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Abstract.

This thesis deals with the collisionally activated mass spectra of a number of

classes of deprotonated organic compounds. Mechanisms are proposed to explain

the major fragmentation processes and a set of rules given in the final chapter.

The enolate ion MeOCOCHCH2CO2Me fragments through the intermediacy of

two complexes [MeOCO(CH2:CHCO2Me)] and [MeO-(O-C-CHCHzCOzMe)].

The major fragmentation of these two ion complexes produce; CHr:6-g(OMe)O-

+ HCO2Me and O:C:CHCH:C(OMe)O- * HOMe. Similar ion complexes a,re

formed from methyl substituted succinates, but their fragmentations a¡e often dif-

ferent from those outlined above. In contrast, evidence is presented which indicates

the ester enolate of dimethyl adipate eliminates MeOH uia a gas phase Dieckmann

reaction.

The enolates of a number of substituted cyclohexanones have also been studied.

All show a characteristic retro reaction involving the specific loss of an alkene, ex-

cept for the 3 substituted derivatives which show two competitive retro processes,

the major of which involves the loss of the larger alkene. The major loss from the

deprotonated cyclohexanones is the loss of H2. There are two losses of H2. These

originate from the 3,4 and 3,6 positions: the former being the more pronounced.

3-Alkylcyclohexanone enolates also lose RH (R is the 3-atkyl substituent): there

are two discrete mechanisms directly analogous to the losses of H2. 3-Substituted

cyclohexanone enolates undergo a unique reaction which involves two specifrc pro-

ton transfers. The 2-substituted cyclohexanone ions also undergo retro reactions

and loss of H2, but when the substituent)Et, characteristic elimination of an olefin

(with proton transfer from the 1' position) occurs from the side chain.

The ion PhCH2O- undergoes competitive losses of H', H2, CH2O and CoHe

upon collisional activation. The loss of H2 occurs mainly to form (C6H4)-CHO,

and ¿å initio calculations suggest the reaction proceeds by a stepwise mechanism.

Ion Ph(CHr).O- undergoes many fragmentations including the losses of H2O,

CH2O and H2. The loss of H2 occurs by both 1,2 and 1,3 eliminations. A number

of minor fragmentations occur after partial interchange of phenyl hydrogens a¡rd

hydrogens at position 2.
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The deprotonation of unsubstituted and N-substituted amides occur on the

nitrogen, whereas deprotonation of N,N-disubstituted amides occurs on the a ca,r-

bon. It is proposed that fragmentations are of four types; i) loss of a radical to

form a stabilized radical anion, ii) direct formation of a radical to form an anion

complex which may then undergo competitive reactions, iii) initial proton trans-

fer to form a new anion which fragments in turn through anion complexes and

iu) reactions which involve skeletal rearrangement.

Deprotonation of simple primary and secondary amines followed by collision

activation generally leads to the formation of simple ion complex; uiz a ma-

jor fragmentation of deprotonated ethylamine is MeCHzNH- 
- 

[Me-(CHTNH)]
------+ CH2N- + CH4. The secondary amines studied also fragmen| uia solr¡ated ion

complex intermediates. The fragmentation of cyclic and aromatic amines were also

studied. Cyclic amines may undergo retro reactions analogous to those observed

for cyclohexanone enolates, whereas PhNH- undergoes specific loss of CNH to

yield C5Hu.
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Chapter 1

Introduction.

1.1 Mass SpectrometrY.

Over the past 30 years mass spectrometry has been used as a tool to investigate

gas phase organic reactionsl as well as being a very sensitive analyticat technique2

for determining trace amounts of compounds. One of the major reasons for its

sensitivity is the small amount of compound required to obtain a characteristic

spectrum.

A mass spectrometer is an instrument that produces ions by the interaction of

a molecule with an electron beam in the gas phase (other methods of ionization

are also used, see below). These ions are then accelerated in an electrostatic field

to a predetermined energy (typicatly 7-8 kV). The first mass spectrometers3'4 pro-

duced had only one sector, often a magnetic sector. The magnetic sector separates

charged ions by deflecting their path by interaction with the magnetic field (B).

The ions are forced into a circular flight path with a radius (r) (equøtion 1.1).

n'¿u Jr--'eBeB ( 1.1)

J:momentum

This equation shows that the radius is proportional to the momentum. It can

also be shown that the ions with different mass (rn) to cha,rge (e) ratios will have

different flight path radii (r) (equation 1.2).

1 2n'¿V

e

1

l.e

r
B (1.2)



Ions which have the same kinetic energy and mass are brought to a common

focus a,fter leaving the magnetic sector. These ions can then be analysed and a

spectrum drawn. The addition of an electric sectors after the magnetic sector has

the effect of improving the resolution of the mf e of. the ions in the spectrum. The

electric sector also focusses the ions according to their mf e ratio, by passing the

ion between to two charged plates of opposite charge, with a total potential (,Ð).

(1.3)

The rad.ius of an ion of charge (e) in the electric field (^Ð) is then proportional to

its initial kinetic energy (equøtion 1.3). Theequation ca¡r be rearranged to exclude

the mass (rn) and the charge (e) terms, this means all ions of the sarne kinetic

energy have the sarne radius of flightpath and are brought to a common focus

(equation L 9). The electric sector is a kinetic energy analyser. The ions a¡e then

separated according to their mass to charge ratio in either the magnetic or electric

sector, depending on the geometry of the instrument. The normal arrangement

of the sectors is to have the electric sector frrst, followed by the magnetic sector.

In reversed geometry instruments the magnetic sector precedes the electric sector.

This latter arrangement has a number of adr¡antages that will be discussed in detail

later.

L.2 Types of Ionization Processes.

L.z.L Electron Impact.

The most widely used ionization technique in mass spectrometry is electron

impact, and both positive and negative ions ca¡r be formed by this method6. Ap-

proximately 90% of all organic molecules can be ionized by this technique. The

sample is introduced into the instrument, vapourised, and bombarded with a beam

of electrons. The energy of the electron beam is typically between 5 and 100 eV,

but generally 70 eV is used. A molecule loses an electron by interaction with the

electron beam and a positively charged species is formed (equation 1.4).

r
2

eE
1.
-TnrJn
2

2



M+e- -+M+'*2e-
( 1./,)

The minimum energy required to remove one electron from the highest occupied

molecular orbital of a molecule is called the ionization potentialT. A second or

even a third electron can be removed but with decreasing probability due to the

increasing energy required.

L.2.2 Field desorPtion.

In examples where there is no molecular ion formed by electron impact and

where molecular weight information is required, another method must be found to

ionize the molecule8. This may be done by use of fi.eld desorption as the ionization

technique. The sample is coated onto the surface of the anode a,nd placed in the

ionization source. A large voltage (typically 10 kV) is applied and the molecule

ionized in this manner. The ions formed by this technique have less energy than

when formed by electron impact, and are therefore less likely to fragment. These

type of spectra contain very large ¡4+' peaks a¡rd few daughter ions. This method

is very useful in studying biological molecules where often no molecular ion is

observed by electron impact.

L.2.3 Chemical Ionization.

This technique can also used when electron impact fails to give a molecula¡ ion

and will be discussed in detail later in the next chapter.

L.2.4 Fast atom bombardment.

Ionization by fast atoms is a relatively new ionization method which was first

introduced in the late 1970's. It is prima,rily used for high molecular weight com-

pounds which give no molecular ion by other ionization techniques. This technique

will be discussed in detail later.

3



1.3 The VG Z^B 2HF Mass Spectrometer'

The ZAB is a double focussing reverse geometry magnetic sector type instru-

ment; it incorporates both a magnetic sector and an electric sector in such a way

that the combined sectors have the property of being both angular (or directional)

focussing and energy (or velocity) focussing, and the order of analysis is magnetic

sector first and electric sector second. This is the reverse of what is generally

considered the conventional geometry and it enables the instrument to be used

for MIKESo (Mass Analysed Ion Kinetic Energy Spectrometry). The ZAB is also

equipped with a variable potential gas cell which allows collisionally induced de-

compositions to be observed (Figure f .fto).

The geometryll of the ZAB is similar to that derived by originally by Hin-

tenberger and Königll in that it is angular and energy focussing not only to the

first order but also to the second order without need to recourse to special freld

shaping technology. The aberrations which are due to second order effects of an-

gular spread and energy spread and to the combined angular magnetic a¡rd electric

fields are both homogeneous and the magnetic sector pole boundaries are straight

and normal to the ion beam trajectory. The choice of sources that may be fitted

include a combined electron impact and chemical ionization (EI/CI) source, and

a fast atom bomba¡dment (FAB) source. Each source may be operated at up to

+8 kV for the production of positive or negative ions. In each source the ions are

extracted from the source and focussed and centred onto the source slit by a¡r im-

mersion lens. This incorporates two half plates in which the mean and differential

voltages can be separately adjusted from the control panel.

To obtain a MIKE spectrum, the ion of interest is selected by tuning to the right

magnetic field strength (cf. equation 1.2) to "mass select" the ion of interest, the

electric sector is then scannede'l2. Gas is introduced into the collision cell and the

electric sector scanned again to obtain a collisionally activated MIKE spectrum.

Collisionally activated peaks can be distinguished from the unimolecula¡ peaks

by applying a voltage to the collision cell in which case the collisionally induced

daughter ions will be displaced within the MIKE spectruml2.

4
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L.4 Introduction to Isotope Effects'

Isotope effects have been used to determine the mechanism of both solution

and gas phasel3 reactions. Isotope effects are caused by the substitution of (for

example) a hydrogen atom for one of its isotopes (e.g. deuterium or tritium). The

largest isotope effects observed, are seen when the substituted atom is involved

in the bond making or breaking step of the chemical reaction [these are termed

primary isotope effects]. Smaller isotope effects are observed when the substituted

atom is next to the bond making or breaking site [these are called secondary

isotope effectsla].

Isotope effects can be divided into two types; i) equilibrium isotope effects,

which occur when the reaction is under thermodynamic control (i.e. K1/K2, the

ratio of equilibrium constants), ii) kinetic isotope efiects, these occur when there

is a change in the rate of a reaction due to the isotopic substitution of an atom

by an isotope. Kinetic isotope effects are expressed in terms of the isotopic rate

constants of the reaction (i.e. k¡¡/kp). Isotope effects can be observed whenever

an atom is substituted by an isotope; e.g. H/D,t'C/t"C,16O/1EO, and othersl5.

L.4.L Kinetic IsotoPe Effects.

Kinetic isotope effects are expressed by the following equation,

knlkn: MMI x EXE xTUN x exP
(acr-Àc t)

2tT (1.4)

'Where;

MMI- masses and moment of inertia contribution to the translational and rota-

tional partition functions,

EXE- vibrational partition function which takes account of the thermal excitation

of low frequency vibrations,

TUN- tunnelling quantum mechanical correction to the reaction coordinate.

Aei and Aej are the zero point energy differences of the reactant and tran-

sition state. The contribution of MMI and EXE partition function terms is

generally small, however the TUN term can be large. The Born Oppenheimer

6



approximationlo states that the potential energy surface for a reaction is not a

function of isotopic substitution (i.e. the quantum mechanics of molecules can be

separated into electronic motion with a fixed nuclei)'

Zero Point EnergY.

Isotope effects are caused. by the difference in the zero point energy (ZPE) of

different isotopically substituted compounds.

," : f,hr,

'.:*r[*-

hITt': GU *-

(1.6)

(1.5)

(1.7)

where .f : the force constant and m* is the effective mass.

Equation.f.Tshows that the ZPE is related to the force constant (which is a

measure of the stiffness of a chemical bond) and the effective mass'

For small displacements Ar from the equilibrium bond distance, the PE curve

approximates a parabolic curve (see Figure 1.2).

1
(1.8)LV:V -V Í Lr"o- 

2

where

(1.e)

The changes in the ZPE upon isotopic substitution are due to: i) the PE and

the force constant which are unaffected by isotopic substitution (cf.the Born Op-

penheimer approximationl6), ii) the effective mass. This implies that the changes

¡:ç{),,'or"'

I
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Figure I.2: Potential Energy vs r plot for a Diatomic system A-H (D).

in ZPE after isotopic substitution are due to only a change in the effective mass.

For a diatomic system (A-H) where m¡ Þ rnn

rmAffùH

| +

n'¿ : m¡lms

111 I-
Iu rmA rmH

l.e.

(1.10)

( 1.11)

The effective mass m' equals the reduced mass u when mt Þ rn¡¡. The reduced

mass approximately equals the mass of hydrogen (rn¡r), or the mass of deuterium

when deuterium is substituted (mp). Substituting in equation 1.7;

A:o(r1, D) : ffllft - i, (1.12)

From equation 1.12 it can be seen that ilne ZPE o fi. The isotope effect is a

function of the difference betrveen the ZPE of the reactant and the transition state.

AEr - as, - *rrrr- ¡ålfr - 2+)

8

(1.13)



Small f

Âeol t

trLa E"'
ÂeoD *

P.E.

I¡rge f

Áto'
ÂeoH

ÂeoD

Reac{ion Coordinalc.
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The force constants determine the difference in ZPE between A-H and A-D
(equøtion 1.13, Figure 1.J). The difference in force constants between i) reactant

and transition state determine primary a¡rd secondary isotope effects, ii) reacta^nt

and product determine equilibrium isotope effects.

Rotational and Vibrational Partition Functions.

The following equations (equations 1.14-1.16) describe the contributions the

isotope effects from the MMI and EXE terms. In general these only contribute a

small amount to the overa,ll isotope effect.

MMr:1?s¡*1 ?¡*rTLp t p

MMI ",1J.:å:rffil*

(1.14)

I

(1.15)



EXE: II
3¿-6

-uu
I-e lr?

(1 - exp #)

The above explanation of kinetic isotope effects is a summary of classical iso-

tope effect theory when the species which undergo reaction have a Maxwell Boltz-

mann distributionlT (i.e. in most condensed phase reactions). In gas phase reac-

tions Maxwell Boltzmann conditions are not always achieved. Thus the simple

classical isotope theory does not always predict the correct isotope effect value in

the gas phase. This has been discussed in a recent review by Derrickls, artd in the

particular case of the Mcl,afferty rearrangementle. Nevertheless, the basic con-

cepts of the classical isotope effect theory still pertain in gas phase ion chemistry,

and these concepts are used in a qualitative fashion throughout this thesis.

(1.16)
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Chapter 2

Negative Ion Mass Spectrometry.

2.L Introduction.

Negative ion mass spectrometry has in the past been used little compared to

positive ion mass spectrometry, in both analytical and mechanistic studies. This

was due to: i) an early report that many organic molecules gave poor ion

yields on electron impact2o and ii) the lack of suitable instruments in the 1960's

and 1970's available for the production and detectionlo of negative ions. The

introduction of negative ion chemical ionizatiorfl'22 and negative ion fast atom

bombardment23 as means of producing negative ions has been a major reason for

the resurgence of interest in negative ions in the 1980's. In addition, the availability

of commercial mass spectrometers which are able to operate in the negative ion

mode has also contributed to recent advances in negative ion chemistry.

2.2 Early Studies.

Almost all the early work on negative ions was done by the use of electrons

to form the negative ion20'24. The energy of the electron determines the type of

ionization process. For example,

i) Resonance capture, AB + e- --r AB-

ii) Dissociative resonance capture,

AB + e- ------+ A- + B'

or

AB + e- -----+ A' + B-

11



iii) Ion pair formation,

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

or

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

Process i) occurs with an electron energy close to 0 eV, process ii) occurs in

the range 0 to 15 eV, and iii) occurs above 1 eV. When using electron energies

of around 70 eV, ions formed from several different processes may be observed,

in addition, the molecular anion can be formed by secondary electron capture.

Secondary (or thermal) electrons are produced by the ionization process which

forms the molecular cation, or alternatively from electrode surfaces2o'24.

Molecula¡ anions are not detected for most aliphatic compounds due to the low

electron affinity of such compounds (the electron affinity of a compound is defined

as the amount of energy given out when an atom or molecule gains an electron).

Aromatic compounds with their extended zr systems, and other compounds with at

least one electron withdrawing group (e.g. NO2, CN etc.) often produce molecular

anions formed by secondary (or thermal) electron capture2s'26'27. Molecular anions

may also show unimolecular or collisionally induced fragmentations which can be

used to aid structure determination. An example of a unimolecular spectrum is

shown in Figure 2.1. h is the ion kinetic energy spectrum of phenyl (4-nitrophenyl)

acetate2s, the major fragmentations are shown in Figure 2.1.

Due to the low internal energy of the molecular anion formed by this process,

fragmentation is often minimal. Fragmentation may be achieved if the molecular

ion is collisionally activated by the use of a collision gas such as helium or argon

in a field free region of the mass spectrometer. The CA mass spectrum of 4-

nitroacetanilide is given in Figure 2.2'n, the major fragmentations are: A) loss of

NO' and B) loss of Me-Cg' .

Compounds most likely to give a molecular anion under secondary (or ther-

mal) electron capture conditiorrsr are compounds which contain fluorine3o, some

dicarboxylic acids3l and some sulphur compounds32'33. The nitrophenyl group has

been extensively studied, and it is a reasonable electron acceptor. This is due to;

i) the electron withdrawing capability of the nitro group and ii) the low energy
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vacant zr molecular orbital which can accept the electron. For example, nitroben-

zene will produce molecular radical anions with the electron beam at less than

1 eV by electron capture2T, or at 70 eV by secondary electron capture. The major

fragmentations of the molecular ions of many aromatic nitro compounds are the

formation of NO! and [M-' - NO']- ions. The latter process involves rearrange-

ment to the nitrite ester which may eliminate NO' to form the phenoxide anion3a'35.

2-Substituted benzenes show a number of ortho rearrangement reactions. An ex-

ampie of this process can be seen in the mass spectrum of 2-nitroacetanilide3s.

The [M-' - NO ]- ion from this compound eliminates ketene. The hydrogens on

the methyl group are statistically scrambled with the nitrogen hydrogen' as shown

by deuterium labelling. It is suggested that hydrogen transfer occurs to a nitro

oxygen, followed by hydrogen equilibration through a four centre intermediate,

then loss of ketene3s (Scheme 2.1).

NOz CHg I õn,

c-o
N

NO.
C:O

N

NH

OHo CHs

H'H

c-o
/

N

H

OH
o
ll
c

CHzN-
Scheme 2.1

+ cH2co

The negative ion mass spectra of many aliphatic carboxylic acids formed by

electron impact ha.,'e been studied and contain large [M- - H']- peaks; this is

generall.u- the base peak of the spectrum3r'36'37. A number of other peaks are also

present in the 70 eV spectra but the molecular anion is generally very small or

absent. Some of the other peaks that are observed are due to the elimination

of H2O ancl HCO¡. Rearrangemeut reactions are also observed for 2-substituted

benzoic acicls: these are sinrilar to those of the nitro compounds alreacl¡' citecl. The

H
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Figure 2.3: Negatìve Ion Mass Spectra of 2-, 3- and 4- Nitrobenzoic Acids, Reverse sector

Hitachi Pe¡kin Elmer RMU 7D instrument37 .

spectra of. 2, 3, and 4 substituted nitrobenzoic acids are shown in Figure 2.fz '

These spectra were measured under the same conditions; i.e. at 70 eV and at a

measured source pressure of 1x10-6 Torr. All show large M-'"td IM-' - H']-

peaks and characteristic fragmentations. The molecular anion of the 2-substituted

derivative loses NO' and then CO2 (Figure 2.3). The 3-nitrobenzoic acid analogue

Ioses OH and 4-nitrobenzoic acid loses HNO2 by a two step process.

As a general rule, fragmentation of a molecular anion may occur by two dif-

ferent paths; i) simple cleavage rvhich often occurs o to the negative charge or a

to an atom rvhich is in conjugation to the charge, zi) by a process involving rear-

rangement of a hydrogen or anobher group rvithin the molecule. If a rearrangement

process can occur. the resulting procluct peak is generally more abundant than that

arising b.',* direct cleavage. This is due to the lorv internal energy of the parent ion,

and the relatively lorv energy required for a rearrangement reaction to occur.
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2.3 Other Ionization Techniques.

2.3.L Negative Ion Chemical Ionization INICI].

This is a technique where a reagent gas interacts with the electron beam to

form a negative ion which in turn can react with a neutral molecule to form an

ionized species22. A typical example is the formation of OH- by the Processes

outlined in equations 2.1 ard, 2.É8 below.

H2O + e- -------+ H- + OH (2.1)

H- + H2O ------ Hz * OH- (2.2)

When hydroxide ion is formed in the gas phase it is a particularly strong base

(L]fl.o"idnzo:391 kcal.mol-r)3e which can deprotonate acidic hydrogens that may

be present in an organic molecule. For example, if the molecule to be studied is

a ketone, the most acidic proton is adjacent to the carbonyl functionality. De-

protonation forms an enolate anion. Enolate anions formed by deprotonation of

ketones, esters, ketoesters etc. can be representedby A,in Scheme 2.2. Theenolate

fragmentations considered throughout this thesis are drawn as proceeding through

the carbanion form. purely for convenience of representation.

Such anions are formed bv thermal ion molecule reactions, and undergo lit-

tle fragmentation. Collisional activation is generally required in order to effect

fragmentationao.

o
il
c

OH

-R2 
.R1-CH-

ooilt
C-R2: Rl-CH:C-R2

Schenre 2.2

R1- CH2-
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Hydroxide ion can also be formed in the gas phase by the interaction of methane

and nitrous oxid,eal (or any other hydrocarbon such as isobutane and cyclohexane)

in the source (see equalions 2.3 and 2./¡ below)'

N2O + e- -----+ O-' * Nz (2.3)

O-'+CH¿--+OH-+CHe (2.4)

In this technique, OH- is produced either from CHa/NrO at 1 eV or HzO at

5 eV; this reagent then reacts with the molecule of interest to produce a [M -
H+]- species. The mass spectrometer must have a chemical ionization source (see

earlier) where the reagent gas and the molecule to be studied are injected. The

typical pressure in this source is between 10-3 and 1 torr, and since the ion is

formed by thermal ion molecule reactions the internal energy of the [M - tt+1-

ion is low. Consequently if there are fragmentations, the resultant peaks will be

of low abundance. To overcome this problem, collisionally induced spectra can be

obtained (see earlier). If a reversed geometry instrument is used, the ion of interest

(for example, the [M-n+1- parent ion ) can be selected using the magnetic sector.

The electric sector is scanned thus producing the CA MIKET'I' spectrum. Use of

hydroxide ion NICI has been reported for a number of organic molecules; these

include for example, alcohols38'42'43, ketonesaa'as, and carboxylic acidsa6. Other

bases may be used in cases where OH- is not sufñciently strong to remove a

proton. Some examples would be aldehydes which contain no a hydrogens, and

aliphatic amines. In these cases, NH, is the reagent ion of choice; it is formed

from ammonia in the chemical ionization source of the instrument4T.

Hydroxide ion negative ion chemical ionization has been used for analytical pur-

poses; many different types of compound have been studied, some recent examples

include; andosine diolsas, pyrrolizidine alkaloidsae (Figur" 2.4) and penicillinsas.

The spectra can give molecular weight information, and collisional activation may

produce a characteristic mass spectrum of the daughter ions. As an example, the
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Figure 2.4: Examples of some Pyrtotizidine Alkaloidsae '

OH-/NICI mass spectrum of pyrrolizidine alkaloids (e.g. Senecione, Figure 2.5)

have been studied. These m.acrocyclic diesters and noncyclic monoesters gave

abundant []r,I - H+1- ions rvhich shon, a number of characteristic fragmentations.

The clraracteristic ion from senecionine occurs at rnf e 154 (Figure 2'5)'

The technique of OH- /NICI has also been used for a limited number of mech-

anistic studies by Huntaa'as. He investigated a number of different compounds, in-

cluding esters, ketones and uitrophenols. Formation of [M - H+]- rvas favourable.

The gas phase Dieckmann condensation of dimethyl suberate and dimethyl adi-

pate have been studiecl by Hunt{{ and cooksso respectivety. [lvI - H+]- and ([N'I

- H+]- - \IeOH) ions s,ere observecl, ancl it rvas proposed that the latter was a

cyclic ¡J-ketoester forruecì b5' a gas phase Dieckmann reaction. Deprotonation of

the diester is follo*'ed b1' an intrarnolecular clisplacement of methoxide which then

abstracts a protou fi'onr the neutral J-ketoester (-see Clr'apter 3).

During the late 19?0's negative ion chemical ionization was used mainly in

analytical studies. The typcs of compounds studied range from polyhalogenated

hydrocarboussl (Figu.re 2.d/ to flurazepams2's3 (Figrtre 2.7) \n human plasma, at

concentrations as lorv as 12 pg/rnl. \Iethane/NICI is a very sensitive technique

for the cletermination of pol¡'haìogenated aromatic conpoutrcls. The information

obtained is generall¡'onl¡' the rnolecular rveight (b¡' fonnation ancl cletection of the

\tl- anion), fragrnentations of the parcnt aniotr are selclonr observed.
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Figure 2.5: OH- Negative Ion Chemical lonization Mass Spectrum of Senecionineae.

The types of compound required to produce the M-' anion are comPounds with

a high electron affinity, which generally means the presence of electron withdrawing

atoms or groups such as oxygen, fluorine and chlorine etc. Polychlorodiphenyls,

naphthalenes and specifically dibenzofurans and dibenzodioxinssa, which a,re very

toxic even at low concentrations, have been found in fish from various lakes and

rivers in the USA. These compounds have also been detected in turtles and in grey

seals in Sweden. Aflatoxin 81 found in peanut oil and corn and a^flatoxin M15s

found in miik have also been detected at levels as low as 10 p.p.b'

o

cl cr

Dibenzofurans

Figure 2.6: Pol.t'chlorodiplren.l'/s51
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Figure 2.7 : FlurazePams2'í3.

2.3.2 Negative Ion FAB Mass Spectrometry.

Fast atom bombardment spectrometry23's6'57's8 is a relatively new ionization

technique and is most appropriate in the study of non volatile compounds of high

molecular weight, or thermally labile and also polar compounds including salts.

The compound of interest is placed on the end of a metal probe and placed in

the source of a mass spectrometer. A beam of fast atoms (equation 2.5) produced

by the exchange of electrons between fast ions and slow atoms (usually argon or

xenon) impinges on the surface of the probe sputtering the ions arvay from the

probe. The energy of the beam is betrveen 3-10 I(eV'

(2.5)

This process can last only a ferv seconds before all the compound has been

consumed. Horvever the life time of a spectrum can be increased to several hours

if the compound is dissolved in a suitable matrix (or solvent). This matrix (often

glycerol) is an involatile compound rvhich increases both the life of the spectrum

and the sensitivity. Both positive [\f + H+]+ and negative [M - H+]- ions are

produced but the exact mechanisnr of formation of tlie ions is not knou'n rvith

certainty. Hou'ever. it is believecl that the fast atom beam interacts rvith the ma-

trix to effect an ion molecrrle reaction forming the [\I * H+1+ b¡' proton transfer

20
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Figure 2.8: FAB/MS of Zervamycin IGr.

from the matrix. Deprotonation of the matrix (ROH) yields RO- which may in-

teract with the substrate to form an [M - g+]- ion. The use of both negative

and positive ions is useful because of the [M - H+1- ions show few fragmentations

and can be used to determine the molecular weight of a compound, whereas the

positive [M + H+]+ ion generally has various fragmentations which can be used to

determine the structure of the compound. The two ions provide complementary

information. Molecular weights of up to approximately 10,000 are routinely avail-

able and on nanograms of substrate. The most obvious use of this technique is for

large molecular rveight molecules of biological origin. A number of FAB mass spec-

tra of biological moleculesss have been reported and also large molecular weight

organometallic compounds60. The structures of several zervamycin peptide antibi-

otics rvere determined rvith the aid of FAB rnass spectrometry. After purifying the

crude zervaml'cin using reverse phase HPLC the major component zervamycin C

rvas obtained (several minor conponents lvere also obtained). The molecular ion

region of the negative ion FAB/\IS is shorvnin Figure 2.8. The molecular rveight

u.as cleterrr-rinecl from the [\I - H+]- peak at 1837. The sequence of the amino

a,cicls rver-e cletermined fronr the positir-e ion FAB/NIS6t.
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Figure 2.9: Dissociative charge-inve¡sion spectrum derived from CFrCO2 ' Decomposi-

úions occurring in the second freld free rcgion ; magnetic field scan. Peaks are shown with

the conventional masses in bracket s (Hitachi Perkin-Elmer R.M.U. mass spectrometer)ô2.

2.4 Charge Reversal Mass Spectrometry.

It has been shorvn63 that non decomposing negative ions may be converted into

decomposing positive ions by interaction rvith a neutral molecule (equation 2.6).

30

(2.6)

The ions A+ that are formed rvithin 10-12 seconds of the collision process are

generalll' not stable and are generally onl¡' observed in small abundance. The

decomposing forms of A+ fragment in less than 10-8 of a second to produce an

intense spectrum of daughter cations. A t¡.'pical charge reversal spectrum is shorvn

in Figu"re 2.9.
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Chapter 3

cA Mass Spectra of Deprotonated Dimethyl succinate
and Related Molecules.

3.1 Introduction.

Over the last several years there have been a number of reports dealing with

the CA mass spectra of ester enolates6a'65. Some of the compounds studied include:

i) deprotonated secondary and tertiary alkyl malonates64: the major fragmentation

of deprotonated secondary alkyl malonates is outlined in equation 3.1.

o
CH(CO.Me)t

MeO

tc:c:c:o + MeoH 3^1

CMe(COrMe). 

- 

MeOCOCH(Me)C: O cH2o+

o

3¿

3,gCMe(COrMe), 

- 

CH2: C:C/-t
+ CH¡ + CO2

OMe

The major fragmentations of deprotonated tertiary alkyl malonates are shown rn

equation-t 5.2 and 9..9. it) tertiary alkyl ester enolates6s RrR2ÕCO2R' (Rt, R2 and

R3 are alkyl) show a varietl'of competitive fragmentations including the losses

of H2, R3 and (R3O+H) together with the formation of R3O- and RrC2O- (see

Figure 9.-1). The major loss fro¡:.r cleprotonatecl Et2CHCO2CD3 is loss of CD3OH.

Deuterium ìabelling indicated the h¡-clrogerì. canr.e frorn the terminal position ex-

clusivelv. rri)Hunt{'r ancl Cooks'5o havc'¡>roposecl that cleprotonated climethl'l adi-
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Figure 3.1: CA Mass Spectrum of the enolate ion of EtzCHCOzCDs'

pate undergoes a gas phase Dieckmann condensation with loss of methanol (equa-

tion 3.1).

o
il
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o
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3¿
MeO

-

cH<
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3.2 Results and Discussion.

3.2.1 The CA FYagrnentations of the Enolate Anion of
Dirnethyl Succinate.

Conrpounds used in this section are listed in Table 3.1. Full details of the

s¡'ntheses are given in the experinrcntal section. l¡ut a selection are shorvn in erlua-

tion-c 3.5-3.7.
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R1 R2 R3 R4 R5

(r) MeO H H H H

(I I) cD3o H H H H

(rrr) MeO D D D D

Qv) MeO D H D H

(v) MeO Me D Me D

(v r) MeO Me Me H H

(vrr) MeO Me Me D D

(v rrr) MeO Me Me Me D

(/x) cD3o Me Me Me H

(x) MeO Me Me CDt H

(X I) MeO CDe Me Me H

(xrr) Me H H H H

(x rII) CDe D D D D

I
Roz

2aRR
llr

cc-cco2R
l. I'

Table 3.1: Dimethyl succinates

o

Cl MoOH / Pyridina

Reflux

o

D

OMe

OMe

Ph3Rhcl

Benzene

1. LDA
OMe z, cD.t

cr

OMe

OMe
3,ã

3.Ê

3.2

o

oo

D

CH¡

o2

OMe

OMe

o

o

o

o
CHs

CH¡

OMe

OMe

The CA mass spectra obtainecl for ¿rnions clerive<l fronr compounds (/) to
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Figure 3.2: CA Mass Specú rum of Deprotonated Dimethyl-D6 succinate. Experimenta)

conditionsarcgiven in tåe experimentalsection. Whenavoltageof lkVisappliedtothe
collision cell it can be seen that mf z 123,62 and 34 are almost unìmolecular in origin (i.e.

fragmentation occurs outside the collision cell). The peak at m,lz 116 has both acollision

induced and unimolecular component (70:30), wåereas rn f z 98, 88 and 77 are entirely

collisiott induced. The voltages at half height for all peafts are [mf z (V)]:123 (38.4), 116

(43.2),98 (74.6), 88 (41.2), 62 ('15.0) and 3,1 (28.5).

(XIII\ areshowninTable 3.2. andínFiqure 3.2. Thebasicfragmentationsarera-

tionalized as occurring through two ion/molecule complexes a and þ (Scheme 9.1).

MeO- CH

o
il
c

ooilti
-CHz-C-OMe + [MeOC (CHTCHCOTMe)l

þ

lMeO(MeOCOCH2CHCO)l

a

26

Scheme 3.1



These two complexes are formed by low energy pathways because their decom-

positions to MeO- and MeOCO are primarily unimolecular; this was determined

by applying a voltage (1 kV) to the collision cell. The ions at mf z 123, 62 and

J4 (Figure 3.1) arc unaffected by this experiment, thus these ions are formed by

unimolecular processes occurring outside the collision cell. Other decompositions

of complexes a and b are primarily collisionally induced'

MeO + MeOCOCHTCHCO 3,9

lMeO(MeOCOCH2CHCO)l

A MeOCOCHCHCO + MeOH

o

o

o
/

MeOC

IMeOCO(MeOCOCH=CHr)] CH2=CHCO2

þ

C{HCH:C=O + Me' 3.9

MeOCOCH: CHz 3.10

+

IMeOCO(MeOCOCH=CH.)l

þ

+

o
[MeOCO(MeOCOCH=CH')] CH2: C: G + HCO2tl/te 3.11

c OMe

MeCOrile 3.12

Scheme 32

C<-,rnplex a undergoes tu'o reactionsi these are shorvn in Scheme 3.2. It may

fragment directll' to form methoxide (equation 3.8). or eliminate methanol (equa-

tion 3.9). Cornplex b decornposes to \IeOCO (equation 5.10) eliminates methyl

fornrate (eqttation 3.11). and cffects an S.f i reaction to eliminate methl'l acetate

(eqLtatiorr. 3.12). Deprotonatecl clirnethl'l succinate also loses carbon monoxicle b¡'

a skeletal rearrangernent reaction of the tvpe ABC- -- AC- * B: a suggestecl

2T



mechanism is shown in Scheme 3'9

_-\

(MeO)2(CH2=CH)CO co+

Scheme 3.3

Equilibration of Central Hydrogens.

Do the central hydrogens of the anion MeOCOCHCH2CO2Me equilibrate on

collisional activation? In other words, does the equilibrium MeOCOCHzCHCOzMe

+ MeOCOCHCH2CO2Me occur? In order to answer this question, the CA mass

spectra of the I M - H+ ]- and the I M - D+ ]- ions from (MeOCOCHD)2 were

measured. The spectra are recorded Table 3.2. The ratios for the losses of MeOItr

: MeOD are 68 : 100 and 100 : 35 respectively, while the losses of HCOzMe :

DCOzlr{e are of 73 : 100 and 100 : 27. These resuits indicate at least partial

equilibration of the central H/D substituents. Charge reversal spectroscopy62'66'67

(page 22)has been used to determine whether a particular hydrogen equilibration

occurs before or after collisional activation6s. The charge reversal spectra are

shown in Table 3.,9. Unfortunately there are no suitable fragmentations to enable

the determination of the positions of bhe deuteriums in the decomposing positive

ions formed from \feOCOCD2CHC02\,le and MeOCOCDCHzCOzMe.

3.2.2 The FYagmentations of the Enolate Anions from the
Methyl Derivatives of Dimethyl Succinate.

Dirret hyl 2,2-dirnet hylsuccinate.

The CA mass spectrum of the enolate ion of dimethyl 2,2-dimethylsuccinate is

shorvn in To.ble 3.2. The fragmentation mechanisms are similar to those shorvn in

Schen¿e 3.2 in that the¡' mav be rationalized by the fragmentation of ion/molecule

complexes. The trvo ion molecule complexes proposed in this case are c and d

(Sclr'etrte, 3.4). ^\II the fi'trgureutations observed mav be explained b1'fragmentation

of tires<: tu'o spccies. Drre to the lack of acidic h¡'drogens in c, the loss of methanol

is less irnpoltant than tll¿rt observecl for intelmecliate ø (rf. Scherne 3.2). The
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losses of MeoD and MeoH are shown (for the labelled analogue) in equations 9-13

and, 3.11 (schem, 3.4). The loss of HcozMe from ion complex d (scheme 3./¡)

prod.uces the base peak of the spectrum. The carbomethoxy anion deprotonates

one of the methyl groups to form the allylic anion e (equation 3.15, Scheme 3'/¡)'

This anion then loses MeOD as shown in equation 3.16 (scheme 3./¡).

MeOCOCDC(Me).COrMe 

-IMoO(MoOCOC(Ho)2CDCO)Ic

MeOCOC(Me)2CCO + MeOD 3.13

CHz

I

MeOCOC(Me

MeOCOCDC(Me)rCO.Me 

-[MeOCO(MerCCDCO.Me)]

)CD=C=O + MeOH 3.14

CHz

c

\):(
Me CO2Me

D
+ HCO.Me 3.15

e

I

Scheme 3.4

a¡rr\
c

Me
-C-C=O + MoOD 3.16

Dimethyl 2,2,3-trimethylsuccinate.

The CA mass spectra of the enolate ion of dimethyl 2,2,3-trirnethylsuccinate

and of its labelled derivatives are recorded in Table 3.2 and in Figure 3.9. The

probable fragmentation mechanisms are summarized in Sch,eme 9.5. The ion com-

plexes formed b¡' deprotonated dimeth¡'l 2.2,3-trimethylsuccinate are represented

zis f arrcl g. Thele are snr¿ril losses of nreth¿rnol (erlttation 3.17)ancl \IeOiv{e (equ.a-

tior¿ 3..18/. C:ourplex g clccornyroses to ¡'iekl \IeOCO (equatiorr. 3.19) and to elim-

irratc nretlrvl forrn¿rte (erlu,atiort 3.20). Thc data it Tu,ble 9.2 shorvs that the loss
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of HCOzMe has a measured deuterium isotope effect of 1.46, suggesting that the

deprotonation step shown in equation 3.20 is rate determining.

CHz
I

O=C=CC(Me)2CO.Me + MeOH 3.17

MeOCOC(Me)C(Me)rCO.Me 

- 

[MeO(O=C=C(Me)C(Me)2CO.Me]

1

O=C=C(Me)C(Me).CO, + MeOMe 3.18

o c
il

MeOC-

UeOCOC(l¡e)C(Me).COzMê 

-[MeOCO

3.19

Scheme 3.5

g

o
lt

MoOCH +

c
ue.cõx{co.ue 3¿0

3.2.3 The Fragmentations of Deprotonated Hexan-2,5-dione.

The CA mass spectrum of deprotonated hexan-2,5-dione was also measured

(see legend to Figure 3,/¡) and the spectrum of the analogous De ion is shown

Á Fr,gure 3.1. The most important fragmentations are those corresponding to

formation of the acetS'ì. anion (lvf eCO, m f e:43), and elimination of acetaldehyde.

This is rationalized in terms of the formation of h (Sch,eme 3.d/, which fragments

as slrorvn írt equatior¿-\ 3.21 and 3.22.
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Figure 3.3: CA MS o{ Deprotonated MeCOzCH(Me)C(Me)(Cfu)CO2Me

ooilll
MeCOCHCHTCOMe 

-[MeC 

(CH2=CHCOMe)] 

- 

MeC + CH,=CHGOMe 3.21

h

o
MeCHO 3.22

OMe

Scherne 3.6

3.2.4 The Fragmentations of Deprotonated Dimethyl glu-
tarate.

Tire CA mass spectrum of the [\I-D+]- ion of climeth¡'l glutarale 2,2,4,4 Da is

shorvn ín Figttre 9.5. A rational for the losses of HD. \IeOD ancl the formation of

CD2C02\Ic ancl DC8. arc outliur'<l in eqtr.ations 3.23-9.26 (Sclr.eme 3.7) respec-

tivel¡'. The fragmentatiou processes are analogorrs to those that have alreacll'been

- HCO2MS
130

MeOD

31



1æ 1n
DrO

cD3cocDco2cocDr

(corco)

46

c03c0o

74

(cD3coco2)
cD2co

(DCCO) (crD3o) 62
78

42
58

Volts

Figure 3.4: cA Àfass specrrum of the (lvI-o+ ¡- ions of CDrC)CDrCD2C)CDs, The
CA mass spectrum of deprotonated hexan-2,5-dione shows the fo]Iowing peaks; mf e, loss
or formation (Abundance); 98, -nIe- (15%);95, -H2O, (100%); BS, (2%); 8J, (1.5%);71,
-CHzCO, (2%); 65, -CHaCHO, (1%); 57, CHTCOCH2, (1.5%); 55, CsHsO-, (1%); 4J,
CIIzCO, (3%): al, HC2O-, (1%).
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outlined for deprotonated methyl malonates and dimethyl succinates

[H(MeCO2CD:CHCD2CO2Me)] +MeOCOCD-CHCDCO2M. + HD 3'23

MeO-C
il
o

-cDcH2cDrco2Me 

-cD.corMe 

+ MeococD:cH2 3,4

[MeO(O- C: CDCH2CD2CO2Me)] + O: C: CDCH2CDCO2Me
3.25

+ MeOD

DC2O + MeOCHTCDTCOTMe 3.26

Scfieme 3.7

3.2.5 The trYagmentations of the Enolate Anions of Dimethyl
Adipate and Dieckmann Condensation Products.

Syntheses

All the adipates used in this study were prepared by standard procedures. The

Dieckmann condensation products rvere prepared by the Dieckmann condensation,

-- ^.,^-.^l^:^ -:,,^- :^ ^^^,-t;^^ o ory Er..ll l^¿^:l^ ^^-- L^ f^.--l:.^ ¿L^ ^---^-:._^-a^tor¡ L^o¡¡r}/^L ¡Ð ó¡vL.rr ¡r¡ cyúØLúuto ¿.þ t. L ull uçuotrù L4tt uç ruullu t¡l LllE c.rPçtrrrrcrruóI

section.

c H3 o
o
ll cHsC-OMe NaH

CH¡

OMec'
il
o

C- OMe
\\
o

Benzene
Reflux

CH.
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75( CD,corMe ) t62

M¿OCOCD CHTCDTCOTMe

42iDC2O- I

- McOD

i¡lO)

t29

(xlO)

Figure 3.5: CA Àfass Spectrum ol the (M-n+¡- ion derived from Dimethyl glu-

tarate 2,2,4,4 Da. The CA m¿Ìss spectrum of d,eprotonated dimethyl glutarate shows

the following peaks mf e, Ioss or formation (Abundance); 157, -Hz 0%); 127, -MeOH,

(t%); 73, CH2CO2Me, (t00%);41, HC2O-, (0,5%).

vol ts *
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Dimethyl adipate and substituted analogues.

The CA mass spectra of the [(M-H+)-MeOH]- ions derived from the reaction

of OH- with various dimethyi adipate derivatives are recordedin Table 3./¡. The

[\,1-U+1- ions derived from the deprotonation of several Dieckmann condensation

products are also recorded in' Table 3'/¡'

There are two possible mechanisms for the loss of methanol from the enolate

of dimethyl adipate, these are outlinedin Scheme 3.8. The first (equation 3.4)

is suggested by Cooks and Burinskyso. The second (equation 3.28) is similar to

the loss of methanol observed in the enolates of alkyl malonates and dimethyl

succinates, which involves the probable formation of solvated ion complex b as

an intermediate. Subsequent deprotonation followed by cyclisation could yield g

which should be readily convertible by proton transfer6a'65 to Dieckmann product

a under collisional activation.

o
o
il
COMe MeO MeO

o

+
+ MeOH 3.{

3¿g

gFl

(

OMe

o o
)/

o
_(

eo\
!

C:C:O HC- C: O

o

MeO

MeO

)C- OMe\\
o

C- OMe\\
o o

ç
+ MeOH

þ

35

Scheme 3.8



o o
D

o
il
COMe

MeO MeO

A (OMe

o

MeO

o o

E
+ MeOD

DC:C:O

MeO

Schem3.9

DC:C:O
+ MeOH

G- OMe
\\

o

In order to investigate the mechanism of the Dieckmann condensation of adi-

pates, the collisionally induced mass spectra of ions derived from the deprotonation

of MeOCOCD2(CH2 )2C(Me)2 COzNfe and MeOCOCD(Me)(CH2)2CD(Me)CO2Me

were recorded. The various arguruerris are surnrrrarized iri Scher¿es 3.9 ¿u;'ð,3.iû.

If the deuterated anion in Scheme 9,9 decomposes odø Dieckmann route A, MeOD

should be eliminated specifically. If, on the other hand, route B is preferred, Dieck-

mann condensation cannot occur because of the blocked gem dimethyl position and

MeOH will be eliminated. No [N{-D+]- ion is observed for this system; the only

peak observed is an [(lt{-D+)-NfeOD] ion whose CA spectrum is very similar to

that of deprotonated 1-carboxy-3,3-dimethylcyclopentanone (see Table 3.1). Thus

in this case the experimental evidence points to the exclusive operation of the

Dieckmann condensation.

( 1. o'. )
o

36



o
lt
COMe

A

o

o

o

MeO

+
+ MeOD
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OMe
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B
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D

MeO

C- OMe\\
o

(
o

o

MeO

MeO
(

+ MeOD

o

CHz
Scheme 3.10C:C-O

D
+ MeOH

C-OMe\\
o

The isomeric deuterated dimethyl dimethyladipate enolate ion that is shown

in Sch,erne 3.10, could, in principle, react in one of four ways. It could ei-

ther follorv the Dieckmann condensation (route A) but in this case the inter-

mediate ion complex must eliminate MeOD. If, in contrast route B is followed,

then i) cyclisation may effect elimination of MeOD, or ii) elimination of a pro-

ton a to the ketene unit (trvo possibilities, one shown irt Scheme J.f0) would

result in specific loss of lr{eOH. There is no [M-D+]- ion observed for this sys-

tem; the only peak observed corresponds to [(M-D+)-MeOH]. Finally, reaction

of N{eOCOCD(Me)CH2CH2CD(Me)COzMe with DO- yields an [(M-D+)-MeOD]

ion ion whose CA spectrum is very similar to that of deprotonated l-carbomethoxy-

1,3-dimethylcyclopentanone (see Table 3./). Thus again, the experimental evi-

dence points to the operation of a gas phase Dieckmann condensation in this case.

In conclusion, the experimental eviclence presented above supports the ear-

lier report by Brrrinsky ancl Cooks5o that the elimination of methanol from the

dimethl'l adipate enolate ion occurs by a facile Dieckmann conclensation.
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Table 3.3: Charge Reversal Mass Spectra of the [lvt-H+1- and [M-D+]- ions of

(MeOCOCHD)2.

Initial

Negative Ion

rn/e, Abundance.

116 115 r03 102 101 100 87 76 75 70

MeOCOCDCIIDCOzMe I4 0.5 I 6 1 1

MeOCOCHCHDCOzMe 18 0.5 1 7 0.8

Initial

Negative Ion

rn/e, Abundance

69 59 57 56 45 43 41 29 28 15

MeOCOCDCHDCOzMe 60 100 15 42 28

N{eOCOCHCIIDCOzMe 1 64 r00 4 l7 5 36 29
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Chapter 4

CA Mass Spectra of the Enolate Anions of Cyclohexanone

Derivatives.

4.t Introduction.

Previous work on the CA fragmentations of enolate ions44'¿s derived from ca¡-

bonyl compound,s, has uncovered a number of rearrangement reactions' For ex-

ample, the enolate ions of l-substituted heptan-4-ones eliminate ethylete (equa-

tion I.l/ and substituted ethyleneaa (equation 1.2) on collisional activation.

o o

R R

gl
H

o

R

H

- cH2cH2

o

- cH2cHR H - cHzcH2

o

42

It has recently been shownT0 that the loss of ethylene from the heptan-4-one enolate

is steprvise (equation /.9/ rvith the rate determining step being the deprotonation

(step 1 equation 1."?). The heptan-4-one enolate also loses methane (equation 1.4)

in this case both steps rvere shorvn to be rate determining by application of the

double isotopic labelling tecluric¡re70'7r.

43



o

Step 1 Step 2
+ CzH¿ !t'3

o

Step 1 Step 2

H
CH.

H + cH* 4A'cH;

Hunt 45'6e has also reported that the cyclohexenone enolate undergoes a specific

retro reaction on collision activation (equation 1.5).

o o

+ CH2CI'12 !15

In this chapter the basic fragmentations of cyclohexanone a¡¡d alkylcyclohex-

anone enolate ions are described. The study was aided by the examination of

the spectra of a variety oT deuterium labelled deriratives, The aims were: i) to
confirm that the characteristic retro process of deprotonated cyclohexanones oc-

curs by a sirnple rnechanism (equ,ation 4.5); ii) to determine the fragmentations

of differentl¡' substituted alkylcyclohexanone enolate ions; and iii) to investigate

rvhether fragmentations analogous to those shown in equations I.J and l.l occur

for 2-substituted cvclohexanone enolates rvhere the substituent is I ethyl.

4.L.L Synthesis of the Unlabelled Derivatives.

Compouncls used (see Tables /.1 Lo J.l) v,ere either commercially available

or svnthesisecl bv stanclarcl procedures 'uiz i) the 2-substituted cyclohexanones

werc pleParecl bv sitnple alk¡-ltrtion of the imine prel>arecl from the ketone and

cvclolrexvlamine (equatiort /¡.6. Sclr.erne /.1): the imine u'as then cooled to -78o C

in tetrahvclrofuran ¿rncl lithirrm cliisoprt>p¡'lamine addecl to form the enolate anion.

oo

H

oo
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The alkyt iodide was then added and the solution stirred for 1 - 2 hours. Standard

workup with acid or base gave the required cyclohexanone. ii) The 3-substituted

derivatives of cyclohexanone were all synthesised using a 1-4 Grignard reaction

with 2-cyclohexenone and a I0% copper cyanide/alkyl magnesium iodide reagent

at 0' C. The reactions proceeded in approximately 80 to 90% yield ( equation /¡.7,

Scheme 1.1). iii) The alkylation of 4-iodocyclohexanones provided the route to

the 4 substituted cyclohexanones. The alkylation involved the preparation of

a lithium dialkyl cuprate using the alkyl lithium and copper (I) cyanide (equa'

tion /¡.8, Sch,eme /¡.1). Standard workup followed by removal of the protecting

group gave the 4 substituted cyclohexanone.

oNo
R

oo

Cycloheryl-
amine

Benzene

1. RMgl
10% CuCN

2. OH' I HzO

1. RTLICuCN
-78 C

oo

1. LDA

2. Rt
3. OH7 H2O

FI

Oxalic
Acid

oo

4,Ê

4,2

o

4,4

2. OH-/ H2O HrO

R

Scheme 4.1

4.L.2 Syntheses of the Labelled Derivatives.

Most of the labeilecl derivatives were preparecl from either cvclohexauone 2.2.G.6-

Da (from cyclohexanone bv the exchange of the hvclrogens o to the carbon¡'l), or

R
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from cyclohexanone 3,3,5,5-Da (Sch,erne /¡.2) and cyclohexanone 4,4-D2. The re-

actions described above for the unlabelled derivatives were then used to alkylate

the cyclohexanone ring in the desired position. A particular example is shown in

Scheme .(.3.

o o
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4.2 Results and Discussion.

4.2.L trYagmentations of the Cyclohexanone Enolate An-
lon.

The CA mass spectra of the cyclohexanone enolate and the labelled deriva-

tives are shown in Table 1.1. There are four major fragmentation pathways; uiz

Iosses of.H' (equation /¡.9),H, (equations /¡.10 arld /¡'11, Sch'eme 4.4), C2Ha (equa-

tion /¡.5) and CrHe (equation 1.12, Sch,eme 4.1). The peaks all show major collision

induced components, the ratios of collisionally induced to unimolecular fragmen-

tations varying from 60:40 for the loss of Hz to 70:30 for the loss of C2Ha (see

footnote Tabte /1.1). Ethylene is believed to be lost by a retro Diels Alder reaction

as suggested previously by Huntas'6e (equation 1.5).

o o

4.12 HC:GO- + CoHs + H' 4,9

o
I
o o

4.11 Fl, + + + Hz 4.10

o

Scheme 4.4
+Hz

The peak aT rn f c:69 rvhich correspoucls to the loss of eth¡'lene has no fine struc-

tule. is step siclecl ¿rtrcl is u'iclc. u'ith ¿r half height of gg \'. suggestive of a reaction

rvith ¿r rcverse actir'¿rtion ìrarlicr. -\ll retro reactions observed in this stuclr- shou'

this fe¿rtrrre. The elinrirt¿rtiort of H ancl thc forruati<'¡rr HCzO- ¿rrt' charactcristic

¡(

Ê
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reactions of ketone enolatesaa'6e'70, see equations /¡.9 arrd /¡.12 (Scheme /¡./¡). The

loss of hydrogen is somewhat more complicated since this loss occurs by two spe-

cific mechanisms as evidenced by the deuterium labelling studies (Table /¡.1). It

is suggested that the first step in each process involves the formation of solvated

ion complex a, this complex can then decompose by the processes shown irt equa-

tions 1.10 arrd /¡.11 (Scheme /¡.1). The major process is that which involves the

elimination of dihydrogen from the 3 and 4 positions (equation 4.10).

4.2.2 Fragmentations of variously substituted Methylcy-
clohexanone Enolate Ions.

The CA mass spectra of the 2-r 3- and 4-methylcyclohexanone enolate anions

are shown in Figures 1.1 to l.J; those of the deuterium labelled derivatives are

listed in Table 4.2. Ãs can be seen from these three figures the spectra are different

and allow ready identification of each isomer.

2- Met hylcyclohexano ne

2-Methylcyclohexanone on deprotonation can form two different enolate anlons

a and b (Scheme /.5); these are likely to interconvert on collisional activationT0,

The major losses from the 2 substituted derivative are H' (equation 1.13),H2,

CzHq, CsHo (equation /r.15), CnHr (equation 1.16), and C5H1¡

(equation 4.17); these fragmentations are outlined in Scheme /¡.5. The loss of

hydrogen and ethylene occrrr by the sâ.me mecha,nism as shown tt Schem.e l.l lor

deprotonated cyclohexanone and can occur from either anion. There is an unusual

loss of CsHo which only occurs for the 2 substituted methyl derivative; deuterium

labelling studies (Table 1.2) indicate losses from positions 3,4 and 5; the process

is summarized in equation /¡.15 (Scherne /¡.5).
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4.16 CnHr + MeC:CO

o

IIQ- QQ

oo

MeMeMe

+ C5H1s 4.17

4.13 H' +

- þ g

l

o

Scheme 4.5
Me

+ Cglt 4.1s

3- M et hylcyclohexanone

The 3 substituted derivative of methylcyclohexanone can again form 2 anions

on deprotonation: these are represented by a and b (Sch.erne 1.6). For this example

there are trvo possible retro reactions that can occur from the two anions. The

first is the loss of ethS'lene (equation 4.18), and the obher is the loss of propene

(eqttation /.19. Sclteme /.6). The more favoured process is loss of the larger

alkene. i.e. propene. \Iethane represents a large loss in the spectrum of the

3-meth.v*lc¡'clohexanone enolate (see .Figure .4.2); it is analogous to the losses of

dihydrogen from the cyclohexanoire enolate (equations /1.10 and /. 11, Sch,eme 4.4).

The data in Table /.2 indicate that the ions of 3-meth1'lcyclohexanone 2.2,6,6-

Da lose CH¡ and CH3D in the ratio 6-1:12, rvhereas the [ìv{ - H+]- ion of 3-

ureth¡'lc¡'clohexanone 4.4-Da loses CH1 and CH3D in the ratio 40:60. This indicates

tlrat there are ts'o losses of methane (erluation-t /.20 and 1.2.1/. Deuterium isotope

effccts occrrr f<>r'tlicse l)r'()('esses: rtcvertht:less it is clr:al that equatiort /1 .20 is the

lrrcclonrirrtrte pro<'t'ss. Dih¡'rlrogcn is ngain the nrajor loss: labclling clata (Table 1.2)

inclicatt't\\'o l)r'c)c(ìsscs ¿rnaloqorrs t<¡ th<'rsc it equ"o.l,iort.s .1 .1ú ¿rrrcl 1.11 (Sch.etne lt./t).
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t
H

(HC2O- ¡ (Me C2O-)

55 ( -c3Hó )

ó9
4t

(xlO)(x20)

E vol ts

Figure 4.I: CA llass Spect¡unr of Enolate lons from 2-Nlethylcyclohexanone. Width of
major peaks at half height, mf z (volts + 0.3) Ioss; 709 (41.1) H2,83 (93,8) CzHt,55
(10.6) CaH6 and 11 (11.8) CsHro. lI'hen a voltage of *2000 V is applied to the collision

cell. the follow'ing collisional induced:unimolecular peak ratios are observed, mf z (CI:u):

109 (50:50), 83 (70:30),69 (90:10), 55 (10:60) and 41 (60:40).
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Figure 4.2: CA.\fass Spectru¡n of Enolate fons fronr 3-\[ethylcyc]ohexanone. Width of
major peaks at half heigfit. ntf z (volts f 0J) Ioss; t0g (17.2) H2,95 (5J.J) CH* gJ (gS.S)

czH.t, 69 (87.3) CzHe . 57 (12.7) C4II6 and 41 (q5.õ) CsHrc. tvhen a voltage of +2000 v
is applied to tl¡e collision cell. the {ollowing collisional induced:unimolecular peak ratios
are observed, mf z (cI:u); 109 (10:60), 95 (60:-t0), 8s (80:20), 6g (80:20), 5z (4s:55) and
al $0:a0).
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4.21 GH¡ + Me (

Scherne 4.7

+ CHn 4'20

+ GrHo 4.18

+ CoH.

ï
o o

oo

4.19 C.l-ls * Me Me

a

Scheme 4.6

The loss of C¿Ho shown in Scheme 1.7 is the first example of a specific double

hydrogen transfer reaction reported for negative ions. The spectra of the three

deuterated derivatives (Table 1.2) show that a methyl hydrogen and a hydrogen

from position 4 are involved. It is proposed that the first step is a proton transfer

reaction from the methyl group to the carbanion centre. The resulting ion then

rearra.nges to form a (Scheme 1.7). The second proton transfer (from position 4)

follorved by cleavage yields the acetone enolate ion and butadiene. The reaction is

characteristic of all 3-alkyl substituted cyclohexanone enolates studied; the ethyl,

propyl, butyl and pentyl derivatives eliminate respectively, C5Hs, CoHro, CrHt,

and CsH1a.

o o

Me
H

þ

H

ooo

CHz
CHz
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t09

t07

(-c )ó9
3 ó

8r(-H2CO)

83 (-CO )

(x20)

H

Me

(x5)

9s (-cH4)

( HC2O- )

4t

E volts -----)

Figtrre 4.3: CA Àfass Spect runt of the Enolate lon from  -Methylcyclohexanone. Width

of major peaks at hatf heigltt, mf z (volts + 0.3) loss; 709 (45.4) Hz, 95 (57'1) CH4,

83 (104.3) CO, 81 (56.2) HzCO, 69 (96.4) CqHa and 41 (41.8) CsIIro. When a voltage

of +2000 \I is applied to the collision cell, the following collisional induced:unimolecular

peak ratios are observed, mf z (Cl:u); 109 (a0:60),95 (80:20),83 (70:30),81 (70:30),69

(70:30) and .11 (50:50).

4- Met hylcyclohexano ne

The 4 substituted meth¡'lc1'clohexanone enolate shorvs basically the same

fragmentations as scen earlier for the 2 and 3 substituted cyclohexanones (see

Scl¿emes /.5 and !.6). Again the major loss is of dihydrogen originating from

both lhe 3.4 and 3,6 positions (the major loss is from the 3,4 positions).

There are nrinor losses of methane, carbon monoxide and formaldehyde u'hich

ale uniqrre in tlris series of compounds. These processes are outlinedin Sch,erne .(.8.

The loss of methane nìa]' proceecl through a: the products formed are methane

anci cleprotonated cvcloherenone (equ,ation. /r.22). The loss of carbon monoxide

(eqrtatiorr.4.23)aurl is preclonrinatel¡'a collisionall¡-inclucecl process: a possible

plocltrct i<¡n is I> (Sch.ene /.8). This ion can then lose dih¡'drogen'ui¿ a number

of clifferent pathrvavs (see Sc.lt.ent.e 1.8). Lal>elling stuclies (Table /¡.2) svggest that
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the major loss of hydrogen occurs to form c and d with minor contributions from

other processes, which may form the ions e and f. A minor reaction must involve

a 1,2 hydride shift to form g (Sch,eme 1.8). A 1,2 hydride shift is considered to

be a "forbidden reaction"72, and it has been calculated that the energy required

for the 1,2 hydride shift in the ethyl anionT2 is 202 kJmol-l. However a number

of other examples of.I,2 hydride shift reactions have been observed on collisional

activation of suitable carbanionsT3.

o o o

+ CHa 4,22

"(
-

Me Me

a

co

Hz+ +H2

Me Me 4.23 Me Me

c I

+Hz +Hz

MeC Mer
Scherne 4.8

4.2.3 The Flagrnentations of the Enolates of Ethyl, Propyl
and higher Alkyl Homologues of Cyclohexanone.

The CA mass spectra of cleprotonated ethvl. propl'I. but¡'l and pentyl sub-

stituted cvclohexanones are shou'n in Table /.3 and /1./¡. Again the major loss

is of clih¡,'drc)gell as shor','n ín equatiotts /.10 ancl /.11 (Sclrrme /t.4); other frag-

nrentations are sinrilar to those alreaclv cliscussecl it Sc.l¿eme.r 4.5 to 1.8. One

gþ
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fragmentation of the 2-ethylcyclohexanone enolate anion is the extrusion of ethy-

lene from the side chain. This is the direct analogue of the loss of olefi,ns from

acyclic ketone enolates (equations 1.1 and /¡.2) and in this case may be represented

l:y equatzon 4.21 (Sclteme /¡.9). Higher homologues show a corresponding loss (e.g'

deprotonated 2-propylcyclohexanone shows loss of propene from the side chain).

Another characteristic reaction involves the loss of methane from the side chain'

Labelling studies (Table /¡,9) ir.dicate that the reaction involves the methyl of the

side chain together with a hydrogen from the 6 (or 2) positions. This process is

directly analogous to the loss of CHa from the heptan-4-one enolate (equation /.1)

and is representedir equation 1.25 (Scheme 1.9).

+ QH¡ 4-24

oH

a

Me olVf 

"H

+ + CHo 4'25

þ ç

Scheme 4.9

The loss of ethene from the sicle chain of deprotonated 2-ethylcyclohexanone

involves an anion on the opposite side of the molecule to the alkyl chain. The

ethyl group can effect a conformation rvhich allorvs proton transfer from the ter-

nrinal position of the etln'l glorrp to form a (eqttatzon 4 24).Anion a then cleaves

to forrlr ethenc ¿rncl tlte cvclolrcxanr>ne enc>latc' ¿rnion as shorvn rn equ,ation lt 24

(Sclterrt,c J.9). In the altcln¿rtive reactiorr (t:qu.ation /.25)the incipient methvl an-
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Figure 4.4: CA MS of Enolate Ions from 2-Ethyl-4-Methylcyclohexanone. Width of
major peaks at half height, mf z (volts + 0.3) loss; 737 (44.6) H2, 12J (50.5) CHa, 111

(105.0) CzH+, 97 (91.6) CzHa. When a voltage of +2000 V ìs apptied to the collision cell,

the following collisional induced:unimolecular peak ratios are observed, mf z (CI:u);137
(35:65), 123 (60:a0),97 (55:a5),81 (35:65) 69 (70:30) and 41 (90:10).

ion of b removes an a proton to form c and methane. These two side-chain frag-

mentations together rvith the characteristic ring retro reaction are illustrated in

tlre spectrunr ( Fignre 4. 4 ) "f 
cleprotonated 2-ethyl-4-methylcyclohexanone. Figure

f ,y' shorvs pronounced loss of CHa (cf. eqttation.t 1.25), CzH¿ (cf. equations /¡.pl)

and C3H6 (the retro process: cf. equations 1.25 and Figure 4.5)

In conclusion, i) the retro mechanism first described by Hunt44,6s, and shorvn

in equ'ation /¡.5 ís specific. occurring rvithout migration of hydrogens on the cyclo-

hexanone ring. In the case of a 3-substituted cyclohexanone (which may form two

enolate ions). the retro process involving the loss of the larger olefin is the major

process: ir ) clifferently substituted alkvlcvclohexanones have characteristic frag-

rlent¿rtion patterns. thus the techniclrre is a viable one for anal¡'tical purposes. ancl

lrl) 2-sullstittrtccl (>Et) ct'clohex¿rnone enolates unclergo the sarne characteristic

fi'agrrrerrtntiorrs (equ.alion"s y'.9 ancl 4.4) "t acr-clic ketone enol¿rtes.
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Chapter 5

CA Mass Spectra of Aromatic Alkoxide lons.

S.L Introduction.

Fragmentation studies have been carried out for a number of alkoxide ions.

These include ethoxideTa'75 and methoxideT6'77 negative ions. The loss of dihydro-

gen from ethoxide is reported to be a two step process, the frrst step of the reaction

involving the formation of a solvated hydride/acetaldehyde anion, the second, the

removal of a proton from the methyl group of acetaldehyde by the hydride ion.

This reaction is shown in equation 5.f . The loss of dihydrogen from methoxide is

horvever a 1,1 loss. An experimentalf ab initio study indicates the reaction to be a

trvo step process involving the intermediacy of the solvated hydride/formaldehyde

anion as shown in equation 5.2.

CH3CH2O -------+ [H-(CH3CHO)] -----+ CHzCHO * Hz (5 1)

CH3O- --' [H-(HzCO)] -----+ [HCO]- * Hz (5.2)

In this chapter the CA fragmentations of a number of alkoxides derived from

aryl alcohols are discussed (cf. also refs 78 and g6). The main aims of this study

n'ere to determine rvhether t ) PhCH2O- undergoes 1.1 elimination of Hz like NIeO-

and ii) rvhether ions Ph(CH2)"CH2CH2O- (n:0-2) undergo 1.2 elimination of H2

like EtO-. or u'hether the¡'fragment b¡' alternative pathrvavs.
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6.2 Results and Discussion.

Compounds used in this study are listed in Tables 5.1to 5.1. Several syntheses

used to produce deuterium labelled compounds are summanzed'in equations 5.9

to 5.6; full details are given in the experimental section.

o
il
c -H

1. L¡A|D4

2. H2O / OH'

CHDOH

cD2oH

co2co2H

1.UA|H4
2. H2O / OH-

CD2Br

f.ilg
2. Ethylene oxlde

o
ll
c

5,3

5.4

- oMe

1.L¡AlD4
2. H;O / OH'

cH2co2H

DrO / NaOD

cD2oH

PBr. / Benzene

cD2cH2oH

cD2cH2cH2oH

5.5

5,0
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5.2.L Flagmentations of the Benzyloxy Negative lon.

The CA mass spectra of PhCH2O- and of its deuterium labelled derivatives

are listed in Table 5.1. The major fragmentations observed for the benzyloxy ion

are losses of H', H2, CH2O and C6H6.

The competitive losses of formaldehyde and benzene are summarizedin equa-

tions 5.7 and 5.8 (Scherne 5.1) respectively. They are likely to proceed through

solvated ion complex a. This ion complex can either fragment directly to form the

phenyl anion and formaldehyde or the phenyl anion can deprotonate formalde-

hyde to give benzene and deprotonated formaldehyde. These losses are also pre-

ceded and/or accompanied by partial hydrogen/deuterium scrambling of the ben-

zylic and phenyl hydrogens. For example, C6D5CH2O- loses CHrO and CHDO

and CoHDs and CoHzD¿ in the respective ratios 3.õ:1 and 6:1. Benzylic/phenyl

scrambling has been observed previously for negative ionsTe'8o'tt; itt this case it is

suggested that the randomization either occurs as shown in equation 5.9, or by

hydrogen interchange in complex a.

C.Ht + cH2o

c6HscH2o f ceHs (cH2o)l

e
HC=O + CeHe

cH,oH 

-
_ ._ cHoH 5,9

s.11 (C6H4)CH2O + H PhCH2O [phCHO] 
'+ H' S.1O

Scheme 5.1

It is not possible to make an¡'thing more than qualitative statements concern-

ing the losses of H' ancl H2 frour PhCHzO- because the cleuterium labelled ions

can. in principle. lose 1. 2. 3 a'cl 4 a. rn. u. [i.e. H . (D or H2), HD and D2]. In

5.z

5.0

o2CH
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addition, deuterium isotope effects may operate for the various losses. However

since PhCDzO- and C6D5CHzO- both lose H' to a large extent, the processes

shown in equations 5.10 and 5.Jl must both occur.

Loss of Dihydrogen from the Benzyloxy Anion.

There have been a number of studies concerning the losses of H2 from simple

anions in the gas phase such as EtO-74'7s and MeO-76. In the frrst example,

the loss of hydrogen was shown to be specific 1,2 elimination reaction, while for

methoxide the loss is a 1,1 elimination (equations 5'1and 5.2).

In the case of PhCH2O-, it is possible for dihydrogen to be eliminated by the

pathways outlined in equations 5.12 ar,d 5.19 (Scheme 5.2).

PhC=O + H2 5.Íl

PhcH2o- [H (PhCHO)l

(GsH¡) GHO + H2 5.13
Ê.

Scheme 5.2

Both reactions are likely to proceed though solvated intermediate a. If the loss of

hydrogen is specifically 1,1, the products will be Hz and PhCO. If the hydride ion

deprotonates the phenyl ring, the products will be H2 and (C6H4)-CHO. The data

in Table 5.1, shows that PhCDzO- loses HD but not D2, while C6DsCH2O- loses

mainly HD together rvith a small amount of D2. In the latter case there is also a

peak corresponding to loss of 2 a. m. u; the magnitude of the loss of H2 could not be

determined because Hz has the same mass as D'. Ion CoHzDgCD2O- loses (Hr, D'),

HD and D2; the relative loss of H2 could not be determined. Nevertheless it is clear

that the major loss of dihl'drogen from PhCH2O- occurs as shown ir equation 5.131'

a lesser amount rnay be lost by-the route indicated in equation 5.12 (Scheme 5.2).

Some hvdrogen scraurbling also occurs. it is not possible to determine whether

the scranbling occurs l>efr>r'e tlie s<¡lvated interrnecliate is formed or rvhether there
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Figure õ.1: Ab initio calculations (3-21G) for the loss of H2 from Deprotonated Benz¡'l

alcohol. Geornetrie.s (Ã,") as follows: P|CH2O-, C-C - 7.56, C-H - 7.72, C-O =
7.35; A, a : 7.46, b : 1.09, c : 2,70, d = 2.02, e : 7.08,f : 7.39; Ð, I : 1.47, h : 7.36,

i : 7.18, i = 1.30, k : 1.27, I = 180; Ç., m : 1.40, n - 7.37, o : 7.40, p = 7.42, q : 7.43,

r : 7.38,s : 7.16, t = 7.23, u : 7.09, v : 728, x : 772. Energies (a.u.): PíCH2O- :
-342.02814, B = -340.32535, C : -340.85606, H2 : -1.12296 hartrees.

is some hydrogen equilibration occurring in the solvated hydride a (Scherne 5.2)

before fragmentation.

Ab Initio Calculations of the Benzyloxy Anion

Ab initio calculationss2 using GAUSSIAN 8283 at the 3-21G84 level have been

used to determine possible products and intermediates of the reactions shorvn in

equations 5.12 and 5.13 (Scheme 5.2). The medium level calculation was done

because of the large size of the slstem ancl the clata obtained should onll' be

trsed in a qualitative fashion. It can l¡e seen (Fig'ure 5.-1) that the first step in

the reaction inr-olves lengthening of a benz¡'lic C -H boncl rvith the formation of

d
+ H2

A r
q

L

,o
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intermediate A (cf. Scl¿erne 5.2)in which the hydride ion is closer to an ortho ring

hydrogen (a:2.02 Ä,; th..r to the formyl hydrogen (c:2.10 Å,). Ittt"t*ediate A can

fragment in three rÃ/ays: i) to form H- and benzaldehyde, a reaction endothermic

by 306 kJmol-l, ii) the formyl proton may be removed to yield B (calculations

have shown that the charged species is symmetrical), a reaction calculated to be

210 kJmol-l endothermic and iii) deprotonation of an ortho proton of the aromatic

ring forms C; this reaction is calculated to be 129 kJmol-l endothermic. Thus the

ab initio calculations indicate that C is the thermodynamically favoured product,,

in agreement with the experimental observations outlined above.

5.2.2 trbagmentations of the 2-Phenylethanoxide Anion.

The fragmentations of the alkoxide ions derived from 2-phenylethanol and its

labelled derivatives are shou'n rn Table 5.2.

IH (PhCH2CHO)I PhCftClto + H2 s.14

PhcH2cH2o

lPhCH2 (CH2O)] + P¡CH2 + CHrO 5.15

(C6Ha)CH=CH, + H2O 5.16

PhcH2cH2o- + PhcHcH2oH

e - 

[HO-(PhCH=CH2)

Þ

Scheme 5.3 PhCtl=Ctl + H2O 5.17

The fragrnentations observed for these cornpounds are quite simple. There are

tlrree basic flagurentations r¡bservccl for PhC'H2CH2O-: uiz i) loss of dih¡'drogen as

slrc¡rvtr it eqLtøl,iort 5.11 (Schenrrc 5.,'l)t<-t forru PhCHCHO. ii) loss of fornralcleh¡-de

to folrtt the be:.rzvl anion c'ither br'¿r concertccl plocc.ss. or bv the stepu'ise reaction

6S



9t(-c H2O) t2t

PhcH2cH2o

rf 9

(- H20 )

t03

E volts +

Figure 5.2: CA Àfass spectrum of PïCH2CH2O-

shown ir equation 5.15 (Sclteme 5.3) and iii) the loss of water which although only

a minor process is also the most complicated. The ion PhCD2CH2O- specifically

loses HOD, whereas PhCH2CDzO- loses HzO and HOD (3:1). Thus the loss of

water from PhCH2CH2O- occurs uia two mechanisms; it is suggested that the

initial step in both is a proton transfer reaction in which a benzylic hydrogen

specifrcally migrates to oxygen to form a. This anion may then form solvated

intermediateb (Sclteme 5.3). The OH- ion of b can then either deprotonate the

ring as shorvn in equation 5.16, or the side chain (equation 5.17).
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Figure 5.3: CA .&lass spectrum of PíCHzCHzCH2O-

5.2.3 trYagmentations of the 3-Phenylpropanoxide Anion.

The fragmentations of the alkoxide ions derived from 3-phenylpropan-1-ol and

its deuterium labelled derivatives are shown in either Table 5.3 or Figure 5.3.

The fragmentations of these compounds are the most complicated of all the

aromatic alkoxides studie.i. Fraqmentations ar:e summarized irt Sch-eme.g ,-1..1 zr,ð.

5.5.

Loss of dihvdrogen is again the rnajor process. The spectra of the deuterium

labelled analogues shorv there are trvo specific losses of dihydrogen. Both can be

rationalized by the initial formation of complex ø (Sclteme 5.J). The major loss

is the 1.2 elimination shorvn in equation 5.18 (Scherne 5./1): the minor loss occurs

b)'renror-ul of a benz¡'lic h¡'droger (equation 5.19, Scl¿erne 5.4)The loss of CsHrO

slrorvn ín Figure 5.3 must invoh'e two proton transfers. Labelling data (Table 5.3)

inclicate tltat protons flom carbons 1 and 2 transfer to tlte aromatic ring. This

can be lation¿rliz<'cl itr tertrts of an initi¿rl intermecliate a unclergoing nucleophilic

sttllstitrttiou to fcrrnr b u'hich then fulther rearranges bv intranrolecular proton

transfel to ¡'ielcl C,;Hr- as sh<>u'tr tr equatior¿ 5.20 (Sch,ene 5.J). This reactio¡
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represents only the second. reported example of a speciflc double hydrogen transfer

reaction in negative ion gas phase chemistry (see ch,apter /¡).

PhCH2CHCHO + H2 5.18

Ph(CH2)3O + [H (PhCH2CH2CHO)]

c PhCHCH2CHO + H. 5.19

GHO 

-GrHi 

+ CH.=CtlCtlO 5¿q
HH

Scheme 5.4

The loss of rvater from PhCH2CH2CH2O- requires an initial hydrogen trans-

fer reaction to oxygen, Labelling data (Table 5,3)indicate that the transferred

hydrogen comes from either the central carbon to form a (equation 5.21)or from

the benzylic position to form b (equation 5.22). It is likely that the first process

then proceeds through a OH-/3-phenylpropene complex; deprotonation then oc-

curs from the most acidic position [i.e. the benzylic position (equation 5.25)). In

the second reaction, an OH- /phenylcyclopropane complex may be formed which

then deprotonates at the benzylic position as shown in equation 5.21.

5.21 PhCH2CHCH2OH + PhCH2CH2CH2O 

-PhCHCH2CH2OH 

5,22

þ

c þ

IHO (PhCH2CH=CH2)l tHo-(Ph { u

5.23 PhCHCH=CH, + H2O Scheme 5.5 Ph< + Hzo 5.24

Trvo otlt<'r' r't:¿rctiorrs inr'olve the probable forrnation of solvatecl interurecliate a
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( S ch,eme 5. 6). This complex can; i ) form deprotonated formaldehyde and CaHro as

shown in equation 5.26 arrd ii) fragment directly to form CsHs- and formaldehyde

(equation 5.27). The ion CsHs- (rn/z:105) f.onned by this process could have

two possible structures; these are shown as A and B in Scheme 5.6. Anion A can

be stabilized by negative hyperconjugationss, but it seems the less likely of the

two possible structures. The alternative structure is the spiro intermediate B. \Me

have rrc.,t been able to differentiate experimentally between the two structures.

HC =O + CrHro S.2O

Ph(cH2)3o- 

- 

[c8He (cH2o)]

Ê CaHg + CH2O FJ7_

PhcH2cH2

E

Scheme 5.6

Tlrele are several other fragmentations that can be seen in Figure 5.3, they

can be rationalized as follorvsl i) formation of deprotonated benzene and deproto-

nated oxetane (eqnations 5.27 and 5.28), ii) formation of deprotonated ethylene

oxider and tire benz¡'l anion (equations 5.3/ and 5.32). The precise mechanismfor

the formation of these product ions is not knorvn. and some hydrogen/deuterium

sclarnbling occurs for e¿rch ploc('ss. For exanrple. CoDs(CH2)3O- yields CuDi,

C6HD; and C6H2DJ (ö:4:1): PhCD2(CH2)2O- and ph(CHz)2CD2O- give only

CoHi. rvlrile PhCH2c'DzCH2o- gives C6H, and C6HaD- (a:1) (see Table 5.,g for

other examples). A ratio¡rale for the scrambling is shorvn in equations 5.29 and

5.30 (Sch'eme 5.7). The structures of the intermecliates involved in the losses

of eth¡'lcne oxicle (equatiott. 5.9-1l ancl oxetane (equation 5.27) are not knorvn;

thev mav be sirnple ion cornplexes of the standarcl t¡.pe. Alternatively'. B ancl C

(Sclt'eme 5.7) coul<l har-e spiro strtrctrrres: for exanple C'cc'¡ulcl correspo¡d to the

Srnilcs irrte'r'ecli¿rte Dsti (see ch.apter I for fttrther tletails).

lThe possihilit¡'that th(. (lel)rotonatctl etlrvlt'nc oxiclc roarrârìges to the acetalclehvde ion can¡rot

A

be cliscourrtt'd
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5.27 cuH, + PhcH2cHcH2oH 5.29

E 

- 

Ph(CH2)3o 

-

(C6H4)CH2CH2OH 5.30

5.28 + CuH.

PhcH2 +

o

+ PhMe 5.32

Scheme 5.7

5.2.4 FYagmentations of the 4-Phenylbutanoxide and 5-

Phenylpentanoxide Anion.

The CA mass spectra of the alkoxide ions derived from 4-phenylbutan-1-ol and

õ-phen1-lpentan-1-ol and their labelled derivatives are shown in Table 5.J.

The base peak of the spectra of both unlabelled alkoxides is formed by the loss

of clih¡'drogeni as in previous cases this loss occurs mainly uia a 1,2 elimination.

Loss of formaldeh¡'de is likel¡,' to occur oiø a spiro intermediate analogous to that

described it Sclterne 5.6. Another interesting reaction is the hydrogen transfer

reaction rvhich occurs from the benz¡'lic position to the oxygen. This is illustrated

for exanple b1'the formation of DO- from PhCD2(CHz)¡O-. The benzyl anion

is also formecl. this ion is forrned fronr all aìcohols reported in this chapter. In

the case of PhCHzCHTO- the formation of PhCH, is clue to direct cleavage of the

[\I - H+]- anion, ltrrt in all the other cases the exact mechanism is not knou'n.

Tu'o 1>ossilrilitics ¿rler: i) S..,'i attack of the ()x\'gcn at the carbon J to the aromatic

ring. ol ii ) rr.rrcl<'ophilic ¿rttack of tlit'o\\'g('r. t>nto tlie ar'<>uratic ring't,iø a Smiles

r'(ì¿ìrr'¿ìrqeurcllt I r:t' D. SclLr:trt,t: 5.7 ).

ü

a

o

\7 5.3f

o

q
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In conclusion, the ansv¡ers to the questions posed initially are; i) the major loss

of H2 from PhCHzO- is not a 1,1 elimination; the major product of the reaction

is (C6Ha)-CHO, ii) ions Ph(CH2)"CH2CH2O- (n:0-2) undergo 1,2 elimination of

H2 (like EtO-).
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Table 5.2: cA Mass Spectra of Labelled Phenylethanol Alkoxide ions

Initial Ion

Loss

IID II2O IIOD cH2o cD2o

I'hcD2clI2o- r8 0.5 100

Phcil2cD2o- 21 2.2 0.7 100
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b. This peak is a combination of -(II2O*IID) and -(IIOD+n2)
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Chapter 6

CA Mass spectra of Deprotonated Amides.

6.1 Introduction.

6.1 .1 General.

There has been no investigation of the CA fragmentations of the anions derived

from the deprotonation of amides in the gas phase. The basic collisionally induced

fragmentations of the radical anions derived from secondary electron capture2e

have been described, and are outlined belorv. The major fragmentations are gen-

erally a to the carbonyl or amino functions.

4
\

NH
R2NH-Q:o-Rl- -NH_R2 + RINH-C

o
+Rl + R2'

R2NH + Rl- C- O

6.L.2 Syntheses of Labelled Derivatives.

The rnost important reaction used in this study for the preparation of both
the labelled ancl unlabelled amicles is the reaction betrveen an acid chloride and an

anrine (etlnation d.-1 see experimental section for full details). This reaction can
be usccl to 1>ro<lrrcc ¿r r-arietv of IaJ>clle<l amicles from reaclily obtainable labellecl

startirrg ¡n¿rtcrials. e.g. the acetvl Éiroup u'as reaclilv labelled bv the use of acetr-l
chloride D3 ancl the appropriate amine (see experimental section for fr.rrther cle-

õ
I

c
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tails). The labelled amines were prepared from the corresponding labelled alkyl

iodides by the Gabriel synthesis (see experimental for details of the synthesis of

labelled amines).

CD¡

o
il
c

o
lt
c

-G + 2HNMer +CDs- - NMe2 + HrNMeCf tr1

6.2 Results and Discussion.

6.2.L The CA FYagmentations of Deprotonated Formamide,
N-Methylformamide and N,N-Dimethylformamide .

The CA mass spectra of the anions derived from the deprotonation (NHt )

of formamide, N-methylformamide, N,N-dimethylformamide and their labelled

derivatives are shorvn in Table 6.1.

Forma¡nide.

Deprotonation of formamide (and its labelled derivatives) by amide ion oc-

curs bv removal of a proton on nitrogen, the product ion is represented as a in

Sclt,eme d.l. This species fragments by competitive losses of H, Hz and HzO. Loss

of H (equation 6.2, Sch.erne 6.1)forms the radical anion b. The major fragmen-

tation involves loss of dihl'drogen. This is rationalized in terms of formation of

solvated ion conplex c u'hich decomposes to form dihydrogen and NCO- (equa-

tion 6.3, Sclt.err¿e 6.1). Loss of rvater is best explained b1'a 1-3 proton transfer in

a to form anion cl rvhich then fragments through solvated ion complex e to forn

C\- ancl H2O (eqttation 6.11. Schene 6.1).

S2



o
lt

H-C-NH 2

NHz

_NH +

a

þ to-c-N-Hl
o
il

O¿ H'+H-ö-¡¡' H-

þ

o
il
c

o
I

c

c

Scherne 6.1

H NH

OH
I

H-C:N
rl

H, + NCO 0i

fon tr- c: Hl

e

CN + ll2O ô.4

N-Methyìforrnamide

N-\'fethylformamide is also deprotonated by removal of the hydrogen on the

nitrogen to form a (Sch.erne 6.2). The competitive losses of g are outlined in

S cl¿erne 6.2. There are two simple cleavage reactions, aiz; i) loss of H' to give radical

anion b (eqtt.ation 6.5, Scheme 6.2) and ii) methyl loss to give c (equation 6.6,

Sch.ern e 6.2).

A nttmber of fragmentations can be rationalized as proceeding through ion

complexc's. The first hr,'dride ion complex d can fragment either b¡'; j) deprotona-

tiorr of tlre fornrl'l ploton to folnr H2 ancl -CH2¡iCO (eqrtatiort 6.7, Schenr,e 6.2), or

l j ) tlre hr'<lricle ion attackiug the carbonr-l to fornr forrnalclehvcle and CH2N - (eqtta-

tion 6.8. Sch.en¿e 6.2). Deúerirurt labelling stuclies inclicate that a seconcl solvate<l
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hydride ion complex e is also formed, this complex decomposes uia S¡¡2 attack of

the hydride ion on the methyl group to form methane and NCO- (equation 6'9,

Sclteme 6.2).

0.0
Ë

o
lt

H-C-N-'+ Cl-13

-NCH3 
+LftO=CH-N:CHrn

o
il

H-C- NHCH3

2

H'+ MeNCO

þ
I ñn

o
il
c

e

fHtueHcol] H

d
e

CHn + NCO 6.9 CffrÑ + HrCO O.g H, + eHrN@ ü

Scheme 6.2

N,N- D irnet hylforrnamide.

Disubstitrrted amicles are of particular interest since they cannot be deproto-

naled on nitrogen. Deprotonation of this svstem is more difficult than previous

examples since AH!.-¿, of the meth¡'l protons has been bracketecl at 1671 kJ mol-r'n.

Reaction of \Ie2\CDO u'ith \H, results in [\I-H+]- and [N't-O+1- peaks in the

ratio r¡f 2:1. Thus trv<¡ ions are formccl irv cleprotonation of dimeth¡'lformamide. i.e.

a ancl l'¡ (Sclrcrne d.9). The CA urass spectra of a and b are recordecl \n Table 6.1.

Tlre iorr Ì\Ie2NCO- a (Sch.e,me 6.3) gives a pronounced CA rr'lass spectrun shou'ing
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minor loss of Hzo and major loss of co: the loss of co is shown in equation 6.10

(Scheme 6.3). h contrast, -CHzMeNCDO shows a weak CA mass spectrum with

the ioss of H2O, HOD and CO. The losses of HzO and CO in the two spectra

give peaks with the same widths (within experimental error) at half height [H2O

(23.S + 0.3v) and co (25.0 + 0.3v)]. Thus, at least in the case of co loss, it

is likely that 1,3 H+ transfer (! ------+ a, Scherne 6.3) precedes fragmentation. The

mechanism for the loss of water is not known'

o
il

H-C_N
CHs

NHz

CHz

CHs
a

CHg
þ

CH¡
CO+ N 6.10

Scherne 6.3

6.2.2 The CA Flagmentations of Deprotonated Acetamide
and Substituted Acetamides, MeCONRTR2 (Rl : H,
Me and Et, R2 - FI, Me or Et).

The CA nlass spectra of the anions derived from the reaction of acetamide,

\-methylacetamide, N, N-dimethl'lacetamide. N-ethylacetamide, l'[,N-diethylacet-

arnicle and their labelled derivatives rvith OH- (or DO- u'here appropriate) are

listed \n Table-q 6.2 and 6.3.

Acetanride.

The deprotonation of acetamide occurs b¡' specific removal of the proton on

thc nitrogen (AH'..1.¡,i \IcCO\H::1-130 kJ nrol-r. d 1569.5 kJ mol-r"" for

C'&CO\\Ic'2) to form a (Sclte.nr"e. 6./1). The. ru¿rss spectrunÌ of deprotonatecl

acetanricle ancl its labellecl <1<¡rivatir'<:s shou'trvc> nrajor losses: i.e. i) loss of H lrl'

CHs
o
|,c-N

o

n- [- H'

CHg
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two reactions to form radical anion ï: (equation 6.11, Scheme 6./¡) añ c (equa-

tion 6.12, scheme 6.4) of which the former is formed in the higher yield, and

ii) loss of methane which plausibly proceeds through ion complex d to products

(equation 6.15, Sclt'eme 6./¡).

CH¡- -NHz

o
il
c

þ c

NHz

-ñn

o
il
c

I

o
il
c- NH- CH¡-

oil-.+ cHs_c_N + ft 6.126.11 H' + CH2-

a

d
Schere 6.4

CHo + NCO 6.13

N-Methylacetamide.

The deprotonation of N-methylacetamide by NH! occurs by the removal of

the hydrogen on the nitrogen. The losses ob."rt"dlThe CA mass spectrum of

cleprotonatecl N-meth),lacetamicie are: H . CH3'. CH+, HzO and also the formation

of \co-. HCzo-. H2cN-, C\- and cH3-. These fragmentations are analogous

to those of deprotonated N-eth1'lacetamide, rvhich rvill be outlined in full in the

next section

N-Ethylacetan ide.

The CA mass spectra of the anions derived from the deprotonation of N-

eth¡'lacetaruicle and its lal¡eiled derivatives are recorded in Table 6.9 and Fig-

tn'e 6. 1 .

The iuitial cleplotorr¿rtion l>¡'\H2 (as beft>re') occrrrs b¡'the removal of the

plot<>rr crrr tlrc nitr'oqen to forru anic¡n it (S<:hetn.e 6.5). The losses from depro-

En. (o:c- NHI
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51 (-C ^H^D^ )
L¿J

(NC

42

( HC20-)41
(- c2H2D2 )

59
7t(-H2O)

73 (-CH4)
l5(Me-) '70

26

Volts +

Figure 6.1: CA À{ass spectrunr of Deprotonated NIeCONIICH¡CD3. Full expeúmental

details are listed in t,he Experimental Section. Width of mf z 59 at half height : 98 *
0.5 v.

tonated N-ethylacetamide are: H . H2, CH4, HzO, CzH¿, Et' and the formation

of CHsCHN-. NCO-, HC2O-. CN- and CH.. All fragmentations are explained

through the fragmentation of anions derived from a.

There are trvo losses of a h1'clrogen radicall z) the major process involves

elimination of a h1'drogen radical frorn the acetyl methyl to form radical anion b

(equation 6.11, Sch"eme 6.5). ii) in the minor process a h1'drogen atom is eliminatecl

from the eth.n*l group to form radical anion c (equation 6.15, Scherne 6.5). There

are trvo distinct losses of clihy'drogen; both can be rationalized by fragmentation

of solvatecl h¡'dride ion cornplex cl. i.e. l) the h¡.dricle ion can deprotonate the

rneth¡'l of the side chain (eqttation 6.16b, Scl¿eme 6.5) and ii) the hydride ion can

renìove a protorÌ from the acet¡'l gr()rU) (equatiorr.6.16a. Scherne 6.5). In addition.

tlre h¡'clricle ion of cl can ¿rttack the carbon¡'l group as shorvn in eq'uation 6.17

( S ch,etn,e. 6.5 ).
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6.15 lrileCONCtl2CH2' + H MeCONEt Cl-l2CONEt + H' 6.14

þ

l

A

c

Schene 65
ileCtlO + CH3CH=N 6.17

There are two specifi,c losses of methane from anion a; i) in one case the

methyl is lost from the acetyl group perhaps through solvated ion complex b

(Scheme 6.6), the methyl anion then deprotonates the ethyl side chain (equa-

tion 6.18, Sch.eme 6.6), ii) the methyl anion can also come from the ethyl side chain

to form solvated ion complex c rvhich then deprotonates as shown in equation 6'19

(Sch,erne 6.5). Labelling studies suggest that loss of water occurs through inter-

mediate d (Sch,erne 6.6) and occurs by two separate mechanisms (equations 6.20

and 6.21) of which equation 6.20 is the main contributor.

CH2CON-CHz + CHa 6.19
frþCHl'lCO + CH. 6.18

ç

6.16a CH2CON=CHMe + llz- 
þ-{CH.CON=CHMe )l

- 
cHscoN=cHCHz + j+, 6.16b

þa tuecoN = cH2)] + MeCONEI Me (EINCO)

bc a

OH

MeCONEI + CHz-C=NEI+ ["õ (cHz- c: NEtl

rl

G.21 CH=C:NEI + l-lrO CH2:C:NCHCHg + l-tO 6.20
Scherne 6.6

SS



There are two possible mechanisms for the loss of ethylene; i) the first involves a

four centre proton transfer from the terminal methyl to the nitrogen (equation 6.22,

Scheme 6.7), or ii) the initial proton transfer may be a six centre process to oxygen

(equation 6.23). It is not known which mechanism is the correct one. Loss of the

CzH; radical occurs overall as shown in equation 6.21 (Scheme 6.7). Theformation

of HCzO- occurs after a 1-3 proton transfer from the acetyl methyl perhaps to

form ion compiex a (Scherne 6.7), which then fragments as shown ín equation 6.25.

Finally, the formation of NCO- occurs as shown in equation 6.26 (Scheme 6.7).

MeCON

- 

MeCONH + C2Ha 6.22?
H

o
)

^ - 

MeC(OH)=N + QH¡ O¿ílMe N

MeCONEt rdeCON + Et. 6.24

MeCONEt
I EINH(CH2CO)] .- ¡q9 EINH2 6.25+

a

MeCONEt
I Me(EINCO) I .-- NCO + Cstü O¿O

Scherne 6.7

N,N- D imet hylacet arn ide.

Deprotoriation of \.\-cliniethr-l¿rcetamicle (4H".a",¿ : 156g.5 kJ mol-tóÉ¡can

ìle achievc<l lrr- t'ither OH- or H.3\- ¿rncl c¡ccurs b..' the remo',-al of a proton frorn

the acet,"-l grotll). TIle losses fi'onr clePr-oton¿rtecl \.N-clinrethr-lacetamicle are. H .
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88

42( DC2O-) - CzHa

cD2coN Et2 - Et'

C D2HC HO )

(-cD2co )
(cD2Hco-)

)-
45

10 98 (- H2O )

5ó 59

Volts +

Figure 6.2: CA Mass spectrum of the (tr[-D+)- ion of CDzCONEr2. Width ofmlz 88

at half height : 132.8 +. 0.5V.

Hr, CHr, CH{, H2O, CzHu and the formation of (CH3)2N-, CH3CO-, NCO-,

HC2O-. The fragmentations of deprotonated N,N-dimethylacetamide are analo-

gous to those outlined for N,N-diethylacetamide below.

N,N-D iet hylacet arn ide.

The CA mass spectra of anions derived from deprotonated N,N-diethylacetamicle

and its labelled derivatives are recordedin Table 6.1 and Figure 6.2. Simple losses

observed inciude CH{, H2O, CzHr. CH2CO, CHgCHO; in addition, ions CHsCO-

and HCzO- are obserr.ed.

Deprotonation of N.N-cliethvlacetamide occurs b¡' the removal of a proton on

the acet¡'l group to form a (Scheme 6.8). The most interesting fragmentation of

cleprotorratecl \.N-clieth¡'lacetamicle is the loss of ethvlene (equation 6.27 or 6.28,

Scl¿eme d.8/ l'hich pr'oclr.rces the base peak of the spectrum. The peak is dish

slrapecl (see. Fzqurc 6.')) ¿rncl the Peak u'iclth at half height is 133 \¡. the rvidest

1lc'ali r-ct oltsclve<l in C'-A. nrass sl)cctr¿r of negatir-e ious. Tu'o seltarate mecha-

90



nisms can be can proposed for the loss of ethylene; both involve proton trans-

fer through six member transition states uiz; i) proton transfer to carbon (equa'

tion 6.27, Scheme 6.8)or ii) proton transfer to oxygen (equation 6.28). Deuterium

isotope effects were measured for this process, results are summarized beside egøø-

tions 6.27 and 6.28. Values obtained were an average of ten measurements. The

primary isotope effect of.2.5 and the secondary isotope effect of 1.09 are suggestive

of a stepwise process, ie. proton transfer followed by elimination of ethyleneaa'6e'70

but the data do not allow differentiation of the two mechanisms shown in eq'ua-

tions 6.27 artd. 6.28.

)

Et
N

H

o
#
t
+ MeCONEI + C.Hn 6.27

+ CrHo 6.28

' H/D = 2.50 t 0.1

# hUD = 1.(Xl t 0.02Et
N ñet#

o
-H OH

CH2CONEt2- [EI2N(CH2CO)I 

-HqO 

+ HNEþ 6.29

t

Et2N + cH2co 6.30

CH2CONEI2 

- 

MeCON

c

Et

t
HCH3

a

MeCO(EINCHMe) I

I
þ

6.32 MECHNCHME + MECHO MECO + ETNCHME 6.31

91

Scheme 6.8



The formation of HCzO- and loss of CHzCO are outlined in equations 6.29

ar'd 6.90 (Scherne 6.8). The loss of acetaldehyde and the formation of CH3CO-

are of interest since they occur following proton transfer a .+ b (Scheme 6.8).

Fragmentation plausibly proceeds through acetyl anion complex s (Scheme 6.8)

to form the acetyl anion (equation 6.31). Alternatively, since the acetyl anion is a

powerful base (MeCHO, AH:";d:1632.5 kJ mol-l'o) it can effect deprotonation

as shown in equation 6.32 with resulting elimination of acetaldehyde.

6.2.3 The CA FYagmentations of Deprotonated Higher Ho-
mologues of N-substituted and Nr N-Disubstituted
Acetamides.

The CA mass spectra of anions derived from the deprotonation of some higher

homologues of acetamide are shown in Table 6.5. In general the fragmentations ob-

served for these deprotonated species proceed uiø fragmentation pathways similar

to those already described in Schernes 6.1 to 6.8.

6.2.4 FYagmentations of Deprotonated Analogues of Ac-
etarnide.

The CA mass spectra of some deprotonated analogues of acetamide are shown

in Table 6.6. Replacing the methyl group adjacent to the carbonyl with ethyl,

propyl or phenyl groups does not alter the major fragmentation routes. Deproto-

nation occurs on the nitrogen and two major pathways are the loss of H' and the

formation of NCO-.

6.2.5 trYagmentations of Deprotonated Acetanilide and La-
belled Derivatives.

The CA mass spectra of deprotonated acetanilide and its labelled derivatives

are summarized in Table 6.7 andin Figure 6.3. Acetanilide is deprotonated by

the removal of the amino hydrogen to yield a (Sclteme 6.9). The losses observed in

the CA mass spectrum of deprotonated acetanilide are, H', H2, CHa, HrO, CH2CO.

In addition, ions CoHl, NCO-, HC2O-, CN- and CH! are formed.

The base peak of the spectrum is formed by the loss of H', labelling studies

indicate there to be two distinct losses of a hydrogen radical; i) a major loss of H'
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Figure 6.3: C.4 .\fass spect rum of Deprotonated Acetanilide Ds

fronr the acetyl group (equation 6.93, Scheme 6.9) and ii) a minor loss of H' from

the aromatic ring (equation 6.3/1, Sch.eme 6.9). The loss of dihydrogen is specific;

one hyclrogen comes from the acetyl group and the other from the aromatic ring.

A possible rational is shorvn in erlu'ation 6.35 (Scheme 6'9)'

A number of fragmentations ma¡' be rationalized by the intermediacy of ion

conrplex l¡ (S chent e 6. 9). This ma¡' i ) fragment directly to form CHf and C6HsNCO

(equation 6.36. Scl¿erne 6.9). or il) form (CuHr)-NCO and CH¿ (equation 6.37'

Scherne 6.9). iii) the n-rethvl anic>n mav effect nucleophilic attack to either form

CoHi and CHs\CO (eqnatior¿ 6,38, Scherne 6.9) or NCO- and toluene (eqtta-

tion 6.39. Scheme 6.9. cf. equation 6.26, Sch.eme 6.7).
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The remaining fragmentations are analogous to those described previously
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Figure 6.4: C'A Mass spectrum of Deprotonated MeCONHCOCyD7. When a voltage of

+2000 V is applied to the co,llision cell, tlte following ratio of decompositions occurring

inside the cell and outside the cell are obse¡v'ed: rnf z (C.L:unimolecular) - 150 (1:1), 148

(2:1),125 (1:9),106 (19:1),82 (3:2).59 (1:1) and 42 (1:2).

6.2.6 The Eragmentations of Deprotonated Bisacetarnide
and Related Molecules.

The CA nrass spectra of deprotonated bisacetamide analogues are sholvn in

Table 6.8 and Figure 6./¡. The AH".4cid of \IeCONHCOìvIeer is 1452 kJ mol-1:

tirerefore tÌre cleprotonation of the \H moiet¡' u'ill occur most readily.

\Iost of the fragmentations outlined abo','e also pertain to deprotonated bisac-

etalnicle and the related molecules. Horvever there are several fragmentation plo-

cesses of \IeCONCOPh and PLCO\COPh that are rvorth describing in some

detail. The interesting losses are of H2. RCO2H ancl the formation of RCOt

from RCO\COPIì (R : \Ie or Ph). These fragrnentations are outlined \n eq'ua-

tion 6.10-6.41 (Sclr.e.rne 6.10). The loss of clihvdrogen to folnr a inr-olves a phenl'l

¿rncl a mcth¡'l In'ch'ogen: tlrr: ploclrrct ion ln¿rv lrc ìr. Intelcsting decorultositions of

c are slunÌnalize<l tn cqtta,tí.ort,s 6.10 ancl 6.11. It is propos<.cl tli¿rt rcarrarìgenrent c¡f

c t<¡ cl. follc¡u'e<l ì>r- fragment¿rtion to iou c<.lnrplcx ('. uìal viclcl thc l)reculsor of thc
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product ions shown ín equations 6.10 anð. 6.11. Since the bound benzoate anion

of e may not be able to deprotonate benzonitrile, an alternative intermediate for

the products of equation á.ll could be the radical ion/radical complex f.

o

N_

PhCONCOME
e. o

Þ

Ph o-

PhcoNcoPh

c d

6.40 PhCO2 + PhCN

[Phco2(PhcN)l

6.41 (C6H|CN + Phco2H

[Phco2(PhcN)l

Scheme 6.10

rL"
¿--!l.

Ph

I
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Chapter 7

CA Mass Spectra of Deprotonated Amines.

7.L Introduction.

There has been little work done on the gas phase reactions of deprotonated

amine ions; one report on the negative ions derived from electron capture of la-

belled and unlabelled methyl amine has appearedsT. In this chapter,, the CA

fragmentations of a number of deprotonated primary and secondary amines are

described to determine if: i) the major fragmentations of of deprotonated alkyl

amines can be likened to those of carbanions already studied, ii) deprotonated

cyclic amines undergo retro reactions of a type similar to those of deprotonated

cyclohexan ones ( Ch,apter I ) and iii ) what are the characteristic fragmentations of

deprotonated aromatic amines,

The labelled amines were prepared from labelled precursors which were either

commercial or prepared by standard procedures (see experimental section for com-

plete details). The primary amines were prepared by the Gabriel synthesis; for

example see eq'uation 7.1 (Sch.eme 7.1). The seconda.ry amines \¡¡ere prepared as

outlined in equation 7.2 (Sch.eme 7.1).

o

o

+
NK æ

cH3cD2l

o

NCD2CHs

Scheme 7.1

o

KOH

7-L

õ

o

oo

cH3CD2NH2+

CH3CD2I + KOH
CH3CD2NH 2 (CH3CD2)2NHz|-(CH3CD2)2NH

107

7-2



7.2 Results and Discussion.

All amines were deprotonated with HzN- (AH""¿¿¡vø.:403.5 kcal.mol-l)3e formed

from ammoniaaT (equations 7.3 and 7./¡).

HeN + e- ------+ H- + NH; (7.3)

H- + H3N ---+ Hz * NHI (7.4 )

7.2.1 CA FYagrnentations of Deprotonated Primary Amines.

The CA mass spectra of deprotonated labelled and unlabelled primary amines

are listed in Table 7.1 and the CA mass spectra of deprotonated !pqpropyl-2,2,2,2',2',2'-

D6-amine shown in Figure 7.1. All the fragmentations observed for the deproto-

nated primary amines were simple and the proposed mechanisms are rationalised

as proceeding through solvated ion intermediates.

Deprotonated Ethylarnine.

The major losses from deprotonated ethylamine are; H', H, and CHa. Forma-

tion of Me- is also noted. The loss of H' occurs by loss of a hydrogen radical from

the a carbon (equation 7.5, Scheme 7.2). The deuterium labelling data indicate

that loss of dihydrogen from deprotonated ethylamine occurs uia three processes;

in each case, the formation of hydride ion complex a (Scheme 7.2) is the first step.

The hydride ion of a can then deprotonate at three positions; i) remove a hydrogen

from the B carbon (equation 7.6, Scherne 7.2), ii) remove a hydrogenfrom the a

carbon (equation 7.7, Sch,eme 7.2) or iii) remove a proton from nitrogen (equa-

tion 7.8, Scheme 7.2). From Table 7.1, it can be seen that the ion MeCDzNH-

loses mainly HD with a smaller amount of D2; CD3CH2NH- Ioses both H2 and

HD and C2DsNH- loses mainly HD with some D2. The major processes are thus

those outlined in eqn'ations 7.6 and 7.8, it is not possible to quantify the various
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losses of dihydrogen any further due to the pronounced deuterium isotope effects

noted for the various losses of Hz (Table 7.1).

cH3cH2NH Ctl.CHÌúl + H 7.5

cH3cH2NH [H (CHsCHNH)l CH2CIINH + Hz Lñ

c

7-L C}IC=NH + Hz CIICH=N + Hz Z,g

Scheme 7.2

The loss of methane and the formation of Me- are outlined in equations 7.9 arrd

7. 10 ( S cheme 7.3/, The initial reaction is suggested to be the formation of solvated

ion complex a (Sclt"eme 7.3); the complex can then either fragment directly to form

Me- and CH2NH (equation 7.10) or the methyl anion can deprotonate CH2NH

at nitrogen [determined from the deuterium labelling (Table 7.1)) to form CH2N-

and CHa (equation 7.9, Scheme 7.3).

cH4 2.9cDrÑ+

cH3co2NH [cH3(cD2NH)l

e

+ @"M 7.f 0

Scheme 7.3

Other Deprotonated Primary Amines.

In general, the loss of H' and H2 are the predominant processes for the higher

lrornoÌogues. The fornration of Et- and Pr- (c/. eq.uation 7.10) are not observed

since the electron affinitir:s of Et and Pr are negativee2. Horvever, ,J-cleavage to
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CD¡:

CDt/
CH-NH

4s (-co¡H)

GCD.) 44

1B (CD3)

Volt¡ -

Figure 7.l: CA Mass Spect rum of (C\)2CHNH-

nitrogen, followed by deprotonation at nitrogen (c/. equo,lion 7.9) is the charac-

teristic reaction of all compounds shown in Table 7.1. For example, deprotonated

isopropylamine, n-propylamine and n-butylamine loss CHa, C2H6 and CsHs re-

spectively.

Loss of CHa and formation of Me- are major processes from deprotonated

isopropylamine. These processes are analogous to the loss of CH¿ and formation

of lvle- from deprotonated ethylamine (equations 7.9 arrd 7.10, Sclt,eme 7.3). The

reaction preceding the loss of methane and formation of Me- from deprotonated

isopropylamine is again the formation of a solvated ion complex (a, Scherne 7.1).

This complex can either fragment directly to form Me- and MeCHNH (equa-

tion 7,11. Sclt.ern" 7.4)or the methl'l anion can deprotonate MeCHNH. Depro-

tonation can occur from trvo locations (see Figure 7.1) aiz; i) from the nitrogen

(eqttatzon 7.12. Scl¿eme 7./1)or from the d carbon (eq'uation 7.13, Sclterne 7.1).

There is also a snrall loss of methane from deprotonatecl propylamine and buty-

lanrirre: thc. lal>ellccl clerivatives PhND- ancl BuND- (Table 7..1) specifically lose
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CH3D. A possible mechanism involves Sryi reactions of the type shorvn in equa'

tion 7.1/¡.

cH3 clhcHlú{ 7-11+

CHst..

CHs'
CH-NH +[CH3(CH3CHNH)|

Ho

cH4 cH2cHtüt 7.13

7.12

+ Ctl4 7.14

'l
+

+ cH3cHN

,"(d')
Scheme 7.4

7.2.2 CA Flagrnentations of Deprotonated Secondary Amines.

The CA mass spectra of the deprotonated secondary amines are recorded in

Table 7.2 andin Figure 7.2. The fragmentations of these anions will be explained

using deprotonated diethl'lamine (EtzN-) as an example.

The major fragmentations of deprotonated diethylamine are the loss of H2

and CHa and the formation \le-. The loss of dihydrogen from deprotonated

diethylamine is specifically a 1,2 elimination (equation 7.15, Scheme 7.5). This

rvas determined from the deuterium labelling; specifically (MeCDz)zN- loses HD,

rvhile EI(C2D5)N- loses both H2 and D2. The respective loses of H2 : HD of

100:62 and 100:36 from Et(lvIeCD2)N- and Et(CD3CH2)N- can be interpreted

in terms of deuterium isotope effects (H/D) of 1.6 for the first step and 2.7 for

the second step of the reaction. Steprvise fragmentations of anions involving tu'o

kinetically significant steps have been reported previouslyTo'7r. The possibility of

a conceltecl 1,2 elinination of H2 cannot be completely discounted in this case.

but such reactions are generall""" high energ)¡ processesTs'76.
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77

(-H:) 7s
1s (Me)

EtNCD2cDs

18 (CO3)

GCH.) 6t

(-co¡H ) 58

60 (-cH¡D)

(-cD.) 57

x1
x5

voùs

Figure 7 .2: C.4 l{ass Spect rum of Et2N-

EtNCH2CH3 [H (EtN=CHCtl3)l Eü\t{tlo.l2 + H2 7.15

¡

EINCH2CH3 .-- [Me (EIN=CH.)] EIN=CH + CHo 7'16

Þ

7.17 CH3CHN=Cf|2 + cHo + ErtùcH2 7.18

Scheme 7'5

There are trvo clistinct losses of methane frorn deprotonated diethylamine. these

are both proposed to proceecl thror.rgh solvated ion complex b (^Scåerne 7.5). De-

plotonation b¡'the methl'l a¡rion can occur from trvo positions: i) from the carbon

o to the nitrogen (equ.ation,7.16. Scl¿en¿e 7.5/. ancl ii)frorn the carbon a'to the

tritrogen (er¡natiorr.7.17. Scl¿er¿e 7.5). The solvated ion complex can alsofragment

('Dr)

73
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directly to form Me- and EtNCH2 (equation 7.18).

7.2.3 CA FYagmentations of Deprotonated Cyclic Amines.

The CA mass spectra of a number of deprotonated cycloalkylamines are shown

it Table 7 . I and in Figure 7.3 . The spectra show a number of similarities to the

deprotonated cyclohexanones described in Ch,apter l. Deprotonated piperidine

eliminates H2 while the 2,6-dimethylpiperidine ion losses H2, CHa and forms Me-.

No labelling studies have been done for these particular ions but it is likely that

the processes are directly analogous to that shown in equation 1.10 (Scherne 4.4)

for cyclohexanone. No retro reactions were observed for the piperidines.

( (¡(
)

I)
(

ñ

D
I

N

D
I

N

) )
-

)

+HD zJg
(

CHz CH2DCH2NCH2 7.29

+

N

+

(cH2ND)

r' Hrþ 7-21+

N
r'

Scheme 7.6

IJnlike the deprotonated piperidines the deprotonated piperizines do undergo

retro reactions, but these are minor processes. The loss of dihydrogen is again the

major process. There are two distinct losses of dihydrogen; the major loss is shown

in equation 7 . 1 I ( S ch,eme 7 . 6 ) f.or the deuterated derivative. The retro reaction can

be explained in terms of the formation of solvated ion complex a which can either

i)form CH2N- and CH2DCH2ì\trCH2 (equation 7.20, Scheme 7.6) or ii\ fragment

directlv to form CHzNCH2CHf and CH2ND (equation 7.21, Sclterne 7.6).

N
N

D

I

N

NN

N

s
t_
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o
N

N

56 (-CH2ND)

r20

84 (.Hr)
54

28 (cHzN)

28

Figure 7.3: ('A -\Iass.S,¡'r,ct r'tnt of the (LI-p+)- ion from Piperazine-1.1-D2

7.2.4 CA Eragmentations of Deprotonated Primary and
Secondary Aromatic Amines.

The CA mass spectra of deprotonated aromatic amines are listed in Table 7.1.

Previous work on the analogous fragmentations of the phenoxide ion (PhO- ) have

shown losses of CO and CHO, rvhile its labelled derivative l-r3C-phenoxide loses

13CO and 13CHO, with phenoxide-2.4,6-D3, losing CO and CDOe3. The analogous

thiophenoxide ion (PhS-) also undergoes ring cleavage without randomization of

the substituents on the rings{. The major fragmentation of PhNH is loss of H';

deuterium labelling (Table 7.// inclicates the major loss is from the aromatic ring

'"r'ìth a minor loss originating from the NH group. The ion Phl{H also loses 27

a.m.u. and cieuterium labelling inclicates that the process involves the specific loss

of tlre lr¡.'clrogen attachc'cl to the nitrogen (.see Table 7./¡). This reaction is thus

analogotts to tìre ioss of CO flonr cleprotonated phenol to form the cyclopentadienyl

anion. Tlre rc¿rction is shos,nin eqttation 7.22.

Vollg

1L4



PhNH + CNH 7-22

The rnajor losses from deprotonated N-alkylanilines are shown in Table 7.1.

The fragmentations of PhNEt are losses of; H', H2, CHa, CrHn, Et' together with

the formation of Ph- and Me-. The loss of H' is outlined it equation 7.23 and

from the labelling studies (Tabte 7.4); the hydrogen is lost exclusively from the

aromatic ring. The loss of dihydrogen is interpreted in terms of formation of sol-

vated ion complex a. The hydride ion of a can then deprotonate the allylic methyl

to form PhNCHCH! and H2 (equation 7.21); this loss involves no scrambling of

hydrogens. The loss of CHa and the formation of Me- are proposed to proceed

through solvated ion complexb (Sch.eme 7.7); deprotonation by the methyl anion

will lead to C7H6N- and CHa (equation 7.25), while direct fragmentation leads

to the formation of Me- and PhNCH2 (equation 7.26). The formation of Ph-
is

is interesting in that it rationalized as proceeding through d, a species produced

following proton transfer processes. From Table 7.4 if is observed that there is

partial deuterium scrambling of the phenyl and a hydrogens. This indicates that

intermediate c is also involved in the process. Once anion d is formed the loss

of Ph- is simply explained by direct fragmentation of solvated complex e (equa-

tion 7.27). The loss of Et may occur by the two step process (-H'-C2Hd)e5; the

loss of ethane forms PhNH-.

7Jg (Cd-ldNEt + H PhNEt [H (PhN=Ct{i/le)l

c

PhtËcHct{2 + H2

PhNHCHMe

7.24

NH Me

PHNCHTMe

lMe (PhN=CHrMe)l

CH
I

H

þ

ç

PhN=CH2 7.26

Scheme 7.7
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In conclusion, the major fragmentations of deprotonated primary and sec-

ondary amines are similar to those already outlined for carbanions. Most of the

fragmentations can be rationalised in terms of the intermediacy of ion complexes

of the type proposed throughout this thesis. There was only one proton transfer

reaction (Scheme 7.7) preceding fragmentation. This is in marked contrast to

the behaviour of carbanions, where proton transfer is quite common. The cyclic

amines studied do undergo retro processes (equations 7.20 and 7.21), but these are

of minor importance when compared to the retro processes notedin Chapter /¡ for

deprotonated cyclohexanones. The specific loss CNH is the characteristic reaction

of deprotonated aniline (equation 7.22).
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Chapter 8

Summary of Reaction Types.

8.1 Introduction.

In this chapter a number of "rules" will be presented that indicate the frag-

mentation pathways of collisionally activated even-electron negative ions formed

by chemical ionization. Many different processes have been observed, in this chap-

ter specific examples of each type are given. The basic fragmentations can be

divided in to frve main types; i) formation of a solvated ion complex in which the

anion initiates a number of different reactions including; a) direct displacement,

b) deprotonation, c) elimination and d) nucleophilic displacement, ii) initial pro-

ton transfer to form a new anion which then can initiate a number of different

reactions as above, iii) formation of a radical anion by the elimination of a radi-

cal, iv) cyclic compounds undergo a specific retro reaction with elimination of a

neutral molecule, u) the anion can undergo specific rearrangement reactions which

are often complex. However it should be noted that in some cases there are alter-

native mechanisms that cannot be excluded on the available data. These are; i) the

reaction may be concerted or ii) the reaction proceeds through radical/radical ion

complexes rather than anion/neutral complexes.

8.2 Formation of Solvated Ion Complexes.

A particular example of this process was shown in chapter 3, in the fragmen-

tation of deprotonated dimethyl succinate. Here the major fragmentations were

proposed to proceed through two solvated ion complexes a and bin Sclteme 8.1.

Each solvated ion complex could fragment directly to form MeO- (equation 8.1)

and MeOCO (equation 8.9) or either could deprotonate the neutral molecule to
give a loss of methanol (eqtr,ation B.p) or methyl formate (equation g./).
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ooil ll _

MeO-C-Cn-CHz-C-OMe

lMeO(MeOCOCH2CHCO)l

a

MeO + MeOCOCHTCHCO

MeOCOCHGHCO + MeOH

9,1

æ

OOIr-ll
MeO- C- C¡t- CHz- C- OMe

o//
+

þ

o
CH2: C: C HCOTMe 9.4+

OMe

Scheme 8.1

Another example of the formation of solvated ion complex was noted \n Chapter

l: this inr-olr.ecl cyclohexenone solvated b1' a h¡'dride ion' Deuterium labelling

indicated the h¡.dride ion coulcl deprotonate in trvo positions; i) remove a proton

fronr the 4 position (equation 8.5) or ll) removal of a proton from the 6 position

(eqttation 8.6. Sch,eme 8.2). Analogous processes were observed for the losses of

methane from 3-methl'lc¡'clohexanone enolate ions'
o

t¡¡eOCO(tvteOCOCH=CH2)l MeOC- MeOCOCH:CHz g,3

oo o
+ H2 8.5

HO
¡(

eScheme 8.2

1'l-l

o

+ H2 8,0



In the case of the loss of methane from 4-methylcyclohexanone it was shown

by deuterium labelling that the loss of methane involved a hydrogen from the 3

position together with the 4 methyl group. A possible mechanism involves the

formation of a solvated hydride ion intermediate a (equøtion 8.7),, the hydride ion

can then attack the methyl group aia an S¡¡i reaction to displace methane and

form deprotonated cyclohexenone b (equation 8.7).

o o

+ cH¿ 9,2

oo

HO

)
H(

Me Me

A final example of the formation of a solvated ion complex was seen in Ch,ap-

ter 7. Deprotonated diethylamine eliminates methane and forms Me-. The initial

step is suggested to be the formation of methyl anion ion complex a (Scheme 8.3).

The methyl anion of a can then either i) deprotonate in two different positions

(equations 8.8 and 8.9, Scltetn,e 8.3)or zz) fragrnerrt clirectly to form Me- and

EtliCH2 (equ.ation 8.10, ScL¿eme 8.3).

EINCH2CH3 

- 

[Me (EtNCHr)] EINCH2 + CHo 0.!
e

CHo

þ
Me

¡

Scheme 8.3

!.9 CH3CHNCH2 +

12J

cfl3 + EINCH2 8.10



8.3 Proton tansfer.

Many examples of proton transfer occurring before fragmentation were ob-

served.l z) it is suggested that the loss of ethylene from the 2-ethylcyclohexanone

enolate is a two step process involving an initial proton transfer from the terminal

methyl group to the enolate anion (equation 5.11). An analogous process occurs

for the loss of ethylene from deprotonated diethyl acetamide (equation 8.12).

o oo H

+ +
8.11

HO

8.12

c.l{o

Ê

+

)

Fr
N

H

o ' l'VD = 2.50 + 0.1

+ MeCONEI + C2Ha

Þ

[HO (PhCH2CH=CH2)]

#
t

# H/D = 1.(X) t 0.02

ii) The loss of rvater from the alkoxicle ion <-¡f 3-phenylpropan-1-ol involves proton

transfer. Deuterium labelling indicated the initial proton transfer could be divided

into trvo t)'pes. in one case the proton rvas from the benzylic position to oxygen

to fornr a (equation 8.13, Scheme 8./1): \r the other a proton is transferred from

tlre cerrtr¿rL c¿rrÌ¡otr to thc'oxJ-gen to form b (eqttation 8.1/, Scheme 8.1)' Trvo

diffelent solvatecl ion complexes \vere formed. the OH- could then deprotonate

either rreutral (equation*s 8..15 and 8.16. Scbene 8./1).

8.14 PhCH2CHCH2OH 

- 

PhCH2CH2CH2O 

-PhCHCH2CHzOH 

8.13

tt-to-(Ph { lt

Scheme 8.48,15 PhCHCH=CH, + HrO
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iii) A specific proton transfer reaction occurring before fragmentation is observed

for the loss of acetaldehyde and the formation of the acetyl anion from deproto-

nated diethyt acetamide. The initial deprotonation of diethyl acetamide is on the

acetyl methyl group (a, Scheme 8.5), there is then a specific 1,4 proton trans-

fer from one of the ethyl side chains to form a ne\M anion b. This anion can

then form a solvated acetyl ion complex which can then fragment directly (equa-

tion 8.17, Sch,erne 8.5) or the acetyl anion can deprotonate the neutral to form

tr¡eCHÑCHMe and acetaldehyde (equation 8.18, Sclt'eme 8'5).

CH2CONEI2 < MeCON

c
MeCO(EINCHMe) I

? þ

8.18 MeCHN=CHMe + MeCHO MeCO + EtNCHtvte 8'17

Scheme 8.5

8.4 Radical Anion Formation.

The loss of H occurs readily from all ketone enolates studied. The loss was

alrvavs c to the carbonvl group to fornr a stabilized radical anion (equation 8.19).

o o

HO
+ H 8.19

There are trvo separ¿ìtc l<.¡sses of H fronl \-eth¡'l acetamide. Initial deprotona-

tion is from the nitrogen to fornr a (Sc.herne 8.6/. loss of H can either be from the

acctvl rrrethvl group to form st¿rbilizecl raclical anion (equation 8.20, Scheme 8.6)

ol tltt'H cart ìrc cliutirratt'<l froru th<'t'tln'l sicle chain (equatiort 8.21, Scl¿ent,e

I6) The loss of ¿rn ctlrvl raclic¿rl is ¿ilso u rnajor l)rocess in the fragnrentation of

cleplot<rrratr:cl \-r'tlivl acct¿rnri<k' ( equat,i on. 8. 22. S cÀ.ene 8. 6 ).

o
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8.21 MeCONCtl2Ctl2' + H' MeCONEI ónrcoruet * lt' 8.20

c

ilfeCON + Et' 9,22

Scheme 8.6

8.5 Specific Retro Reaction.

In this thesis a number of examples of specific retro reactions were observed;

i) the loss of ethylene from deprotonated cyclohexanones and substituted cyclo-

hexanones. In the case of 3-substituted cyclohexanones there are two possible

retro reactions that can occur, the major loss was always of the larger alkene

(equations 8.23 ar.d 8.21, Scheme 8.7) ii) the loss of ethylene from piperazine and

the loss of ethylene and propylene from 2,5-dimethyl piperazine, again the loss of

the larger alkene rvas the predominate process.

o o

8.23

+ cH3cHcH2

o o

+ CHTCH, g.Z4

Scheme 8.7

þI

o HO

HO

12E



8.6 Complex Rearrangement Pathways.

The proposed Smiles intermediate a (Sch,eme 8.8), fragments as shown in equa-

tions 8.25 alad 8.26r (Scheme 8.8). There are few other examples of complex

rearrangement pathways in this thesis, however there have been a number of

examplese6-1oo reported recently including the \Mittig rearrangements6'e7'ee, and

the Smiles reactionloo.

ftffi2 +
9,25

Ph(cH2)3o

\7o o

e

+ PhMe 8.26

Scheme 8.8

One example of the gas phase Wittig rearrangement occurs for deprotonated

benzyl ethers, the CA mass spectra of ions PhCHOR and Ph(R)CHO- (R : alkyl

and phenyl) are very sirnilar, suggesting a wittig rearrang"*"tr¡1or'1o2'ro3 may be

occurring in the gas phase (equations 8.27 and 8.28, Scheme 8.g).

R1(RCHO)

8.27

R-CH-O-R1 R
cH-o

R.

nin-cH-o)
g.2e

Scheme 8.9

The nr.trjor fi'agtnc'ntatiorrs can Ìre interl>retecl in terms of 1,2 elimination of
1'I'hc'¡rossibilitl'tltat tl.'protortatecl r:tlrvlcne oxide re¿rrrarìgL's to the acetaldehyde ion ca¡r¡ot be

o

exclucìetl on t lrr: ar'¿rilable t:viclence'
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groups from the Wittig product ion. For example, deuteriumlabelling of PhCHOEt

arid Ph(Et)CHO- show that the major processes produce MeCHCHO- * CoHo

(equation 8.29, Scheme 8.10) and c6Hf (equation 8.30, scheme 8.10). An anal-

ogous process, Ph2CHO- ------+ (C6Ha)-CHO * CoHo gives the major peak in the

spectrum of PhÕHOPheG.

MeCHCHO + C.H, E¿g
Ph

PhCHOEt )""- õ 

- 

tPh(ErcHo)l
Et

QH, + ETCHO 8.30

Scheme 8.10
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Chapter 9

Experimental.

9.1- General.

Collision activation (CA) mass spectra \ilere recorded on a VG ZAB 2HF mass

spectrometer operating in the chemical ionization modeloa. All slits were fully open

to obtain maximum sensitivity and to minimize energy resolution effects1o5. The

chemical ionization slit was used in the source; ionizing energy 100 eV (tungsten

filament), ion source temperature 180oC, accelerating voltage -8 kV. Enolate and

alkoxide negative ions were generated by H+ abstraction by OH- (or H- or O-'),

or by D+ abstraction by OD- (or by D- or O-';tos. Deprotonated amines 'ü¡ere

produced by proton abstraction with HzN-. Reactant negative ions were generated

from H2O (or D2O) or NH3 by 100 eV electrons. The indicated source pressure

was typically 5x10-5 mbar. The pressure of the substrate was approximately

5x10-6 mbar, The estimated total pressure in the source was 10-1 mbar. The

pressure of helium in the second field free region collision cell was measured at

2xI0-7 mbar, by an ion gauge situated between the electric sector and collision

cell. This produced a decrease in the main beam of c.a. 10% and corresponds to

essentially single collision conditions106.

Isotope effects H/D 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. In order to determine the collision induced : unimolec-

ular component ratios of a particular dissociation a potential (typically 1000 V)

was applied to the second collision cell: the relative areas of the shifted (collision

induced) and unshifted ("unimolecular") peak give the required ratiosloT.
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Routine positive.ion mass spectra were determined with an AEI MS 3074 double

sector mass spectrometer operating at an electron energy of 70 eV. The samples

were introduced into the ion source by a direct insertion probe. Infrared spectra

were recorded on a Jasco A-102 infrared spectrophotometer as a nujol mull or as

a liquid film. The 1602 cm-i peak of polystyrene \\¡as used as the standard. 1H

Nuclear magnetic resonance spectra \¡/ere recorded either on a Jeol PMX-60 spec-

trometer, a Varian T-60 operating at 60 MHz, or a Bruker WP-80 spectrometer

operating at 80 MHz. 13C Nuclear magnetic resonance spectra rñ¡ere recorded on a

Bruker WP-80 spectrometer at 20.7 MHz or using a Bruker CXP-300 spectrome-

ter operating at 75.41ll/.H2. All n.m.r. spectra were obtained in deuterochloroform

(except where stated to the contrary), using tetramethylsilane as an internal stan-

dard. The data are given in the following order; chemical shift (á) in p. p. m.,

relative intensity inclicating the number of protons, multiplicity, ancl first order cou-

pling constant (J) in heúz (Hz). Abbreviations: s:singlet; d:doublet; t:triplet;
q-quartet; b:broad.

Melting points were determined by using a Kofler hot-stage melting point appa-

ratus and are uncorrected. All solvents were of analytical grade orwere purified

according to standard procedureslos before use. Microanalyses were performed

by the Research School of Chemistry, Australian National University, Canberra,

Australia.

9.2 Labelled Cornpounds.

The identity and deuterium incorporation of labelled compounds was routinely

checked by positive ion mass spectrometry, 1H n.m.r. and 13C n.m.r.

The following isotopically labelled compounds 'were commercially available and

were used without further purification: deuterium gas, deuterium oxide (>99T0

atom, AINSE.), methyl iodide-Ds (>99% atom, Aldrich.), methanol-D1 (>gg%

atom, Aldrich.), methanol-D4 (>99% atom, Aldrich.), bromobenzene-D5 (>gg%

atom, Aldrich.), acetic acid-Da (>99% atom, Service des molécule Marquées Fra-

nce.), Iithium aluminiurn hydricle-D n (>gg% atom, Aldrich.), lithium hydride-D1

(>99% atom, Fluka A. G.), ethanol-D e (>95% atom, Merck, Sharp and Dohme.),
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sulphuric acid-Dz (>99% atom, ICN Biomedicals, Inc.), acetone-D6 (99% atom,

Aldrich).

The following labelled compounds were prepared by standard methods; benzoyl

chloride-D510e, acetyl chloride-D.tto, ethanol-2,212r-Dst7t, ethanol-1,1-Dzt11, ethyl-

iodide-l,1-Drt", eihyl iodide-2,2 ,Z-D"t", ethyl iodide-1,1 ,,2,2,2-D57r2, lgq-propyl-

alcohol-2,2 ,2,2t r2t rzt-Dutt1, i-Eq-propyl iodide-21212rzt rzt r2t-Do112 and aniline-D3113.

These compounds were distilled before use.

9.3 Syntheses of the Dimethyl Succinates and related com-
pounds.

Dimethyl succinate was a commercial sample. Di-(methyl-Ds)-succinate, dimethyl-

2,3-dimethylsuccinate and dimethyl 2,2-dimethylsuccinate rÃ/ere preparedlla by re-

action of the appropriate bis acid chloride with methanol or methanol-Da. Dimethyl-

2,2,3-trimethylsuccinate and di-(methyl-DB)-2,2,3-trimethylsuccinate were prepared

by a standard methodl15.

Dimethyl succinate-2,2,3,3,-Da, and dimethyl 2,2-dimethyl succinate-3,3-D2 were

obtained by the reactions of dimethyl succinate and dimethyl 2,2-dimethylsuccinate

as follows. A solution of the appropriate unlabelled compound (0.20 g) and sodium

methoxide (0.30 g) in methanol-D1 (1.0 ml) under nitrogen, was heated under re-

flux for 12 hours. Deuterium oxide (1 ml) was added and the solution extracted

with diethyl ether (2x5 ml). The organic layer rvr/as concentrated and the product

distilled under vacuum. Yields were 80-9070 and the deuterium incorporation was

greater lhan 95To.

Dimethyl succinate- 2,3-D 2

Dimethyl maleate (0.10 g) in toiuene (10 ml) containing tris-(triphenylphosphine)-

rhodium(/) chloride (0.10 g) was reduced (in a standard hydrogen apparatus) with

deuterium gas for 6 hours. The toluene rvvas removed under vacuum, diethyl ether

(10 ml) was added and the solution filtered. The residue rvas then distilled under
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vacuum to yield dimethyl succinate-2,3-D2 [0.06 g, b.p. 95-97oC, (20 mm Hg)],

yield 60%; (D, : 99%). The positions of the deuteriums were confirmed by n.m.r.,

uiz:

1H n.m.r. 6,2.7,2H, m; 3.6, 6H, s.

13C n.m.r. 6,28.6, t, Jcn : 27 H?51.8, 171.8.

Dimethyl- 2,2-dimethyl- 3-(methyl-D3)succinate.

Dimethyl-2,2-dimethylsuccinate (0.20 g) in tetrahydrofuran (1 ml) was added drop-

wise to a solution of lithium dilgepropylamine [prepared from diþqpropylamine

(0.12 g) and n-butyllithium (1.41 mol.d*-t, 1.6 ml) in tetrahydrofuran (1 ml)] at

-78 oC, the mixture was stirred at that temperature for 15 minutes, methyl iodide-

Dr (O.f Z g) was added, the mixture was stirred for 2 hours at -78 oC, and allowed

to warm to 0oC. Aqueous ammonium chloride (saturated, 2ml) was added, the

mixture extracted with diethyl ether (3x7 ml), and the combined ethereal extract

was washed with aqueous sodium bisulphite (2 N, 10 ml), water (1 ml) and dried

(anhydrous sodium sulphate). Vacuum distillation gave dimelhyl-2,2-dimethyl-3-

(methyl-Ds)succinate [b.p. 65-69'C126 mm Hg (0.19 g, yield 90To;Ds:99%)].
lH n.m.r. ó, 1.0,6H, s; 2.7rIH, b, s; 3.4,6H, s.

Dimethyl-2,3-methyl -2(methyl-D3)succinate.

This compound was prepared from dimethyl-2,3-dimethylsuccinate by the same

method used for dimethyl 2,2-dimethyl-3-(methyl-D3)succinate (above). Yield

85% (D3 : 99%).

lH n.m.r. 6,I.\,6H, m; 2.75,7H, m; 3.6, 6H, s.

Di- (meihyl-D3 )-2,2,3- trimethylsuccinate.

Hydrolysis of dimethyl-2,2,3-ftimethylsuccinate, conversion into the bis acid chlo-

ride and esterificationll4 with methanol-Da gave di-(methyl-D3) 2,2,3-trirnethyl-

succinate in 80% overall yield. De :99T0.
lH n.m.r. ó, 1.0, 9H, m; 2.7, LH, q, J:I2 Hz.
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9.4 Syntheses of the Dimethyl Adipates and related com-
pounds.

Dimethyl glutarate'r/as a commercial product. Dimethyl adipatella, dimethyl 1,4-

dimethyladipatell6 and dimethyl l,l-dimethyladipatellT were prepared by stan-

dard procedures. MeOCOCD2CH2 CD2CO2Me, MeOCOCD2CH2 CH2 CD2 CO2Me,

MeO COCD(Me)CH2 CH2 CD (Me) CO2Me and MeOCOCD2 CHz CHz CMez COzMe

ü¡ere prepared from the appropriate unlabelled precursor by MeOD/NaOMe ex-

change (see earlier) in a sealed tube at 90'C for 16 hours (incorporation ) 90% D).

1- Carbomethoxycyclopentan- 2-one, and 1-carbomethoxy- 1,3-dimethylcyclopentan-

2-one \Mere prepared by Dieckmann condensation of the appropriate dimethyl

adipatesl 1 4'717'Ll3'7r9'l2o 
.

1-Carbomethoxv-3.3- dimethvlcvclopent anon- 2-onc.

Dimethyl 1,l-dimethyladipate (2.0 e,9.9 mmol.) in benzene (20 ml) was added

slowly to sodium hydride (0,4 g, 16.7 mmol.) in benzene (30 ml). The solution was

then refluxed for 18 hours. Diethylether (50 ml) was then added followed by water

(10 ml) and acetic acid (10 ml). The organic layer was washed with saturated

sodium bicarbonate (2x30 ml), followed by sodium chloride (2x30 ml). Concen-

tration of the organic layer followed by vacuum distiliation gave 1-carbomethoxy-

3,3-dimethylcyclopentanon-2-one as a colourless liquid, b.p. 105-108'C at 18 mm

Hg, yield 0.65 g (39%); C 63.34, H 8.53; CeHlaO3 requires C 63.b1, H 8.29%.

i.r. (film), u,3010 (C-H); 1750 (ester CO); 1720 (ketone CO); 1240 (C-O).
lH n.m.r. á,0.95,6H, s; 2.75,2H, m; 2.1,2H, m; 3.1, 1H, t, J: IBHz.
13C n.m.r. 6, 22.8; 23.3; 35.7; 44.9; 5L.5;53.3; 169.6; 2L4.9.

9.5 The Syntheses of Cyclohexanone derivatives.

Cyclohexanone, 4-methyl- and 4-ethylcyclohexanone rvr/ere commercial samples. All
the unlabelled 2-substituted (inctuding 2-elhyl-4-rnethyl-cyclohexanone)121, and

the 3-substituted cyclohexanonesl22 are known and were prepared by reported

methods.
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Cyclohexanone-2,2,6,6-Da, 2-rnethylcyclohexanone 2,6,6-Ds, 3-methylcyclohexan-

one 2,216r6-Da, 4-methylcyclohexanone 21216r6-D4, 2-ethylcyclohexanone 2,6,6-D3,

3-ethylcyclohexanone 2,2,,6,,6-Da, 4-ethylcyclohexanone 2,2,6,6-Da, 2-n-propylcycl-

ohexanone 2,6,6-D3 and 3-a-propylcyclohexanone 2,2,,6,,6-Da were all prepared by

exchange using DzO/NaOD, in quantitative yield (D3 or Da incorporation was

greater than 95%). As an example, cyclohexanone (0.10 g, 1.0 mmol.) deuterium

oxide (0.80 g, 40 mmol.) and sodium deuteroxide (0.019, 0.25 mmol.) were heated

in a sealed glass ampoule for 16 hours at 120'C. Extraction into diethyl ether

(3x2.5 ml) followed by removal of the solvent gave quantitative recovery of deu-

terium labelled cyclohexanone, b.p. 49-51"C (18 mm Hg), D4 > 95%.

1H n.m.r. 6,7.7,,6H, b, s.

Cyclohexanone 3,3,5,5-D¿.

This compound was made by a synthetic sequence based on that of Green122.

Cyclohexane dione mono-ethylene ketal (1.00 g, 6.4 mmol.) and sodium deuterox-

ide/deuterium oxide (2 mol.dm-3, 5.1 ml) were heated in a sealed ampoule at

L20"C for 16 hours. Extraction of the Da ketone into diethyl ether (10 ml), fol-

lowed by reduction with lithium aluminium hydride (0.20 g) gave the alcohol

[0.96 g (95%),, D¿ : 98%], which was then converted to the tosylate by a standard

methodl23. M.p. 69-71"C, yield: 0.81 g (53%); D+ : 98T0.

The tosylate (0.81 g) was heated under reflux for 48 hours with anhydrous tetrahy-

drofuran (10 ml) and lithium triethylborohydridet24,L2s (1.76 mol.d--t, 2.9 ml).

The mixture was cooled to OoC, water (0.5 ml), then aqueous sodium hydroxide

(15%,5 ml), then aqueous hydrogen peroxide (30%, 10 ml) were added and the

solution refluxed for 12 hours. Separation of the layers followed by removal of

the solvent gave crude cyclohexane ethylene ketal 3,3,5,5-D4 (0.25 g, 65T0, D4 :
98%). Hydrolysisl26 was carried out by dissolving the crude ketal in chloroform

(20 ml) and stirring with aqueous oxalic acid (saturated 20 ml) for 24 hours to

yield cyclohexane 3,3,5,5-Da, b.p. 50-52'C120 mm Hg, [0.18 gg5%), D¿ : g8%].

1H n.m.r. 6,2.3,4H, t; 1.5, 2H, b, s.
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Cyclohexanone 4,4-D2

The synthesis of this compound is the same as that of cyclohexanone 3,3,5,5-Da

to the tosylate stage, except the initial deuterium exchange step is deleted and

lithium aluminium deuteride replaces lithium aluminium hydride in the reduction

step. The 4-tosylate-4-D1 is treated with lithium triethylborodeuteride to give

crude cyclohexanone ketal 4,,4-Dz which was hydrolysedl26 (as above) to yield

cyclohexanone 4,4-Dz, b.p. 50-52"C120 mm Hg (D, -- 99To).

1H n.m.r. 6,2.3, 4H, t;1.8, 4H, t.

2-Methylcyclohexanone 3,3,5,5-Da.

The standard procedrreT2T of cyclohexanone 3,3,5,5-Da (0.35 g, 34 mmol.) and cy-

clohexylamine (0.36 B, 3.6 mmol.) in benzene (25 ml) gave the imine in 85% yield.

The imine (0.50 g) in anhydrous tetrahydrofuran (10 ml) was added (under nitro-

gen) to lithium dilsapropylamine (2.7 mmol.) [from n-butyllithium (1.6mol.dm-3,

1.7 ml) and diisopropylamine (0.30 B, 3.0 mmol.) in anhydrous tetrahydrofuran

(5 ml)] at OoC. The mixture was allowed to stand for 5 minutes at 0'C, then

methyl iodide (0.38 g, 2.7 mmol.) in anhydrous tetrahydrofuran (2 ml) was

added, and the solution allowed to stir at OoC for 45 minutes. Aqueous am-

monium chloride (saturated, 10 ml) was added, the organic layer separated, the

aqueous layer was extracted with diethyl ether (2x7 ml), and the combined or-

ganic phase washed with aqueous sodium bisulphite (saturated, 10 ml), aqueous

sodium chloride (2x10 ml), and dried (anhydrous sodium sulphate). Removal of

the solvent gave 2-methylcyclohexanone 3,3,5,5-D¿ b.p. 73-74'C,20 mm Hg [0.2 g

(5e%)lD4 : e8%1.

1H n.m.r. ó, 1.0, 3H, d, J:11 Hz;7.7,2H, s,2.35, 3H, m.

3-Methylcyclohexanone 3, 3,5-Da.

1,4-Cyclohexanedione mono-ethylene ketal (1.3 B, 8.1 mmol.) was converted into

the cyclohexyl imine by a standard procedurel2T (yield: 1.5 g, 78%). Atkyla-

tion with methyl iodide (as for 2-methylcyclohexanone 3,3,5,5-Da above) gave 2-

methyl-l,4-cyclohexanedione mono-ethylene ketal (0.61 g, 57%), which was deuter-

ated with deuterium oxide/sodium deuteroxide (above) to yield 2-methyl-1,4-

cyclohexanedione mono-ethylene ketal 2,,2,6-Ds (D, : 98%). Reduction to the
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alcohol (85% yield), conversion to the tosylate (65% yield) followed by reduc-

tion (83% yield) and removal of the protecting group (877o yield) [as outlined

for cyclohexanone 3,3,5,5-Da (above)] gave 3-methylcyclohexanone 3,3,5-D3, b.p.

76-78"C118 mm Hg, [0.07 B, Ds :98%].
1H n.m.r. ó, 1.0, 3H, b, s;7.7,,2H, s; 2.4,4H, s.

4-Methylcyclohexanone 3, 3,5,5- Da.

The tosylate 4-hydroxycyclohexanone ethylene ketal 3,3,5,í-Dn (see cyclohexanone

3,3,5,5-Da above) was convertedl2s into 4-iodocyclohexanone ethylene ketal 3,3,5,5-

D4 (78% yield).

To a suspension of copper cyanide (0.20 g, 2.2 rnrnol.) in tetrahydrofuran (10 ml)

with methyl lithium (0.5mol.dm-t, 8.9 ml) at 0oC under nitrogen, was added 4-

iodocyclohexanone ethylene ketal 3,3,5,5-Dn (0.20 g) in tetrahydrofuran (a d)
and the mixture was stirred at 0'C for 6 hours. The temperature'vr/as increased to

5"C, whereupon aqueous arnmonium chloride (saturated, 5 ml) and diethyl ether

(15 ml) were added. The separated organic layer was washed with aqueous sodium

bisulphite (2 N, 10 ml), aqueous sodium chloride (saturated, 10 ml), water (10 ml),

then dried (anhydrous sodium sulphate). Removal of the solvent followed by vac-

uum distillation gave 4-methylcyclohexanone 3,3,5,5-Da, b.p. 75-78.ClL5 mm Hg,

[0.065 s (73%),, D¿ : 98%].

1H n.m.r. ó, 1.0, 3H, d, J:11 Hz;1.7,1H, m; 2.4,,4H, s.

3-Methylcyclohexan one 4,4-D 2

1,4-Cyclohexanedione mono-ethylene ketal was converted to 2-methyl- 1,4-cyclohex-

anedione mono-ethylene ketal by the sequence outlined above for S-methylcyclohex-

anone 3,5,5-D3. This was transformed into 3-methylcyclohexanone 4r4-D2 by the

method outlined above for cyclohexanone 4,4-D2 (D, : 99%).

1H n.m.r. ó, 1.0, 3H, d, J:11 Hz; !.7,3H, m; 2.4,4H, rn.

2-Propylcyclohexanone 3,3,5,5-Da was made by the same procedure used for 2-

rnethylcyclohexanone 3,3,5,5-Da. 3-Ethyl- and 3-propylcyclohexanone 3,5,5-Dg

were made by the same procedure used for 3-methylcyclohexanone 3,5,5-D3. 4-

Ethylcyclohexanone 3,3,5,5-Da was made by the procedure used for 4-methylcyclo-
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hexanone 3,3,5,5-Da. 2-(Ethyl-1,1-D2) cyclohexanone \nas made from ethyl iodide-

1,1-D2 by a standard procedurell2.

9.6 Syntheses of the Aromatic Alcohols.

Benzyl alcohol, 1-phenylethan-1-ol, 2-phenylethan-1-ol, 3-phenylpropan-1-ol, 4-

phenylbutan- 1-ol and 5-phenylpentan- 1-ol were commercial samples.

Benzvl alcohol-1-D1

Benzaldehyde (0.20 B, 1.9 mmol.) in anhydrous diethyi ether (5 ml) was added

under nitrogen to a suspension of lithium aluminium deuteride (0.10 g, 2.6 mmol.)

in anhydrous diethyl ether (7 ml) and the mixture was heated under reflux for

4 hours. After cooling to 20oC, water (0.1 ml), aqueous sodiurn hydroxide (70%,

0.1 ml) and water (0.3 ml) were added successively. The organic layer was dried

(anhydrous sodium sulphate), and distillation gave benzyl alcohol-1-Dr. b.p. 205-

206"C1760 mm Hg, [0.095 g(48%), Dr : 99To].

Benzyl alcohol-1,1-D2

Methyl benzoate (0.20 g, 1.9 mmol.) in anhydrous diethyl ether (5 ml) was added

under nitrogen to a suspension of lithium aluminium deuteride (0.06 g, 1.6 mmol.)

in anhydrous diethyl ether (5 ml), and the mixture was heated under reflux for

24 hours. Work up [as for benzyl alcohol-]--Dr (above)] gave benzyl alcohol-D2,

b.p. 205-206C1760 mm Hg, [0.15 g (95%), Dz : g9%].

(Phenyl-Ds )-methanol.

(Phenyl-Ds)-methanol was made from (phenyl-D5)magnesium bromide and para-

formaldehyde by a reported methodl2e. Yield 44% (D6 : gg%).

(Phenyl-2,4,6-D3 )-methanol- 1,1-D2

Benzoic acid2,4,,6-Ds (0.1 g, 0.8 mmol.) [formed from bromobenzene-2,4,6-D3113'130

by the Grignard reaction with COz] in anhydrous tetrahydrofuran (2 ml) was added

to a suspension of lithium aluminium deuteride (0.03 g, 0.8 mmol.) in anhydrous

tetrahydrofuran (2 ml), and the mixture was heated under refl.ux for 24 hours.

139



Work up [as for benzyl alcohol-1-D1, above)] gave (phenyl-2,4,6-Ds)-methanol-1,1-

D2, [0.08 g (93%), D¡ : 98To].

2- Phenylethan- 1 -o1- 2,2-D 2.

Phenylacetic acid (1.00 g, 7.35 mmol.), deuterium oxide (5 ml) and sodium deuterox-

ide (0.30 8,7.3 mmol.) were heated at 120"C in a sealed tube for 24 hours. After

cooling to 20'C the solution tn¡as acidified (concentrated hydrochloric acid) and

extracted with diethyl ether, dried (anhydrous sodium sulphate), the soivent re-

moved and the exchange procedure repeated for the second time to give phenyl

acetic acid-2,2-D, (D" : 98%). Phenylacetic acid-2,2-D2 (0.9 g) in anhydrous

tetrahydrofuran (10 ml) was added to a suspension of lithium aluminium hydride

(0.30 g) in tetrahydrofuran (12 ml) and the mixture was heated under reflux for

16 hours. \Mork up (as for benzyl alcohol-1-D1 gave 2-phenylethan-1-o1-2,2-Dr,

b.p. 275-276"C1760 mm Hg; [0.55 g (62Vo), Dz : 99%].

2- Phenylethan- l- -o1- 1, 1-D2

Reduction of phenylacetic acid with lithium aluminium deuteride (as above) gave

2-phenylethan-1-ol-1,1-Dz. Yield 70% (D2 : 99%).

I-Ds 1-ol

To a solution of phenyl-D5-ma,gnesirrm bromicle [from bromobenzene-Ds (0.10 g,

0.6 mmol. and rnagnesium (0.029, 0.8mmol.)] in anhydrous diethyl ether (8 ml),

under nitrogen, was added tetraethylene oxide133 (0.07 g,, !.2 mmol.) in anhy-

drous diethyl ether (1 ml), and the solution was heated under reflux for 13 hours.

Aqueous ammonium chloride (saturated, 1.0 ml) was added, the organic layer was

separated, dried (anhydrous sodium sulphate), and the solvent removed. Vac-

uum distillation gave 3-phenyl-D5)-propan-1-ol, b.p. 132-134.C120 mm Hg, [0.0g g

(52To), Ds : 99%1.

3-Phenvlpropan-1-o1- 3,3-Dz.

Benzyl alcohol-1,1-D2 'ü/as converted into benzyl bromide-1,1-D2 by a reported

procedurel3l ¡tt 80% yield. The Grignard reagent from benzyl bromide-1,1-D2 was

allowed to react with ethylene oxider32, giving 3-phenylpropan-1-ol-3,3-D2 in 86%

yield (D2 : ggTo).
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3- Phenylpropan- 1 -ol -2,2-D 2.

2-Phenylethan-1-ol-1,1-D2 was converted to the bromide in 53% yield by a stan-

dard procedurel31. The Grignard reagent from 2-phenylethyl bromide-1,1-D2 was

treated with dimethyl carbonate to yield 3-phenylpropan-7-ol-2,2-Dz in 30% over-

all yield (D, : 99%).

3-Phenylpropan- 1-ol-1,1-Dz.

A solution of methyl-2-phenylpropan-1-oate (0.10 g, 0.61 mmol.) in anhydrous

diethyl ether (5 ml), was added under nitrogen, at 20oC, to a stirred suspension of

lithium aluminium deuteride (0.05 g, 1.5 mmol.) in anhydrous diethyl ether (2 ml).

The mixture was heated under reflux, then work up (as for benzyl alcohol-l-D1

above), gave 3-phenylpropan-1-ol-1,1-D2, [0.08 g (83%), Dz :99%].

4- Phenylbut an- 1 -o1- 4,4-D 2.

This compound was produced in a similar manner to 3-phenylpropan-1-ol-3,3-D2

except that trimethylene oxide133'134'135 w'as used instead of ethylene oxide. Yield

90% (D2 : 9s%).

4-Phenylbutan- 1 -ol- l-, 1-D 2.

This compound was prepared by reduction of methyl 4-phenylbutanoate with

lithittm aluminium deuteride by the same method as rvr¡as used for the formation

of benzyl alcohol-1,1-D2 (see above). Yield 90% (D2 : 99%).

5-Phenvlpentanol-5 ,5-Dz

This compound was made by the same procedure as v/as used for the preparation

of 4-phenylbutanol-4,4-Dr, except that 2-phenylethylbromide-l,1-D2 \Mas used in-

stead of benzyl bromide-1,1-Dz, Yield 30Yo (Dz : 98Vo).

9.7 The Syntheses of the Labelled and Unlabelled Amides.

The following compounds were either commercially available or prepared by stan-

dard procedureslla; formamide, N-methylformamide, N,N-dimethylformamide, ac-

etamide, N-methylacetamide, N,N-dimethylacetamide, N-ethylacetamide, N,N-di-
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ethylacetamide, N-propylacetamide, N,N-propylacetamide, propionamide, butyra-

mide, benzamide and acetanilide.

The following compounds were prepared by the procedure outlined below for

the formation of N-ethylacetamide-D1; formamide-D2, N-methylformamide-D1,

propionamide-D2, benzamids-Dz, N-ethylacetamide-D1; D1 (or D2) incorporation

> 90%.

N-Ethylacetamide-D1

N-Ethylacetamide (0.1 g, 1.2 mmol.) and DrO (0.5 g, 25 mmol.) were heated

at 100 oC in a sealed tube for 12 hours. The amide was extracted from the

aqueous layer with diethyl ether (3x1 ml). The organic layer was then dried with

4 Ä. molecular sieve powder and the solvent removed. to yield N-ethylacetamide in

quantitative yield [b.p. 102-104"C175 mm Hg, Dr : 90%).

N-Isopropylacetamide, N-butylacetamide, N-sec-butylacetamide, N-t-butylacetam-

ide, acetamide-D3, N-methyl(acetamide-D3), N,N-dimethyl(acetamide-Ds), N-ethyl-

(acetamide-De), N,N-ethyl(acetamid"-Da) and acetanilide-Ds were prepared by the

general methodlla described below for the preparation of N,N-diisopropylacetamide.

N, N- diisapropylacet amide.

Acetyl chloride (0.3 g, 3.8 mmol.) in diethyl ether (1 ml) was added to N,N-

diisopropylamine (0.76 g, 7.5 mmol.) in diethylether (3ml). The solid was re-

moved by filtration. Removal of the solvent under reduced pressure gave N,N-

diþspropylacetamide [0.33 g (100%), Dr : 99%].

The foliowing compounds were also prepared by this general method except the ap-

propriate labelled amine was added (see the next section for the synthesis of the la-

belled amines). (N-methyl-D3)-acetamide, (N-eihyl-2,2-D 2)- acetamide, (N-eihyl-

1,1,1-D3)-acetamide, N-ethyl (N-ethyl-2,2-D2)-acetamide, N-ethyl (N-ethyl-1,1,1-

D3)-acetamide, N-ethyl (N-ethyl-L,,L,I,2,2-D5)-acetamide, N-di-(ethyl-2,2-D2)-acet-

amide, N-di-(ethyl-1,1,1-Da)-acetamide, acetanilide-D3 and acetanilide-Ds.
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Dimethylformamide D1

Sodium cyanide (1.0 g, 20 mmol.) in deuterium oxide (1.5 ml) was added slowly

to a solution of ferric sulphate (0.02 g, 0.13 mmol) in sulphuric acid D2 (1 mt)

and deuterium oxide (0.5 ml). The solution was then heated to 90"C for t hour

and the deuterocyanide was dried by distillation through a column of anhydrous

calcium chloride136. The labelled dimethylformamide was then prepared by the

method of De Bennevillettt, b.p. 77-79'C140 mm Hg (D, : 90Yo).

Bisacetamides and related compounds

The unlabelled compounds were available from a previous study138. The la-

belled derivatives CaDsCONHCOCH3 and C6HsCONHCOCD3 were prepared from

benzoylchloride-D5l0s and CD3COCI by standard proceduresl3e'14O (D, : 99%,

Ds : 99To).

9.8 Syntheses of the Amine derivatives.

The following compounds were commercially available: methylamine, ethylamine,

n-propylamine, lge-propylamine, n-butylamine, dimethylamine, di-a-propylamine,

di-!so-propylamine, aniline, aniline-D5, N-methylaniline, N-ethylaniline, N-phenyl-

aniline, piperidine, 2,6-dimethylpiperidine, piperazine,,2,5-dimethylpiperazine.

The following compounds were prepared by exchange with deuterium oxide in

a sealed tube at 100'C for 14 hours; g-PrND2, isq-PrNDz, n-BuND2, EI2ND,

piperazine -I,4-D 2, 2,5-dimethylpiperazin e-7,4-D 2 (D1 or D z ) g5%).

(Ethyl-1,1-D2 ) amine

A mixture of ethyl iodide-1,1-D2 (1.0 g, 6.3 mmol.), potassium phthatimidet4L,t42

(1.35 g, 7.3 mmol.) and dimethylformamide (15 mt) were heated at 90oC for

3 hours. Dichloromethane (25 ml) was added and the solution was washed with

aqueous sodium hydroxide (70 %,10 ml), aqueous sodium bisulphite (saturated,

10 ml), water (3x10 ml) and aqueous sodium chloride (saturated, 10 ml). The or-

ganic extract was dried (anhydrous sodium bicarbonate) the solvent was removed.
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under reduced pressure and the residue (0.72 g,4.1 mmol.) was heated at approxi-

mately 300'C with potassium hydroxide (0.5 g, 8.9 mmol.) whereupon the labelled

ethylamine distilled directly from the reaction mixture. [8.p. 17"C/760 mm Hg,

0.11 g (57%) Dr : 99%1.

(Erhyl-2,2,2-D3)-amine, (ethyl-7,1.,2,2,2-D5)-amine and (iso-nropyl-2,2,2,2t,2t ,2t-D6)

amine'vr/ere prepared from the appropriately labelled ethyl- or propyl iodide by the

same procedure, respective yields 48%,52% and 32To.

Di-(ethyl-1,1-D2) amine.

This compound was prepared by adding ethyl iodide-1,1-D2 (0.4 gr2.5 mmol.) to

ethylamine-l,1-D2 (0.11g, 2.3 mmol.) at 0'C. After stirring for 30 minutes, gave

a quantitative yield of di-(ethyl-1,1-D2) amine hydrochioride was obtained. The

salt was then hydrolyzed by heating with potassium hydroxide at 300"C for 30

minutes, the di-(ethyl-1,1-D2) amine distilled directly from the reaction mixture,

b.p. 56'C/760 mm Hg [0.15 s (8%) D¿ : 99%].

Ethyl (ethyl-l,1-D2) amine, ethyl (ethyl-2,2,2-Ds) amine and ethyl (ethyl-l,1,2,2,2-

D5) amine \vere prepared similarly in respective yields 68%,70% and 65%.

N-Ethvlaniline derivatives.

N-Ethyl(aniline-D5) and N-(ethyl-2,2,2-Da)-aniline,vr/ere prepared by a standard

procedurel43 in respective yields 77o/o and 63%, using acetic acid/sodium borohyd-

ride/aniline-2,3,4,5,6-D5 and acetic acid-Da/sodium borohydride/aniline (Ds : 98%,

Ds : 98%).
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