
CoHy . Data shown in Table 2.2 shows that the fragmentation occurs with loss of

an ethyl substituent along with transfer of a terminal hydrogen to C-1. It 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 of

C oHy.
e )

Table 2.2 lists data for the loss of CoHy; 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

)] 2 O (0]
4 P
C 9
H ) +
D ==

C,H,
Position 4 Position 5

HD = 1.02£0.02  1.71%0.02

2¢/3¢ = 1.00£0.01  1.06+0.01

Scheme 2.7

The final fragmentation involves elimination of C4Hg to form an anion

C3H50™. This unusual fragmentation occurs with loss of C1 and C2 together
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with their approriate substituents. The primary 12C/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 sqheme 2.8 accord with these

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

spectrum (see section 1.7.1) of the product ion was investigated. lons RCOCHo™
on collision with helium yield RCO* plus CH291. The charge reversal spectrum

of the ion CgHgO™ from 3-ethylpentan-2-one shows loss of CHxT. In addition

both the charge reversal spectrum and the CA mass spectrum are identical with
those of the acetone enolate anion®. It is therefore suggested this unusual

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

o) ﬁ | B
O (@)
-C4H / -
| — CH,— C_\ -~—— CH,— C/// (2)
= CH,4 \CH3

§ ~ C,Hg l\/o
- - G (b)

Scheme 2.8

T Charge Reversal spectrum of the ion C3Hg50™: m/z (%) : 43 (35), 42 (100), 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 “CH,COCH3: m/z (%) : 43 (31), 42 (100),

41 (29), 39 (24), 29 (35), 28 (31), 27 (31), 26 (21), 15 (12), 14 (18), 13 (13).



40
2.3 Collision Induced Dissociations of the
3,3-Dimethylheptan-4-one Enolate lon
From previous studies the evidence suggests the elimination of ethene from
the heptan-4-one®! enolate ion occurs as shown in equation 8 (page 28),
however there is always the possibility of alternative reactions such as those

shown in equations 9 and 10.

rH
e} [) OH OH
N _— N — _+GHy (10

In 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 EtCMeZCOC_)HEt « EtCMeoC(-O7)=CHEL. The answers to two questions
were sought: i) does EtCMeo,COCHE eliminate CoHy, and if so what is the
mechanism for this reaction, and ii) since EtCMeZCOEHEt cannot eliminate

CH4 by a process analogous to that shown in equation 7 (page 28) what

alternative decompositions are noted?
The compounds used in this study are listed in Table 2.4, the collisional

activation mass spectra of their [M-H*]™ and [M-D*]~ ions are recorded in
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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.
R! R? R! R2
Me o N S
|l () Et Pr (5) MeCD, Pr
R, c C R, @ Et CD.Et (6) CD,CH, Pr
| (3) Et CH,CD,Me (7) CD«CD, Pr
Mo (4) Et CH,CH,CD; (8) CDCD, CD.Et
Table 2.4
116 144
n —C2H4 —
0
—CD;H
~ CD;
—CH,
_(C2H4+C2H2D2) (144) |- —HD
2
141
=G4
125
(CD;CH,C==C0")
72 129 4 —H:
lr l
97(—C3H5D3) f
88
¥ Y, UM _
(X 5) (x1) (X5)

Volts ——

Figure 2.3: Collisional activation mass spectrum of the [M-H*]™ enolate

ion derived from the compound EtCMesCOCH,CH,CD3.



Species Compounds

Loss (1) (2) (3) (5) (6) (7) (8)
-H, 38 28 42 44 48 53
-HD 10
-CHj* 5 10 3 4 4 4 B
'CD3. 2 3 B
-CH, 16 10 8 26 29 39 10
-CH3D 13 - 22
-CD3H 9 14 2
'CD4 14
-C,H, 100 100 100 15 25 28 28
-C,D, 100 100
-C,D5° 18 25
-C3H3Dg 3 3
EtC,O™ 13 9 5 5 5 6
MeCD,CO™ 6

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 the

spectrum of compound (4), see Figure 2.3.

42
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2.3.1 The Losses of Hy, Me® and Et’

The loss of Ho follows a similar mechanism for that reported for
3-ethylpentan-2-one®” and heptan-4-one®!, and is also analogous to the
reported stepwise loss of Ho from alkoxides8”. The enolate ion a (scheme 2.10)

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

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

in figure 2.3. The deprotonation step for the reaction b — ¢ is the rate deter-
mining step. This result is confirmed by comparison of the losses of Hy from the

ion derived from compound (1) (Table 2.5) and the loss of HD from the ion
derived from compound (6) (Table 2.5). The 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 Hy 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 products®!:97, the mechanisms for
‘these processes are illustrated in Scheme 2.10 (a—d)and (a—1). There is

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

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

ion e is not resonance stabilized.
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2.3.2 The Loss of Ethene
The peak corresponding to loss of CoHy 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 of 0.42 eV obtained for the loss of CoHy from the

heptan-4-one enolate anion®!, and suggests the mechanism is stepwise with
the first step being rate determining (scheme 2.11 (a)) [c.f. equation (6) page 27).
This process occurs exclusively in the spectra of compounds labelled in either

the 5, 6 or 7 positions [compounds (2), (3) and (4) Table 2.5 and Figure 2.3].
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Q L_ + C,H,
Scheme 2.11

The situation becomes more complex when deuterium is introduced at the 1 or 2
positions. For example CD3CH5(Me)oCOCHEt eliminates CQHQDQ and CoHy

in the ratio of 100:25, with the two peaks having widths at half height of 89 and
78 eV respectively. It 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 CoHsDo, 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 CgHg, C4Hg, and C5H{ 5
Examination of Figure 2.3 together with the spectrum from
CD3CDy(Me),CCOCHCH,CHg (Table 2.5) shows that the loss of CgHg

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

enolate anions. There are two distinct and competitive losses of C4Hg. These

can be seen in Figure 2.3. One loss involves the sequential losses of two CoHy
units from either end of the ion, and is rationalized in scheme 2.12 (b). It is likely
that both losses of CoHy involve mechanisms similar to that already described

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

o 0O
D :) — >/\H + C3Hg @
~ |
O 0O O
DA C L B
>~ _H Ho
O @)
+ CyHy ©
\-) —
J_J
—0—C=C—Et + CsHyg d

Scheme 2.12
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The second loss of C4Hg involves migration of the methyl group at position 1

together with elimination of C2 and C3 with their associated substituents (see
Table 2.5). It 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
CgH{o to produce the ion EtC=CO~ is a standard reaction®'.97.98 type for

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

0] O ol
— v ~CH, )
) ’ 7 C
AN
) (a) B _(b)
o—
0]
- CH, (12)
/
(c)
= d)
O
0 0
Me| — —CH, (13)
’/ﬁ " - _
f) © H
Scheme 2.13

2.3.4 The Loss of Methane

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 b page 33) and heptan-4-one (equation 7
page 28)] is due to the lack of hydrogens at C3. However, methane is lost by
three alternative comp.eting processes; the spectra of compoundé (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 g 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). It
is proposed that the‘reaction proceeds through ion complex a to ¢. The product
ion ¢ 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 e (Scheme 2.13) is suggested as an
intermediate for this process, with the product ion { forming when the methyl

anion deprotonates o to the carbonyl group.



49
CHAPTER 3
Collision Induced Dissociations of Substituted Benzyl

Negative lons.

3.1 An Introduction to Benzyl Negative lons

In 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 chemistry®2:100, The tropylium cation is the more stable of the two
ions, and its formation from the benzyl cation is acéompanied or preceded by
hydrogen and carbon randomization. Randomization reactions also occur for
simpler aromatic systems, e.g. the benzenel01.102 and pyridine radical
cations193, where H and C scrambling occur by different mechanisms101-103,

with H scrambling being the faster reaction?%4.

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

(at least) three discrete C;H7~ ions; PhCHo™, cyclo CsH7~ (from

deprotonation of cycloheptatriene) and a third isomer formed by deprotonation

of norbornadiene105-197. The three isomers may be distinguished by their
exchange reactions with MeOD (PhCH»5™ and cyclo C7H7™ incorporate up to
two and seven deuteriums respectively'0%), and by their infrared photo-
chemistry?96. Cyclo-C;H;~ rearranges to PhCHo~ when HO™ is allowed to
react with cycloheptatriene, and it has been suggested that the rearrangement

proceeds through the intermediacy of a [C7H7™ (HoO)] ion complex107.
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CgHs5CDo™ + MeONO — CgHsCD=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)aX™ (n=3, X = As and n = 4, X =Si)108.109; more recently for benzoyl

enolate anions®? 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 fluoroacetanilides?1?, benzil monoxime?12 and from
thiophenoxides!13. Finally, the methylene hydrogens of PhCHy™ retain their

positional id.entity during the ion molecule reaction shown in equation 1114,

In recent years NICI mass spectrometry has become increasingly used in
the determination of aromatic residues?16-122 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, In this chapter the collision induced dissociations of the substituted
benzyl systems Ph(_)(Et)g , PhQC_JH and PhgC™ 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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Figure 3.1: Collisional Activation Mass Spectrum of the deprotonated
3-Phenylpentane anion.

3.2 Collision Induced Dissociations of the 3-Phenylpentane Anion.

All compounds used for this study are listed in Table 3.7. The CA mass
spectrum of the ion Ph(_DEtg is shown in Figure 3.1; the spectra of it s labelled
derivatives are listed in Table 3.2.

The symmetrical ion PhCEtz was chosen for study in order that
fragmentations of the side chains could be investigated with the aid of

intramolecular isotope effects. The ion PhEEtQ loses He, Hp, CHy, (CoHy +
He), CoHy, C3Hg and forms the ions CH3™ and CgHg™ (Figure 3.1). With the

exception of the loss of H- and the formation of CgHg™, the majority of
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fragmentations of the ion PhC_JEtz may be rationalized through the intermediacy

of ion complexes.

Ph—(— T (CeHy)—— + H )
Ph — —_— C6H5_ + C5H10 (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 CgHg™

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.

Loss ) (3) 4) (5) (6)
PhE(Et)(CH213CH3) PhC(Et)(CH,CD3)  PhC(Et)(CDyMe) CgDsCEty (CeH,D3)CEt,
H 100 100 100 100
D a 20b 100b 42b
Hj 25 a 20b 100P 42b
HD 8
CHy 29.0 28.0 51 3 45
13CH4 28.9
CH3D 24.9 18 18
CDsH _ 24.9
CoHy a a a 2 2
CyH3D
CoHs® 4.0 6.1 5 8 6
12C13CHy* 3.8 '
CoH3Dy® 3.5
CoHoD3® 2.7

a Small not resolved. b D*=Hj; =2 am..

S



Table 3.2 Continued.

Loss

B
PhC(Et)(CH, "Me)

(3)
PhC(Et)(CH,CD3)

4)
PhC(Et)(CD;Me)

(5)
C6D56Et2

© _
(CeHaPyCEL

Cs3Hg
12C213CH8
C3HgD2
C3HsD3

2.5

1.8

4

Formation

CeHs™
CeDs5™
CeHaDs~
CHj3~
CD3~
13CH;3-

1.1

1.0

1.5
1.0

0.5

GS
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Scheme 3.2
The CA mass spectra of the ions PhC—J(Et)(CHQCD3) and Pha(Et)(CDQCH3)
(Table 3.2) show that there are two competing 1,2 elimination reactions in
operation for the loss of Ho. These two processes may be rationalized by the

intermediacy of ion complex g (Scheme 3.2). The hydride ion of the ion
complex a may competitively deprotonate at two sites giving product ions b and
¢. Similar processes have been described before and are considered to be
step-wise processes®’: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). It is suggested that the
reaction proceeds through the intermediacy of ion complex d (equation 4

scheme 3.3). The D and 13C isotope effects (derived from the spectra of the
ions PhC(Et)(CHoCD3), PhT(Et)(CH,13CH3) and CgDgHLT(Et)o) for this

process are listed alongside formula 3.
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N
j
< _H
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Scheme 3.3

The H/D value derived from CGD3H26(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 d) shows no 13C isotope effect. Interestingly,
the spectrum of CGD55Et2 (Table 3.2) shows the loss of both CH3D and CHy

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. It 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. It is interesting 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 5).
The minor loss of CgHg 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 Syji reaction yielding PhC:CHQ + CgHg 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.

Scheme 3.4
Examination of the data in Table 3.2 shows that the loss of CoHg is unusual

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

1 and 2 positions of the pentane chain shows pronounced isotope effects; for



59
example the ion PhC(Et)(CH,CD3g) loses CoHg and CHoCDg in the ratio
61:27, i.e. an isotope effect H/D of 2.25 is observed. It is proposed that this
elimination corresponds to the loss of CoHy + H* (equation 8). The H/D isotope
effect indicate that the first step (the loss of H® from the 1(5) position) is rate

determining, the radical intermediate formed then eliminates CoHy. An
analogous reaction123 has been observed previously for the loss of CoH5g*

from Eto,CCO5™ .

2 + CGH, + H (8)

3.3 Collision Induced 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. In these cases the CA mass spectra showed unresolved

peaks and linked scan spectra were required to achieve the appropriate

resolution.



60

:66]—' 167

165

”5(‘C4”1)

90 (~Cyly)

mﬂ‘wumw. \H» x 50 ____,_//}

E volts —

Figure 3.2: Collisional activation mass spectrum of deprotonated

diphenylmethane 243
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165 (~CH)
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Figure 3.3: Collisional activation mass spectrum of Ph,C™ [major peaks in
the c.a. mass spectrum of Phy13C™ are m/z (loss) % 242 (H»o) 100; 192 (C4Hy)

11; 168 (CGH4) 3; 167 (CsHs’) 4 ;and 166 (CGHS) 22].
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Figure 3.4: Collisional activation mass spectrum of Pho(CgD5)C™
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Figure 3.5: Collisional activation mass spectrum of (CgHoD3)3C™



Table 3.3 Collisional Activation Mass Spectra of PhpCH — and labelled derivatives.

Loss of
Compound Ton H D H, HD C4Hy C4HyDy  C4Dy4 CeHs  CgHD3  CeDs
0 PhyCH™ 100 84 2 0.5
®) PhyPCH™ 100 80 - 1.5 0.2
©) Ph,CD 100 75° 75° 2 0.3
(10)  Ph(CgD5)CH 100 368 360 12 101° 070 0.16° 0.15°
(1) Ph(CgH,Dy)CH | 100 17° 17 13 113" 0.94° 0.20° 0.18°
 Both Hy and D =2am.u. b-e An average of 10 individual scans. .
Formation of
Compound Ton CgHs CgHoD3 CgDs
) Ph,CH 0.2
®) Ph, >CH™ 0.2
9 Ph,CD 0.1
(10) Ph(C¢Ds5)CH 0.05 0.05
(11) Ph(CgH,D3)CH 0.05 0.05

29
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The major fragmentations of Ph2(_3H are losses of H* and Ho, and for PhaC™

loss of Ho. The loss of Ho 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. Interpretation 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

3.3to0 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 (a equation 10, R =H or Ph) are

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

these anions.

9) PhCR + Phe . + H

e
\

au

(10)

Ph

(11) Ph + (PhCR) & Ph\_
y — JC—C=CH W
R R

b + C4H4

Scheme 3.5
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The loss of Phe 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 Ph2C_)R systems (R = H or Ph) is loss of
C4Hgy. This reaction is specific; there is neither evidence of the benzylic carbon
inserting into a phenyl ring nor of intra or inter ring scrambling. Both Ph213CH‘
and Phg13C™ eliminate C4Hy; Figure 3.4 shows specific losses of C4Hy4 and

C 4Dy, while Figure 3.5 shows specific loss of C4HoDys. Isotope effects H/D of
1.45 and 1.42 (correction made for statistical factors where appropriate) are

noted for respective losses of C4H4 and C4Dy4 from the ions Ph(CgDg)CH

(Table 3.3) and Pho(CgDg)C™ (Figure 3.4) respectively. It is proposed that this

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

R=H or Ph) and the overall reaction is illustrated in equation 12. Bowie and
Stringer'13 reported earlier the specific loss of C4H,4 from PhS™, but at that

time offered no mechanism for the reaction because of the multitude of complex
decompositions noted for the PhS™ system. It is probable that this

decomposition of PhS™ is directly analogous to that shown in equation 12.
Other fragmentations observed for PhgC™ give rise to peaks at m/z 167,

166, 165, 115 and 77 (see Figure 3.83) which are formed respectively by losses

of C4Hy, CgHs", (CgH4 + C4Hy) and C43H4g. The spectrum of Phg'3C (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 CgHg (to form m/z 165) and the formation of

CgHs™ (m/z 77). The compléx nature of these reactions can be seen in Figures

3.4 and 3.5.

Phc  _—CMs_ pncceHy)  —— 0.0 (13)
a

It is proposed that the loss of CgHg forms the fluorenyl anion a and a possible
simplified mechanism is suggested in equation 13. If Pho(CgD5)C™ loses only

CgHg, CgHsD and CgHDg, then peaks at m/z 170, 169 and 165 would be |
observed in figure 3.4. However peaks are observed at m/z 170, 169, 168, 166

and 165 corresponding to losses of CgHg CgHgD, CgH4D2, CgHoD4 and
CgHDg. In addition, figure 3.4 shows formation of CgHg™, CgH4D™, CgHD 4~

and CgDg™. There is therefore a process in which a single hydrogen

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

this occurs by the process shown in scheme 3.6.



66

Ph,CD(C¢D,) = ———=  Ph,CC4Ds Ph(C¢D5)CH(CgH,)
c a b

Ph(C,D,H)CD(CeH,) = (C¢H,D)C¢DH)CPh = Ph(C(H,D)CH(C¢H,)
d e £

Scheme 3.6

lon a (Scheme 3.6) may transfer an ortho H* or D* to form b and ¢; these ions
transfer H* or D* across rings to form f and d each of which may form e.

Assuming statistical elimination, a 1 : 2 ratio of g to e gives the following ratios :-
CGHS_ : CGH4D— : CGHD4_ : C6D5_ = 100:50:50:50, and m/z
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.g. see the abundances of m/z 166 and 170) making
a quantitative assessment difficult. A similar treatment for (CgHoD3)3C™ (Figure
3.5) will give only m/z 170 and 171 if no intra ring H/D scrambling occurs. The
presence of m/z 169 (- CgHDg) shows that the loss of CgHg from PhaC™

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

rings.

The minor loss of CgHg® from PhgC™ yields m/z 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 CgHy from PhgC™ is 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 CgHy, as evidenced by specific losses of CgDy4
and CgHoDo shown in figures 3.4 and 3.5 respectively. This indicates that the

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

processes d — e (Scheme 3.3), not process 2 — ¢.

H
9
PhC —— PhCH(CHy) —— PhCH + CgH, (14)

/

PhCH—C==CH + CH, (15

Finally, the formation of CgH™ (m/z 115, Figure 1) occurs by specific losses

of (CgH4 and C4Hy). The sequence of this consecutive process is not known;

one possibility is shown in equation 15.
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CHAPTER 4
Collision Induced Dissociations of some Organoborates and

[M-H*]~ lons derived from Organoboranes.

4.1 Introduction.

Organoboranes?24-126 gre 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 BRj are isoelectronic with the corresponding carbocations R;C*, and

i) the electronegativity of boron127 has been estimated at 2.0, a value which is

relatively close to that of carbon at 2.5.
00 9,
B—X B
O 0 0
9,

R

Oy 01

“B—X —— B—X — B—X -

0 0 0 O

Scheme 4.1

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

accessible p orbital, making boranes electrophilic or Lewis acidic in nature.
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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 boranes'24.128_ 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 p—p, bonding with adjacent p or sp" (n=1,2,3)
orbitals or with other second row elements such as C, N, O and F.

This py — py overlap illustrated in Scheme 4.1 is crucial to the reactivity of

boranes in, i) allowing the stabilization of negative charges or radicals o to the
boron centre, and ii) facilitating the characteristic 1,2 migrations common to
organoboranes in condensed phase chemistry129-131,

The majority of gas phase investig.ations 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

al137 observed the formation of negative ions from diborane (e.g. BoHg™ and

BoH5™) in conventional mass spectra. Beauchamp?38-140 has investigated the
gas phase Lewis acidities of boranes by ion cyclotron resonance and observed

deuterium transfer (from DNO™), fluoride transfer (from SFg™ and SF5™) and

the deprotonation of trimethylborane to form the ion M92§=CH2. Hayes et

al141.142 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. Initial 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 b. Intermediate b generally lies some
200 kJ mol"1 lower in energy than g, and the direct pathway to b is the more
probable approach. Intermediate- b decomposes principally to effect
nucleophilic displacement (equation 1), but more complex reactions may also
occur. Attempts were made by Hayes'4! to 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
H—>c—3<
/ H a Y
Mw_'F MezBY —
Y + Me,BOMe (1)
Me /
i eo_“,.B;y Me(Y)B=0 + C,Hg (2)
Me" b
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-H*] ion derived from trimethyiborane.

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
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the ion cyclotron reaction of alkoxides with organoboranes and alkoxyboranes
is indeed tetrahedral as the solution phase counterpart would suggest, or
whether it is a hydrogen bonded structure.

iii) What are the charac‘teristic fragmentation of these ions and other
adducts formed from the gas phase reactions of some nucleophiles with
organoboranes? In particular are the characteristic migrations common to

organoborates in condensed phase chemistry observed in the gas phase?

4.2 Collision Induced Dissociations of the [M-H*]™ 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 Ho and CHy; 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) confirm that the major losses
of Ho and CHy4 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 Ho and CHy
(see Table 4.1). For example the spectrum of (CH3)(CD3)§=O shows the loss

of CH3D and CDgH in a ratio of 1 : 1.16, similarly the spectrum of
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(CH3)(CD3)§=CH2 shows the loss of CH3D and CDgH in a ratio of 1 : 2.2. The

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

reactions of organophosphorus?43 and organosilicon'44 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— H—(-\ CHzB MCZ _ HzC:_BMCZ + '-'3 0

HO™ + MeB —— B—O0_)

[B(CHy);~ + H,]

Me,B=CH,

[B (CHz)z; + CH,l

[(CH,),BO + H,]-

Mez_B =0

/
\ [CH,BO + CH,J

Scheme 4.3

3

— ~ Me,B—O + CH; @)

)

(6

M

)
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Figure 4.1 Collisional activation spectrum of the anion MeoB=CHo.

41 CH,BO

I | W

Figure 4.2 Collisional activation spectrum of the anion Me2§=0
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lon H*  D'HpyHD D, Me® CDg CH4q MeD CDgzH CDy

Me(CDg)B=CH, 100 89 12
MeoB=CDy 100 64 14
CD3)pB=CH, - 100 65 8

Me(CD3)B=O 50 29 24

1.2 1.8 4.0
2 1
<1 1 1.2 3.8
25 29

Table 4.1 Collisional Activation Mass Spectra of the (M—H*)™ or (M—D*)~ lons
Derived from Labelled Trimethylboranes

Attempts were made to confirm the structures of the product ions illustrated

in equation 5 - 8 using ab initio calculationsT, and the results are shown in

formulae 4 to 9. Geometries were optimized using GAUSSIAN 8614° at

RHF/6-31+G" level ; energies were calculated using additional Moeller -

Plesset correlations14¢ (MP2) and genuine minima were confirmed by

harmonic frequency analysis and by standard test of wavefunction stability by

release of the RHF constraint.

H’,’ /H
’C=B=C

H/ \H

E = -103.04507 a.u.

BC = 1.4345A

CH = 1.0820A

BCH = 122.9295°

4

H

C:]E:O

e

BO
BC
CH
BCH

= -139.02607 a.u.

1.23295A
1.4569A
1.0295A
122.2031°

5

T 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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A} |

C H _—
HN‘(I:/E:CZ/ g C\E ______ C/H

G )
S N a_&  OH

H, \

H

E = -142.2137 a.u. E = -142.15996 a.u.
BC, = 1.4475A BC = 155424
BC, = 15777A CH = 1.0860A
CH,; = 1.0846 A BCH = 123.5845°
C,H, = 1.0846 A
C,C = 155924
C,BC, = 123.2724°
BC;H;, = 123.2724°
BC,H, = 121.6633°

H,C,BC, = 76.2326°

N
I~

The loss of CHy from deprotonated trimethylborane would be expected to

form an allene type structure, 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 CHy from the borate ion Me2§=0 would be expected to

give the oxa analogue [CHoBO]™ 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 of Ho 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(CH»5)3]™; 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(CH5)3]™

does not adopt a singlet ground state in D3}, or lower symmetry but on modest
distortion relaxes to the stable cycloborapropane ion 6. The calculations show
that there is a Dy, structure Z, but it is a triplet state lying 141 kJ mol"1 above §.

The BC bond of 7 is calculated to be 1.544 A, a value intermediate between a

single (B-C, 1.63 - 1.66 A), and a double bond (B=C, 1.43 - 1.46). An analogous
situation pertains for the oxa ion [(CH2)oBO]™. The Cop,, or Co versions of this
ion do not give a stable state energy minimum, but relax to the cyclic species 8.
The stable [(CH»)oBO]™ structure is a triplet 9, 314 kJ mol 1 in energy above 8.

Calculations of the bonding in 9 indicates CB bonds (1.519 A) with appreciable

double bond character, whereas the BO bond (1.478 A) is essentially a single

bond.
H
HmC_ H—C
| /B © ‘ B——0O~
2 H,—C
H,
o | b E = -178.04867 au.
BO = 12641? BO = 14784 A
(‘gg _ 1'5950)& BC = 151884
o = 11388%71 A CH, = 108404
OBC = 150.29076° CH, = 108324
BCH = 124.9628° OBC = 118.50590
HCBO = 77.22410 BCHl = 124.9628
BCH, = 121.2106°

loo
o
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4.3 The Structure of Non-decomposing Boron Adducts.

Ab initio calculations?4? suggest that two stable species, g and b (Scheme
4.2 page 70) may be formed when MeO™ is allowed to react with MeoBY. |

These two ions should fragment differently on collisional activation. In order to
determine whether the non decomposing adducts formed were hydrogen

bonded or tetrahedral species a simple experiment was carried out. The
reactions of MeoBOCHg with CD30™ and MesBOCDg with CH30™ 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 Co axis of symmetry.

(|JCD3

\
Me' f Soch,

Me
10

Thus in this case, the collisional activation spectra of the tetrahedral adducts

formed by the reactions (MeoBOCH4 with CD30™) and (MesBOCDg with
CH307) should be identical. In contrast, should a hydrogen bonded species_be
formed, then the Meo,BOCHg /CD307 reaction should form the ion 11 and the
Mep,BOCDg3/CH30™ reaction should form ion 12. lons 11 and 12 should
produce different collisional activation spectra; 11 will competively form CD30™

and lose CD3OH, while 12 will give MeO™ and eliminate CH30D.
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Me H Me D
>B O C< H >B O C< D
Me H Me D

If MeoBOCH3/CD30™ gives a mixture of 10 and 11 and MeosBOCD3/CHZ0™

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
(MeosBOCH3/CD307) and (MesBOCDg/CHZ0™) are identical within experi-
mental error and the spectra are shown in Figure 4.3. In a similar way the

collisional activation mass spectra of the product ions of (MesBOEt / CoD507)

and (Meo,BOC»D5 / CoHg07) ions are identical within experimental error (see

Table 4.2). These results are consistent with the stable adducts having

tetrahedral geometry. In this context is should be noted that the collisional

activation spectra of the two corresponding silicon adducts'? (Me3SiOMe +

CD307) and (MegSiOCD3 + CH30™) 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 11 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.
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Figure 4.3 Collisional activation mass spectra of the adducts [MesBOCHg +

CD307] and [MepBOCD3 + CH50]



Table 4.2 Collisional Activation Mass Spectra of Organoborane plus alkoxide Adducts.

Adduct, m/z m/z (loss) abundance

Me,BOMe + MeO~ 103 102 (H-) 4, 87 (CHy) 3, 73 (CHL0) 4, 71 (MeOH) 100, 57 (MeOMe) 0.6,
41 (CH4+MeOMe) 0.8 31 (MegBOMe) 22.

Me,BOEt + EtO-, 131 130(He) 21, 115(CHy) 4, 87(CH3CHO)7,  85(EtOH) 100, 45(Me2BOED) 8. .

Me;BOEt + C2Ds0-, 136 135(H¢) 3, 120(CHy) 13, 92 (CH3CHO)7,  90(EtOD) 100, 85(C2DsOH) 85,
50(MezBOED) 18, 45(MeaBOCDs) 13,

Me;BOC,Ds + EtO-, 136 135(H+) 3, 120(CH4) 8 92 (CH3CHO)7, 90 (EtOD) 100, 85 (C,DsOH) 73,
50(Me2BOED 9, 45(MeBOC,Ds) 13.

Et,BOEt + EtO-, 159 157 (Hp) 4, 129(CoHg) 1, 115(MeCHO)9,  113(EtOH) 100,  85(EtOEY) 1,
45(Et,BOE) 14.

(MeO)3B + MeO-, 135 105(CH,0)21,  103(MeOH)25,  89(MeOMe) 20, 31((MeO)3B) 100.

(MeO)3B + MeO-, 138 115(CH20)4,  108(MeOH)11, 107(MeOD)4, 106(CD30H) 2,  92(MeOMe)8,

89(MeOCD3)6,  34((Me0)3B)26, 31((MeO),CD30B)100.

08
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4.4 Collision Induced Dissociation 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 MeQE(OMe)Q; a summary of the

fragmentations of this ion are given in Scheme 4.4.

Me,BOMe + MeO ®
?Me B — ___ (MeO)Me)BCH, + MeOH  (10)

- . [MeO (MeZBOMe)]

Me\)B\OMe
Me £ \

I Me,B=0 + MeOMe (1)

[Mc_((MGO)zBMC)] R OMe
S |
I \ . MC'?B-_\H + CHZO (12)

Me

(MeO)Me)BO + C,Hg  (MeO),BCH, + CH,
(13) (14)

Scheme 4.4

Most of the fragmentations shown in Scheme 4.4 have analogous reactions
in silicon144 and phosphorus ions43. The analogous reactions 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. It is suggested that
all fragmentations shown in scheme 4.4 proceed through either ion complexes
cord. The MeO™ ion complex ¢ is responsible for the major fragmentations; ion
¢ 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 10). 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 Sy2 reaction in which dimethyl ether is

eliminated: this process is represented in equation 11. 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 dioxide®0. In this study the reaction becomes more

pronounced as the number of methoxy groups around the boron increases; in
the case of [(MeO)4B]™ loss of CH5O gives a peak of 21% 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 methy! group of the methoxy substituent via an
SN2 reaction to eliminate ethane and give the product ion shown in equation

13.
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4.5 Collision Induced Dissociations of Negative 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 reactions29-131 occurring
in condensed phase reactions of organoborate ions (e.g. equations 15 and

16) has led us to consider the collisional activation spectra of adducts formed

between Me3B and some bifunctional alkoxide ions of the type TOCHoCHoX

(where X = F, HO, MeO, MeS and MesN).

R
Rzﬁ—< —_ RzB% + X 15
st
R

R' R'

R3§—/\—/?( A + RB + X— 16
N

X = halogen, N,, OSO,R, Me,S, 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;BOCH,CH,X (where X = F, HO, MeO, MeS and

Me,N) undergo a number of standard reactions including the loss of CH,,
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and the formation of the ions Me,BH, “OCH,CH,X, C,H;07, Me,B=CH, and
C4sH,4OX™. The adducts also undergo some gas phase reactions not

observed before in boron chemistry such as the formation of Me3I§X and the

loss of XMe and XH. The collisional activation spectra of these borate anions
are recorded in Tables 4.3, 4.4, 4.5, and a typical spectrum is shown in Figure

4.4. Some of the rearrangements are studied further by recourse to the

spectra of adducts [Me3B + "O(CH»)4X] (n=3-5) (see Table 4.3-4.4).

140
(CD3);B + —OCH,CH,OMe| {
(CD;),B=CD,
63
McOCH,CH,0™
75 |
— MeOH
— CD;
108 e
(CDyBH| '
[0 | 120
\ 123
O 107
CH;0™ 66
43 — (McOCD3)
3l 3
I O Y i L...J\__J _J

Figure 4.4: Collisional activation mass spectrum of the adduct derived from

the reaction of the anion MeOCHoCH,O™ with MegB.



Table 4.3: Collisional Activation Mass Spectra of the Adducts formed from the Reactions of Me3!'B and

MeO(CH2),0™ (n =2 to 5) and Labelled Derivatives.

Alkoxide Borane Loss of
CHy CH3D CD3H CDs MeOH MeOD CD30H CD30D MeOMe CD30OMe CD30CD3

MeOCH2CH2O MesB 52 38 2

MeOCH,CD,0O- Me3B 32 6 14 4

CD30CH2CH,0O- | MesB 26 6 18 3
MeOCH2CH2O~ | (CD3)3B 20 27 50 3
MeOCH,CD20- | (CD3)3B 21 36 30 5
CD30CH,CH2O~ | (CD3)3B 11 24 19 1.5
MeO(CH3)30~ MesB 48 21 0.5

MeO(CH3)2CD20-| MesB 44 21 1

MeO(CH3)30- (CD3»3B| 18 9 30 18 0.5
MeO(CHp),CD20O-| (CD3)3B| 21 46 32 2
MeO(CH3)40~ MesB 79 16 9

MeO(CH3)50~ MesB 47 13 2

MeOC(Me),CH20| Me3B 31 24 8

G8



Table 4.3: continued

Alkoxide Borane Formation of

[X(CH2xO'] RO~ MeyB=CH, (CD3;B=CDp MesBH MesBD  CH3O- GoHoDO-  X-  [RO—Hol- [RO—HD]-
MeOCH,CH,0- | MesB 58 100 9 2 1 3
MeOCH,CD,0- | MesB 45 100 6 2 3 0.75
CD30CH,CH,0- | MesB 42 100 9 2 2 2
MeOCH,CH,0- | (CD3)3B| 88 100 9 6 4 3
CD3;0CH,CH,0- | (CD3)3B| 82 100 9 3 3 5
McOCH,CD,0- | (CD3)sB| 68 100 6 2 3 1
CH30(CH2)30- | MesB 76 100 8 = = 5 17
MeO(CH,)2CD20~ | MesB 78 100 6 - _ 6 i
CH30(CH2)30- | (CDs)sB| 100 98 - _ 6 2
McO(CH3)2CD,0~ | (CD3)3B 100 100 7 - = 6 2
McO(CH)40~ Me3zB 28 100 12 - = 8 0
MeO(CHp)sO- | MeB 16 100 13 = - 7 10
MeOC(Me),CH,0- | MesB 100 27 1 - - 14 = -

8i8



Table 4.4: Collisional Activation Mass Spectra of Adducts formed by the Reactions of Mes3''B with
XCH2CH0O™ (X = NMej or SMe) and Labelled Derivatives.

Alkoxide Borane Loss of
X(CH»),O~ CHy4 CH3sD CD3H CDy XH XD XMe XCD3

MesNCH,CHuO- | MesB 66 22 | _ _
MesNCHoYCDyO- MesB 84 6 10 - -
CD3);NCHyCH20~| Me3B 78 38 29 = —
MeaNCH2CHO- | (CD3)3B 32 16 25 24 - -

MesN(CH)30- Me3B 80 24 - -
MeSCH,>CH,0~ MesB 23 47 7
CD3SCHCH0O- MesB 10 8 18 2

MeSCH,>CD,0O~ MesB 31 30 3

MeSCH,>CH,0O~ (CD3)3B 11 5 34 a

a =91 am.u. = loss of MeSCD3 = formation of MeSCH,CH,O~

L8



Table 4.4: continued

Formation of
Alkoxide Borane _ o _ _

(X(CH2),O™ = ROM) RO~ [RO—Hy]- [RO—HD]~ MesBH Me3BD Me;B=CH, (CD3);B=CD; C;H30- CoH,DO-  X-
MesNCH2CH20- | MesB 72 13 8 100 -
Me;NCH,CDyO- Me3B 73 9 6 100 -

CD3)o:NCH;CH20~ | MesB 84 16 8 100 -
Me;NCH2,CH20-  ((CD3)sB | 100 16 8 96 -
MeaN(CH2)30~ MesB 100 21 6 100 -
MeSCH,;CH,0~ Me3B 100 - - 22 55 25
CD3SCH,CHZ;0- Me3B 100 - - 24 45 24
MeSCH,CD,0~ Mes3B 100 - - 1 14 45 19
MeSCH2CH20-  |(CD3)3B | 100 - - 16 48 17

88



Table 4.5: Collisional Activation Mass Spectra of Adducts formed in reactions of Me311B and XCHCH20— (X
= HO or F) and Labelled Derivatives.

Alkoxide Borane Loss of

XCH,CH,O— R3B CHy CH3D CDsH CD4 XH XD CoH40 CHoCDyO (R3B + Hy) (R3B+HD)
HOCH,CH;0- | MesB 50 8 9 9
DOCH,CH2O~ | MesB 16 28 6 11 12
HOCH,CH,0- | (CD3)3B 75 28 b 15 15

FCH,CH2O- MesB 24 3 10 3

FCH,CD,O~ MesB 38 1 1 4 4
FCH,CH,O~ | (CD3)3B 6 132 62 13 8 0.5

2109 a.m.u. = loss of CD4 = loss of HF.
b 107 a.m.u. = loss of CD3H = loss of HOD

68



Table 4.5 continued

Alkoxide

Borane Formation of
XCH,CHyO- RO~ (Me3),BCHz (CD3»BCDy MesBH MesBD HCO- DGO~ CoHzO~ GHpDO-  X-
HOCH,CH,0-| MesB | 100 12 13 1 1 )
DOCH,CH20-| MesB | 100 12 12 2 2 )
HOCH,CH,0- | (CD3)3B | 100 28 11 0 3 ]
FCH,CH,O~ Me3B 98 100 24 1 1 6
FCH,CD;0- | MesB | 82 100 19 5
FCH,CH,0~ | (CD3)3B | 1008 1002 24 1 0.5 6

a = 63 a.m.u. = formation of FCH,CH,O~ = formation of (CD3)2BCD2?.

06
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4.5.1 The losses of CH, and Me;B, and the formation of
XCH,CH,0~, Me,B=CH, and C;H,0X .
The formation of ions XCHoCH,0™, MesB=CHy and MegBH 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 XCH,CH,O™ and Me3§H, and for the loss of CHy are

analogous to those summarized in equations 9, 12 and 14 (Scheme 4.4 page

81).

Me

B—O(CH,),0H — (Me— [MezBO(CHz)on])
Z
e |

MezB OCHzCHzO— + CH4 _1_1

[MesB + “OCH,CH,X]™ — ~CH,CHO + (Me;B + XH) 18

Scheme 4.6

The major loss of methane from the adduct (HOCH,CH,O~ + BMeg)

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
CoH307™ is a minor reaction; the formation of this ion involves loss of MegB, 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 CgH40X™ is related to the 1,2

stepwise loss of Ho 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 shown in equation 19.

_ 0\
M%B—O
\-/\CH-—»-H — /C——-C{ + Me3B +H2 19
K_ H
X CH
/ -...“h.

The formation of M92§=CH2 may occur by a different mechanism in
binucleophilic systems compared to the simpler alkoxide/borane systems.
The formation of Me2§=CH2 in the simpler alkoxides/borane systems is a

minor process. In contrast, it is the base peak in the spectra of these systems
(with the exception of when X = MeS or HO). It is suggested that the
binucleophilic species examined in this study may form two alternative

adducts on reaction with organoboranes, these two possible adducts are
shown in g and b (Scheme 4.7). Adduct a may decompose to Me2§=CH2 by
a standard process (scheme 4.4 page 81). Alternatively the formation of

Mez§=CH2 may occur through adduct b, which may undergo an intra-

molecular elimination of XCHoCH»OH to form M92§=CH2 (equation 20

Scheme 4.7).
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Me

| g
— — % —
Me//B—OCH2CH2X __B—XCH;CH,0
Me /
Me Me
a b
H (%
CH, \ Me\_
T /CHZ Jp=cu; XCH,CH,0H 20
B

Scheme 4.7

4.5.2 The Losses of XH and XMe and Formation of X~ and Me3§X
(X=F, HO, MeO, MeS and MesN).

The formation of Me3§X is a minor reaction, but it has an interesting

mechanism and occurs exclusively 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 involve the
formation of ethylene oxide and Me3§X, it is not possible to distinguish

between them.

TN A

Me;B (XCH,CH,0) ——— MeBX + (21)
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07
[
0
"N _CH
— + 2 _
Me;B——X | Me;BX  + /\ (22)

Scheme 4.8

All adducts studied (with the exception of the system where X = NMe»)
show the loss of XH, XMe and the formation of X™; for example the spectrum
of Me3§OCH20H20Me (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 unless otherwise 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 to 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"
fragmentation148-150 to produce MeO™, followed by competitive

deprotonation (equations 25 and 26 Scheme 4.9).
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Scheme 4.9

Remote fragmentations?48-150 are 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(CHg)QOEMe3 is 38 % of the base peak, while loss of MeOH from the

ion MeO(CHo)50BMeg is 13 % of the base peak (Table 4.3). In addition,

substitution at the C2 of the alkoxy such that C2 becomes a tertiary centre has
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little effect on the loss of MeOH, e.g. loss of MeOH from the ion

MeO(CHZ)ZOEMe3 is 38 % of the base peak, while loss of MeOH from the

ion MeO(CMeZ)CH20§Me3 is 24 % of the base peak (Table 4.3). It would be

expected that a migration led reaction would be severely discriminated
against by lengthening of the carbon chain and/or steric hindrance at C2 of
the alkoxide group.

The migration reaction should produce the product ions a and b
(Scheme 4.9), whereas the remote fragmentation mechanism would produce

the two ions ¢ and d.

10

In 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.g. 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). Unfortunatély, 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 = NMey or F. The loss involves a methyl group attached to

the boron together with the substituent X. The mechanism shown in equation
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27 is suggested for this process. It is not known why X = NMey and F
substituents fail to participate in this process. The formation of X~ occurs for
all systems with the exception of X = NMe,. Perhaps the mechanism is of the

type that 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 X7e.g., the abundance of
the peak corresponding to formation of MeO™ from adducts (MeO(CH,),0™ +
Me;B) and (MeO(CH,)50™ + MegB) 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.

2N

Me;BOCH,CH,X =~ ——— Me—(Me,BOCH,CH,—X)
MeZE——O
| l L XMe Q7)
H,C——CH,
— M Me,B-OCH,CH
Me;BOCH,CH,—X — | X~ °2| J+ 2)| — Me,BOCH,CH,Me (28)
Me + X—
Scheme 4.10

There are two other losses of methane observed in the spectra of adducts
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from (XCHoCHoO™ and MegB); both involve X substituents that have a

methyl group (e.g X = MeS, MeO and MesN). 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 = NMe, 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 Me
_ T TN\-_0O
Me— B—OCH,CH,A-Me e 5”7 cg,
© | | +CH, (29
Me H2C CH2
\A /
(A =NMe, Oand S)
Me
| o
Me—]|3_ (CH2)2 SR Me
o)
N\
Me N Me—BZ  (cHy),
Me Me 1v|1 | + CH, (30)
© N
CH,

Scheme 4.11



Table 4.6: Collisional Activation Mass Spectra of the Adducts formed by the Reaction of Me3“B with some Enolate

Anions.
Substrate Reacting ion Loss of
= Nu H D CH, CHD CDjH (D, CH,CO (CD,CO  NuH NuD Me;B (CD4);B

(CD3)3B ~CD,CHO 12 6 5 2 3 100
Me3B ~CD,CHO 15 2 11 4 1 3 100 .
Me3B ~ CD,CDO 13 2 12 4 0 4 100

Me3B ~CH,COMe 8 10 3 100

MesB EtCHCOPr 11 9 4 100

Me3B C>=o 7 2 1 100

Me3B ~“CH,CN 7 9 4 100
(CD3)3B ~“CH,CN 4 7 3 2 100
Me,B ~CD,CN 8 5 5 4 100

Me,B ~CH,SOMe 3 5 3 2 100

Me,B ~CD,SOCD3 3 2 3 1 100

66
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4.6 Gas Phase Reactions of Enolate Negative lons with

Trimethylborane

In the preceding section it was suggested that functional alkoxide ions

could act as ambident nucleophiles towards boranes, i.e. the reaction

between e.g. MeOCH,CH,O™ and MegB could form two adducts

- - 4
Me3BOCH,CHyOMe and MegB—O(Me)CHoCH,O™. In this section we
explore this possibility further by examining the ion chemistry of adducts
formed by the reaction of MegB 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. In order to investigate this possibility from a

theoretical viewpoint, ab initio calculations (3-21G and 4-31G*//3-21G) have
been used on the simplest model system, i.e. HgB/(CHoCHO)™. 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.
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Table 4.7: Geometries and Energies of Stable Adducts from H3B/(CH2CHO)_ S
(4-31G*//3-21G). e
I I
\.B;_—O5 Ho Bl_'CS
N \
H4\\/ \C:C / Hy? / Cgr 1110y
H3 / 6 8\ Hg
H7 HIO H‘?
A B
-178.58412 a.u. (4-31G*) -178.58270 au. (4-31G*)
12 1224 2-1-5  108.6° 1-2 123 A 2-1-5  108.3°
1-3 1.23 3-1-5  109.9 1-3 1.24 3-1-5 109.2
1-4 1.24 3-1-5  109.9 1-4 1.23 4-1-5 110.2
1-5 1.54 1-5-6  119.0 1-5 1.69 1-5-8 110.7
5-6 1.30 5-6-7  115.7 5-6 1.09 5-8-9 112.4
67 1.08 5-6-8  126.0 5-7 1.09 6-5-8 112.7
6-8 1.33 6-8-9  121.1 5-8 1.48 7-5-8 107.6
8-9 1.07 6-8-10 1204 8-9 1.10 5-8-10 128.1
8-10 1.07 6-5-1-2 179.8 8-10 1.20 8-5-1-2 1777
8-6-5-1 180.1 10-6-5-1 1109
7-6-5-8 180.0 9-8-5-10 181.8

The collisional activation mass spectrum of the adduct(s) formed between
MegB and deprotonated acetaldehyde is shown in Figure 4.5. The

interpretation of this spectrum is aided by those of a variety of deuterium
labelled derivatives (Table 4.6). Fragmentations are summarized in equations

31to 37 (Scheme 4.12 and 4.13).
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43(CH,CHO)” 99
MeyB + _CH2CHO
83(—CH4)
(MQ2B\(:CH2]

55 157 (MeyBH)
J (x 20) J
L4, Avates Norpmdind  Sabipnst

E Volts —

Figure 4.5: Collisional activation mass spectrum of the adduct(s) derived
from the reaction of trimethylborane('1B) with the

acetaldehyde enolate anion.

The major fragmentation of the “(CH,CHO)/Me4B 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 b through the

intermediate ion complex ¢. Two other minor reactions may also proceed

through c, viz. deprotonation to M92§=CH2 (m/z 55) (equation 32), and the



103

interesting hydride ion transfer reaction to form MegBH™ (equation 33). The

formation of M92§=CH2 may also occur through the alternative six centred

mechanism shown in equation 34, this mechanism leads to identical products

as that from equation 32 and cannot be discounted. Elimination of methane is
a standard reaction of Me3§R adducts [see section 4.4 (page 82) and

4.5.1(page 91)]. In 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 reéctions shown in
equations 35to 37 seems 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).

(CH,CHO)™ + MesB  (31)

Me;BCH,CHO —— Q _ ~ -
— 2 (MC3B) /.C':‘-'CHZ = MCZBZCHZ + CH3CHO (32)
MC3BOCH CHZ_" H \ B
. o Me;BH — + CHCO (33)
H
HZCj LCHz -

Me,B/ ™\ ,CP12

o

Scheme 4.12
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Me;BCH,CHO — [Me™ (Me,BCH,CHO)] —— Me,BCHCHO
+ CH4

(35)

CH,(Me)BCH,CHO + CH, (36)

Me,BOCH,CH, — [Me™ (Me,BOCH=CH, )] — CH,(Me)BOCH=—=CH, (37)

+ CH4
Scheme 4.13
) 73 (CH,CO,Me ) e
Me3B + CH2C02Me I“
l
: |
41 (HC2O ) !
|
1
!
87(-CH5CO) II
"3 (-CHg) |
i
( MezB:CH2 ) |
55
h\!"‘.-‘.-} (1L PR ol L—w‘u"ndv-a—nﬂ" i

A
AR ¥

E Volts e

Figure 4.6: Collisional activation mass spectrum of the adduct(s) formed
between the reaction of trimethylborane(1'B) and the methyl

acetate enolate anion.
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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 MegB and other
deprotonated alkyl acetates. The spectra show losses of CHy, CH>CO, and

MegB and formation of the anions M92§CH2 and HC»O™.
Ester enolates may act as ambident nucleophiles and hence produce
more than one adduct on reaction with MegB; however in addition to the

possible formation of the two adducts a and b (scheme 4.14), there is also the
possibility of a third adduct ¢ being formed. The possible formation of these

isomeric parent ions makes the interpretation of some fragmentations difficult.

" -
Me;\lo/ “~or MO~ e or
: S

o
Meg\;{)/léi(:}lz

c

Scheme 4.14



Table 4.8: Collisional Activation Spectra of Adducts Formed between Mes''B and Alkyl Acetate Enolate Anions.

Substrate Reacting ion Loss of Formation of
=Nu H D CH 4 CH3D CD;H Ccp, CH,CO CD,CO NuH NuD  Me;B (CD3);B| HC,0™ DC,0™

Me;B ‘CDZCOZCD3 2 1 15 62 1 100 2
Me,B ~CD,CO,Me 2 1 15 60 1 100 2
Me,B ~CD,CO,CD3 3 3 68 1 100 3

CD;);B ~CD,CO,Me 1 2.5 1 78 100 2

Me;B ~CD,CO,Et 5 3 28 0.5 100 3

Me,B “CD,CO,Pr 3 2 15 0.5 100 6

Me,B ~CD,CO,isoPr 4 5 7 0.2 100 7

Me3B _CD2C02BU 1 2 8 0.3 100 5

Me,B ~CD,COtert Bu 1 3 3 0.1 100 4

Me,B ~CD,CO,CHyPh | 1 2 9 0.3 100 1

901}
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The losses of CH4 and MegB 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 MeQECHg may occur through an inter-

mediate ion complex analogous to that 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 3810 40. The data available does not allow

us to distinguish between these mechanisms.

H
H,C%} CH
2|) | 2 ICI)
Me,B. ™ C g
N6 cr— C~ome * Me2B=CH 38
Me
H
H,C7) <o
! )
c S— N—
H,
_H
H,C CH, 0
M 1|3) (g - I Me,B=CH 40
+ ]
2 o c~ “~ome T 2 2 ®

The pronounced loss of ketene and the formation of HC,O™ 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
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I
M\ N
M(‘.‘/jg—a‘/)C\o— —— Mes3B—OR + H,CCO 4l
R™a
I
Y
Me3B—/8\/ C\OR S~
(|) [(Me;B)(H,CCO) RO-|™
C
Me;B—C~~  SOR / b

HC=CO + Me;B + ROH 42

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
ROH193, This observation is not inconsistent with the formation and
decomposition of a (Scheme 4.15), but the other possibilities cannot be

excluded on available data.

Finally the formation of HCoO™ (Figure 4.6 and Table 4.8) is not easily
explained. There is no apparent correlation of the abundance of the peak
corresponding to HoCO™ with the "migratory aptitude” of RO (Table 4.8).

However, a possible mechanism may involve the disolvated alkoxide

intermediate b shown in equation 42.
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Chapter 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 CoHy

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. (ii) The enolate ion of
3,3-dimethylheptan-4-one cannot eliminate CH,4 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 Ph(_DEtz is B cleavage to the anion site to

form {Me~ [Ph(Et)C=CH,] } which then undergoes a number of subsequent
reactions including deprotonation and elimination, ii) phenyl substituted
benzyl anions eliminate C4H,4; PhaC", in addition also loses CgHg.

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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C4H4 and CgHy from PhgC™. In contrast there are slow processes which

involve both inter-ring H transfer and intra-ring H scrambling , e.g. loss of
CgHg from Ph3C™.

Deuterium labelling has shown that the non decomposing adduct formed

from the reaction of MeosBOR 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 XCH,CH,0™ with Me3B (X = Me,N,
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: Me3§OCHzCH2X and Me3§)-(FCHzCH20‘. Collisonal
activation of these adducts leads to some novel rearrangements; it has been
suggested that some of these fragméntations occur through "remote"

fragmentation mechanisms (scheme 4.9, 4.10 and 4.11, pages 95, 97, 98

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 effects!®1. The chemical ionization slit was used in the ion source;
ionizing energy was 100 eV (tungsten filament), ion source temperature
150°C, 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 HoO, DoO or ROH introduced

through the septum inlet. Solid samples were introduced via a heated direct
inlet probe, gases and low bailing 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 1076 Torr, the pressure of the substrate was 2 x 1076
Torr and the estimated total pressure within the ion source was 102 Torr.
The pressure of He in the second field free collision cell was 2 x 1077 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 conditions'52. The 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.

Isotope effects listed in the text were determined by comparing the peak
areas of the appropriate dissociations in each spectrum: listed values are 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 AElI 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.
Infrared spectra were recorded on a Jasco A-102 infrared spectrophotometer
as a nujol mull or as a liquid film. The 1602 cm? 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 (3) in
p.p.m., relative intensity indicating the number of protons, and multiplicity.
Abbreviations s=singlet; d=doublet; t=triplet; g=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 procedures?>3 before use. Petroleum ether
refers to petroleum ether boiling point in the range 60-70°C. 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
isdtopically labelled compounds were corﬁmercially available and used

without further purification: deuterium gas, deuterium oxide (> 99% atom,

AINSE), iodomethane-d3 (>99% atom, Aldrich), bromobenzene-dg (>99%
atom, Aldrich), methanol-d4 (>99% atom, Aldrich), methanol-d4 (>99% atom,
Aldrich), acetic acid-d4 (> 99% atom, Service des molécule Marquées
France), lithium aluminium hydride-d4 (>98% atom, Aldrich), ethanol-dg
(>99% atom, Merck, Sharp and Dohme.), 1-iodoethane-1-13C (98% atom),
1-iodoethane-2-13C (98% atom), benzoic acid-carboxy-13C (60% atom).
The following labelled compounds were prepared by standard methods:
ethan-1-0l-2,2,2-d31%4, ethan-1-0l-1,1-d51%5,  1-iodoethane-1,1-d5 156,
1-iodoethane-2,2,2-d31%6,  1-iodoethane-1,1,2,2,2-d5155,
| bromobenzene-2,4,6-d3"%7,  acetaldehyde-d, 158, acetaldehyde-2,2,2-d31%9,

methyl acetate-1,1,1-d3'60, and methyl-d5 acetate?61. These compounds

- were distilled before use.

9.3 Synthesis of Compounds Described in Chapter 2.
3-Ethyipentan-2-one
(i) Ethyl a-ethylacetoacetate

Potassium t-butoxide (11.2 g, 0.1 mol) was dissolved in anhydrous

tert-butanol (100ml). Ethyl acetoacetate (13g, 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
25°C. lodoethane (0.1 mol, 8 ml) was added dropwise over 10 min., and the
mixture heated under reflux for 3 hours. The tert-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 (NapSOy4). The solvent was removed in

vacuo and the crude product distilled to yield ethyl a-ethylacetoacetate. b.p.

95°C/18 mm Hg (Lit1%2 :189°/743 mm Hg), [12.1 g, 76%],

TH NMR: 84.2, 2H, s; 3.4, 1H,t;2.153H, t; 1.95, 2H, m; 1.35, 3H, t; 0.95 3H, 1.

(i) Ethyl a,a-diethylacetoacetate

Potassium t-butoxide (0.72 g, 6.4 mmol) was dissolved in anhydrous
tert-butanol (8 ml), ethyl o-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 tert-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), agueous sodium chloride
(saturated, 20 ml) and dried (Na2804). The solvent was removed in vacuo to

yield crude ethyl o,a-diethylacetoacetate which was used without further

purification.

(iii) 3-Ethylpentan-2-one
Sodium hydroxide (0.9 g), methanol (2 ml) and water (8 ml) was added to the

crude ethyl o,a-diethylacetoacetate (see (ii) above), and the mixture was
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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 sodjum
chloride (saturated, 25 ml) and dried (NapSOy,). Pure 3-ethylpentan-2-one was

collected by distillation b.p. 138-140° (Lit'63: 135-139°), [0.6g, 82%).

(3-Ethyl-1,1-do)pentan-2-one (3-Ethyl-2,2,2-d3)pentan-2-one

(3-Ethyl-1-13C)pentan-2-one (3-Ethyl-1,1,2,2,2-ds)pentan-2-one
(3-Ethyl-2-13C)pentan-2-one-5-13C (3-Ethyl-2-13C)pentan-2-one
(3-Ethyl-2,2,2-d3)pentan-2-one-5,5,5-dg

These compounds were prepared by the method used to prepare
3-ethylpentan-2-one, using the appropriate labelled iodoethanes. Yields

were 83%, 85%, 92%, 91%, 92%, 80%, 81% respectively. Deuterium

incorporation was greater than 98%, carbon-13 incorporation was 98%.

3,3-Dimethylheptan-4-one

(i) 3-chloro-3-methylbutane

This was prepared from 3-methylbutan-3-ol by a standard method%4 in 70 %
yield.

(ii) 3,3-Dimethylpentan-2-one

This was prepared by modifications of the methods of Whitmore and
Ansell165,

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 -78°C
under an atmosphere of nitrogen. The mixture was allowed to warm to 20°C,
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 (NapSO4) and

fractionated. The fraction of b.p. 125-132°/760 mm (15.5 g) was redistilled
(70-72°/98 mm Hg) (Lit166:120°) to give 3,3-dimethylpentan-2-one as a

colourless liquid (12.3 g, 27 %).
i.r. (film), v, 2950 (C—H), 1705 (CO),

TH NMR: §,2.1,3H, s;1.5,2H, g; 1.15, 6H, s; 1.8, 3H, 1.

(iii) N,N-Dimethylhydrazone of 3,3-dimethylpentan-4-one.

This was prepared by a modification of the method of Wiley and Irick197,

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°/60 mm).

THNMR: §, 2.3, 6H, s; 1.8, 3H, 5; 1.3 2H, q; 1.8, 3H, t.

(iv) N,N-Dimethyhydrazone of 3,3-dimethylheptan-4-one
This method was prepared by a modification of the method of Corey and

Enders168,

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 0°, 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 0° 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 20°, and poured into water (25 ml). The mixture was
extracted with dichloromethane (3 x 15 ml), and the organic extract washed

with water (2 x 10 ml), aqueous sodium chloride (saturated, 15 ml) and dried

(NanoSOy4). Removal of the solvent gave crude hydrazone (270 mg, 98%).

(v) 3,3-Dimethylheptan-4-one.

A mixture of hydrazone (270 mg, see (iv) above), aqueous hydr'ogen chloride
(2N, 25 ml) and diethyl ether (25 ml) was allowed to stir at 20° 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 (KoCOg). Removal of the solvent
followed by distillation of the remaining oil in a glass T tube at 120°/50 mm
Hg gave 3,3-dimethylheptan-4-one (194 mg, 94 % yield) (Lit'69: 83-84°/10
mm Hg).

THNMR: 5, 2.0, 2H, t; 1.3, 4H, b; 1.0, 6H, s; 0.9, 3H, t, 0.85, 3H, 1.

3,3-Dimethylheptan-4-one-6,6-do
This compound was prepared in a similar manner to that of

3,3-dimethylheptan-4-one, except that 1-iodoethane-1,1-do was used instead

of iodoethane in step (iii), b.p. 120-25°/50 mm Hg, [0.16 g, 64%], ds=99%
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3,3-Dimethylheptan-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-dg was used instead of

iodoethane in step (jii), b.p. 120-25°50 mm Hg, [0.15 g, 59%)], d3=99%

3,3-Dimethylheptan-4-one-2,2-d».

(i) 2-Bromo-2-methylhexan-3-one.

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 (20ml).
The reaction temperature was increased to 80° over a period of 1 hour, and
the reaction mixture allowed to stir at 80° for 20 min. The solution was
allowed to cool to 20°, 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 (NaoSOy), the solvent removed,
and 2-bromo-2-methylhexan-3-one was obtained by distillation (b.p.

140-140°100 mm Hg) (Lit170 : 62-65°/13 mm Hg), [25.5 g, 85 % ], dp=99%

THNMR: §,2.6, 2H,t; 1.7,6H,s; 1.1,2H,q; 0.9, 3H, t.

(i) 3,3-Dimethylheptan-4-one-2,2-do.
This was prepared by a modification of the method of Weiss'71,

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-ds (0.5 ml) in anhydrous diethyl ether (20 ml) was added, the

solution was allowed to stir for 1 hour, then iodoethane-1 ,1-do (0.5 ml) was
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added and the solution allowed to stir at -33° for 12 hours. The ammonia was
allowed to evaporate off as the solution warmed to 20°, 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), agueous sodium

chloride (saturated, 20 ml) and dried (NapSQOy,). Distillation yielded

3,3-dimethylheptan-4-one-2,2-do (0.65 g, 90 %) b.p. 125-30°/50 mm, do=

99%.

3,3-Dimethylheptan-1,1,1-d3-4-one.
This was prepared in 92% yield in the same manner as 3,3-dimethyl-

heptan-4-one-2,2-do except that 1-iodoethane-2,2,2-d3 was used instead of

1-iodoethane-1,1-do, d3=98%.

3,3-Dimethylheptan-4-one-1,1,1,2,2-d5.
This was prepared in 89% yield in the same manner as 3,3-dimethyl-

heptan-4-one-2,2-d, except that 1-iodoethane-1,1 ,2,2,2-dg was used instead

of 1-jodoethane-1,1-do, d5=98%.

9.4 Synthesis of Compounds Described in Chapter 3.

3-Phenylpentane-1,1,1-dg
(i) 3-Phenylpentan-3-0l-1,1,1-dg

1-lodoethane-2,2,2-d3 (1 g, 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 g, 6.3 mmol) in
anhydrous diethyl ether (4 ml) at 20° under an atmosphere of nitrogen, and
the mixture was allowed to stir for 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 20°C. 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 (NasSOy). The solvent was removed by distillation to yield a

pale yellow oil (0.98 g).

(i) 3-Phenylpentane-1,1,1-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 % 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 (NasSQOy).
3-Phenylpentane-1,1,1-d3 was collected by distillation, b.p. 83-85°/22 mm Hg
(Lit'72: 180° ), (0.85 g, 88%), d3=99%.

THNMR: 5, 7.1, 5H, s; 2.3, 1H, q; 1.8, 3H, g; 0.8, 4H, 1.
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(3-Phenyl-dg)pentane
(i) (3-Phenyl-ds)pentan-3-ol

Bromobenzene-dg (0.96 g, 4.6 mmol) in anhydrous diethy! 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 20°C. 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
(NasSOy). The solvent was removed by distillation to yield a pale yellow oil

(0.69 g).

(ii) (3-Phenyl-ds)pentane

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 (NapSOy).
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(3-Phenyl-dg)pentane was collected by distillation, b.p. 83-85°/22 mm Hg,

(0.58 g, 85 %), d5=99%

TH NMR: 3, 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 20° 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 over a period of 10 min.. The mixture was heated under
reflux for 2 hours, and allowed to cool to 20°. Water (0.5 ml), aqueous
sulphuric acid (10%, 5 ml), water (15 ml) was added, the organic layer was
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 mi) and dried (NapSOy). The solvent was removed in vacuo to

yield_ a pale yellow oil. Recrystallization (petroleum ether) of the oil gave pure

diphenyimethanol, (0.66 g, 89%), m.p. = 69-70° (Lit!73 = 68°) .

(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 20°C under an

atmosphere of hydrogen (in a standard hydrogenation apparatus). The
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solution was filtered through celite and the solvent removed in vacuo. Pure
diphenylmethane ( 0.53 g, 91%) was collected by sublimation 80-90°/10 mm

Hg (lit174 261-262°), m.p 24-25° (lit!7> 24-25°).

TH NMR: 8, 7.0, 10H, s; 3.8, 2H, s.

(Phenyl-2,4,6-dg)phenylmethane

This compound was prepared by the the reaction of phenyl-2,4,6-dg

magnesium bromide with benzaldehyde followed by hydrogenation using the

same procedure used for the preparation of diphenylmethane, [0.95 g, 63 %)],

b.p. 80-90°/10 mm Hg, m.p. 24-25°, dg = 98%.

(Phenyl-ds)phenylmethane

This compound was prepared by the the reaction of phenyl-dg 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°, ds = 99%.

Diphenylmethane-1-13C

A mixture of diphenylmethanol-1-130 (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 20°C under an atmosphere of hydrogen (in a standard
hydrogenation apparatus). The solution was filtered through celite and the
solvent removed in vacuo. Diphenylmethane-1-13C (13 mg, 55%) was

collected by sublimation (80-90°/10 mm Hg), m.p. 24-25°, 13C = 60.5%.
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3-Phenylpentane-2,2-d,

LioCuCly in anhydrous tetrahydrofuran (0.5 ml, 0.1 M) was added with stirring
to a solution of 1-bromo-1-phenylpropane (0.98 g, 4.9 mmol) and
ethyl-1,1-do-magnesium iodide in anhydrous tetrahydrofuran (4.9 ml, 1M, 4.9

mmol) at 0° under an atmosphere of nitrogen. The solution was allowed to stir
for 3 hours, and then warmed to 20°. 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 (NasSOy).
Pure 3-phenylpentane-2,2-d, was collected by distillation, b.p. 83-5°/20 mm

Hg, [0.34 g, 46%)], d5=98%.

Triphenylmethane-13C

(i) Methyl benzoate-carboxy—73C

Diazald (1.5 g) was added portionwise at 20° to a two phase solution of
benzoic acid—carboxy-13C (3 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 20° 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-13C, [0.38 g, 94 %], b.p. 90-93°/20

mm Hg (Lit178 : 198-200°).

(i) Triphenylmethanol~1-13¢

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 benzoate-carboxy—130
(0.2 g, 1.5 mmol) in anhydrous diethyl ether (5 ml) was added, and the
mixture heated under reflux for 12 hours. Agueous hydrogen chioride (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 (NasSOy).

The solvent was removed in vacuo to and the residue recrystalized from
ethanol to give triphenylmethanol—1—13C (0.38 g, 97%), m.p = 157-160°C

(Lit'77=164-165°), 13C = 60%.

(iii) Triphenylmethane-1-13¢C

A mixture of triphenylmethanol—1—13C (0.3 g, 1.1 mmol) and sodium
borohydride (0.7g, 20 mmol) was added portionwise with rapid stirring to
trifluoroacetic acid (10 ml) at 0° under an atrﬁosphere of nitrogen, the mixture
was allowed to stir at 20° for 1 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 e-ther (3 x 25 ml), the

organic extract was washed with water (30 ml), aqueous sodium chloride
(saturated, 30 ml) and dried (NasSOy4). The solvent was removed in vacuo

and the crude product recrystallized from ethanol to give triphenyl-

methane-1-13C (0.2 g, 71%), m.p = 91-93° (Lit178: 92°).
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Tri(phenyl-2,4,6-dg)methane
(i) Tri(phenyl-2,4,6-dg)methanol

Bromobenzene-2,4,6-dg (0.96 ml, 9 mmol) in anhydrous diethyl ether (2 ml)

was added dropwise at 20° with stirring to a mixture of magnesium (9 mmol,
0.2 g) and iodine (1 crystal) in anhydrous diethyl ether (10 ml) at 20° under
an atmosphere of nitrogen. The solution was allowed to stir for 30 min., 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 for 12 hours, and then allowed to cool to 20°. Aqueous hydrogen
chloride (10%, 20 ml) was added, the organic layer was separated and the
aqueous layer extractéd with diethyl ether (3 x 15 ml). The combined organic
extracts were washed with aqueous sodium hydrogen carbonate (saturated,

20 ml), water (20 ml), agueous sodium chloride (saturated, 20 ml) and dried

(Nas SO ,). The solvent was removed in vacuo to give crude

tri(phenyl-2,4,6-dg)methanol [ 0.71 g], which was recrystallized from ethanol,

m.p. = 161-63°, [0.62 g, 76%).

(ii) Tri(phenyl-2,4,6-dg)methane

Tri(phenyi-2,4,6-dg)methanol was reduced with sodium borohydride and
trifluoroacetic acid in a similar manner to that described for the reduction of

triphenylmethanol-1-13C to give tri(phenyl-2,4,6-dg)methane, m.p. 93-95°

[0.39 g, 85%], dg = 98%.
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Tri(phenyl-dg)methane
Tri(phenyl-dg)methane was prepared by a similar procedure to that described
for tri(phenyl-2,4,6-d3)methane except that bromobenzene-dg was used

instead of bromobenzene-2,4,6-d3, m.p. = 91-92°, [0.2 g, 56%)}, d15 = 97%.

(Phenyl-dg)diphenyimethane
(i) (Phenyl-dg)phenylmethanol

Bromobenzene-dg (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 for 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 mi),

water (20 ml), aqueous sodium chloride (saturated, 20 ml) and dried

(NapoS0y4). The solvent was removed in vacuo to give crude

(phenyl-dg)diphenylmethanol [0.7 g, 89%].

(i) (Phenyl-ds)diphenylmethane

(Phenyl-dg)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-1-13C to give (phenyl-dg)diphenyl-

methane, m.p. = 91-92°, [0.56 g, 86%)], dg = 99%.

9.5 Synthesis of Compounds Described in Chapter 4.
2-Methoxyethan-1-o0l-1,1-do

(i) Methyl 1-methoxyacetate

Methy| o-bromoacetate (20 ml, 0.15 mol) was added dropwise with stirring to
a solution of sodium (3.45 g, 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° (Lit'7°: 129°) , [10.6 g, 68%]

(i) 2-Methoxyethan-1-ol-1,1-do

Methyl 1-methoxyacetate (5 mmol, 0.52g) was added dropwise at 20° to a
rapidly stirred suspension of lithium aluminium deuteride (2.5 mmol, 0.12 g)
in anhydrous diethyl ether (6 ml) under an atmosphere of nitrogen. The
solution was heated under reflux for 1 hour, allowed to cool to 20° and
aqueous sodium hydroxide (10%, 0.25 mi) was added to the suspension. The

mixture was filtered, and the product collected by distillation, b.p. 124-125°

(1it180 :123.5-125° ), [0.34 g, 88%], dp=099%.

2-(Methoxy-dg)ethan-1-ol

A solution of sodium (0.16 g, 7.1 mmol), methanol-d4 (0.25 g, 7.1 mmol),

2-chloroethan-1-ol (0.56 g, 0.71 mmol) and anhydrous tetrahydrofuran (5 ml)
was placed in a sealed glass tube and heated at 80° for 1 hour. The reaction

mixture was allowed to cool to 20°, filtered and the filtrate distilled to give
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2-(methoxy-dg)ethan-1-ol, b.p.=125-126°, [0.41 g, 74%)], d3=99%.

2-(Methylthio)ethan-1-ol

Potassium tert-butoxide (0.18g, 1.6 mmol) was added to a solution of
2-mercaptoethanol (0.11 ml, 1.6mmol, 0.13g) in anhydrous tetrahydrofuran (2
ml) and allowed to stir for 10 min. lodomethane (0.1ml, 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. 169-171°C (Lit181: 68-70°/20 mm Hg), [0.13 g,

87%].

1HNMR: 8, 3.9, 2H, t: 2.9, 2H, t: 4.8. 1H. s: 2.1, 3H, s.

2-(Methyl-dg-thio)ethan-1-ol
This was prepared by the same method as 2-(methylthio)ethan-1-ol

except iodomethane-d3 was used instead of iodomethane, b.p. 169-171°C,

[0.11g, 83%], d3=98%.

2-(N,N-Dimethylamino-ds)ethanolA

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 g, 7.7 mmol) was heated under
reflux for 3 hours, the reaction mixture was allowed to cool to 20° and filtered.

The product was collected by distillation to yield 2-(N,N-dimethylamino-dg)-

ethanol b.p. 133-134° (Lit82 : 135°), [0.13 g, 37%), dg=99%.
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Bromodimethylborane
Tetramethyltin (5 ml, 6.45 g, 36.1 mmol) was added dropwise with stirring to
tribromoborane (9.05 g, 36.1 mmol, 3.4 ml) at -50°C under an atmosphere of
nitrogen, the reaction was allowed to stir for 1 hour, and then allowed to warm
to 20°C. The reaction mixture was distilled at 170° and the distillate redistilled

to yield bromodimethylborane (4.7 g, 39 %) b.p. 34-37° (Lit183 :37-38°).

(Methyl-d3)dimethylborane
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 stir for 30 min., and then heated under reflux for 10 min.. During

this time (methyl-d3)dimethylborane 84 distilled off, and was collected in a U

tube cooled to -78°, [0.59 g, 85%)], d3=99%.

Methoxydimethylborane

Anhydrous methanol (0.5 ml, 0.56 g, 15.5 mmol) was added dropwise with
stirring to a solution of bromodimethylborane (15.5 mmol, 1.88 @) in
anhydrous benzene (5 ml) under an atmosp.here of nitrogen, and allowed to
stir at 20° for 30 min.. Methoxydimethylborane was collected by distillation

b.p. 34-38° (Lit85 :34-36°), [0.86 g , 78%).
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(Methoxy-dgz)dimethylborane
This was prepared in a similar manner to that of methoxydimethylborane

except anhydrous methanol-d4 was used instead of anhydrous methanol,

b.p.= 35-37°, [0.45 g, 79%], d3=99%.

3-Methoxypropan-1-ol

(i) Methyl 2-methoxypropanoate

Methyl acrylate (19 g, 0.22 mol) was added dropwise with stirring at 0° to a
solution of sodium (0.22 mol, 5.3 g) in anhydrous methanol (100 ml). The
solution was allowed to stir for 1 hour at 0°, warmed to 20°, 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° (Lit18%:43-45°/13 mm Hg ),

[9.3 g, 36%].

(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 1 hour, allowed to cool to 20° and aqueous
sodium hydroxide (10%, 0.25 ml) added to the suspension. The mixture was
filtered, and the product collected by distillation, b.p. 151-152° (Lit187

148-149°), [0.7 g, 93%].

3-Methoxypropan-1-ol-1,1-do

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, 91%], do= 98%.

(3-Methoxy-dg)propan-1-ol
3-Bromopropan-1-ol (2 g, 14.3 mmol) was added at 20° 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 80° for 1 hour. The reaction mixture was filtered and

the product collected by distillation. b.p. 152-153°, [0.97 g, 73 %], d3=99%.

4-Methoxybutan-1-ol

(i) 4-Bromobutan-1-ol

Agqueous hydrogen bromide (48%, 0.4 mol, 67 g) was added with stirring to a
solution of tetrahydrofuran (100 ml) at 70°, heated under reflux for 2 hours,
allowed to cool to 20°, neutralized with sodium carbonate (10 g), and filtered.

The organic phase was separated, washed with water (2 x 30 ml), aqueous
sodium chloride (saturated, 30 ml) and dried (NapSOy). Vacuum distillation

gave 4-bromobutan-1-ol, b.p. 64-67°/10 mm Hg (Lit'88 : 56-8°/3 mm Hg),

[19.3 g, 32 %].

(ii) 4-Methoxybutan-1-ol

4-Bromobutan-1-ol (10 g, 65 mmol) was added at 20° with stirring to a
solution of sodium (1.5 g, 65 mmol) dissolved in anhydrous methanol (100
ml). The reaction mixture was heated under reflux for 1 hour, allowed to cool

to 20° and filtered. Vacuum distillation gave 4-methoxybutan-1-ol, b.p.
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84-7°/10mm Hg (Lit18° :63-64°/7 mm Hg), [4.6 g, 68%]

TH NMR: 5, 3.4, 3H, s; 3.6, 6H, b; 1.8, 4H, b.

5-Methoxypentan-1-ol

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. 110-112°/16 mm Hg (Lit 182 102-104°/12 mm Hg), [2.4
g, 62%).

TH NMR: 5, 3.9, 1H, d; 3.4, 3H, s; 3.6, 2H, t; 3.5, 2H, 1; 1.5, 6H, b.

Alkylacetates
Tert-Butyl acetate was prepared from a standard reaction?9? of tert-butanol,
acetylchloride and dimethylaniline. All other acetates were prepared from a

standard reaction1®1 between acetylchloride and the appropriate alcohol.

Alkylacetate Boiling Point (°C) % Yield
n-Propyl 100-102192 83
iso-Propy! 85-86192 79
n-Butyl 124-6192 83
tert-Butyl 96-8192 36
Benzyl 93-4/10mm Hg192 52
Phenyl 195-196192 45

Allyl 103-104192 78
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