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METASTABLE ION STUDIES: °
THE FORMATION OF CsH70% AND C2H30* FROM THE
MOLECULAR ION OF 5-HEXENE-2-ONE

\

Giorgio G. Attardo

the electron impact induced fragmentations of 5-hexene-

2-one leading to the formation of CgH70* and CpH30*

are investigated for the ion source and the second field-free

region of the reversed Nier-Johnson geometry mass spectro-

meter. By employing some of the contemporary mass spectro-

metric techniques (such as metastable peak shape analysis,:

b

Mass Analyzed Ion Kinetic Energy spectrometry and Collisional

Activation spectrometry) in conjunction with site specific

isotopically labelled analogs Fhe postulation of plausible

mechanisms is made possible.

In the ion source, C2H30;\Qriginates from

5;hexene-2-oné1+'exc1usive1y via a—cjeavaqe. This is

also the predominant process in the second field-free region

but-,

in this time frame, a rearrangement mechanism is

proposed as a minor pathway.

Formation of CgH70%* in the ion source is shown to

occur primarily via a-cleavage, with 67c1eaVage identified as

a possible minor reaction pathway. Interpretation of methyl

loss processes occurring in the metastable time frame is

’
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cyclic reacting configuration followed by competitive losses

v o Ve iv.

difficult because of the operation of“at'le;2¥ two’
independent H/D scrampliﬁg processes; the.océdrrehce of
keto-enol tautomerism involving C-1 and C-3, and the
randomizatioﬁ of hydrogen atoms from C-3, C-4 and~c;6 are

postulated on the basis of experimental results.

Three reaction channels for methyl radical loss from the

molecular ion of 5-hexene-2-one are proposed. Loss of-C-1
and C-6 as methyl proceeds'v1a a-cleavage and 6-c1;1Vage,

respectively. ' A mechanism involving rearrangement fo 2

of C-1 and C-6 s also proposed, consistent with experimental

observations. On the basis of collisional activation

spectrometry, a structure is assigned for the CgHy0?
N
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fon formed via qa-cleavage.
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CHAPTER 1 INTRODUCTTON AND STATEMENT OF 0BJECTIVE

£
With the advent of modern instrumentation, and the

development of new fonization metﬁods, the characterization

of gas phase fon structures has become an important aspect of .
mass spectrometry. Indeed, the contemporary mass spectrometer
has been described as‘the complete chemical labbratory fgr h
the production, purification and analysis of gas phasé
ionsfl).‘ The use of metastable peaks characteristics as

a probe o} fon structure (2) and the introduction by

MclLafferty and co-workers of collisional activation

techniques(3) have played significant roles in this

_development. ;gumerous examplies of the application of these

mas§ spectrimBtric techniqges to ion structure elucidation
are-to be found in the recent Titerature; the series of
papers by McAdoo et a1(4)‘bn [C3H501", and the work

by Holﬁes and co-workers(5) on [CoH301* can be

citeé as good examples of current activity in this fie[d.

\

1.1 Previous work on isomeric CgH1qg0 compounds

A number of recent stud{es have-examined the strueture.
of the [Cg5Hy0]* jons generated frém isomeric.
Cngod precursors. Particular interest has been
focussed on the ion generated by ¢-fission in o, g -unsaturated

aldehydes and ketones. Van de Sande and c%-worker§(5)

"determined from the co11isiona1‘act1vat10n (CA) spectra of



f
R

suitable precursors that the m/z 83 ion generated from
2-hexenal does not have the dihydropyrillium structure
proposed b{ McLafferty(7), but is acyclic as predicted by
Meyerson(b) (structure 1). Methyl loss from the cyclo-

hexenols has been'$tudied by a number of groups(9,10,11),

Buchs et a1{10) proposed structure (2) for source’

generated [C5H70];‘1ons from 2-cyc1ohexen01,‘oh‘the .

basis of extensive labelling studies; Lignac and Tabet(11)

have recently suggested that isomerization of the molecular

ifon to fhethy]-Z-cyc]openteno1]*;occurs prior to methyl
loss, with (3) as the postulated structure for m/z 83.

Structure (3) has also been proposed<for the product ion

arising by methyl loss from the mo1e;u1ar fon of 3-cyclo-

hexenol(12), A number of studies on the fragmentation of
substituted pyrans have been reported(6-13’14), but

definitive conclusions were not reéached as to the structure

of the fragment ions.

OH ~ OH

(2) (3) ’
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1.1.1 Pre§1ous work -on 5-hexene-2-one

' An extens1vé review of the-literature turned up only two
pteviously pub]ished studies of the mass -spectral bghaviour" K
of §-hexene-2-one. In a 1972 report, Djerassi et ai.
concluqed th&t ion peaks at m/z 83 anq m/z 43‘wé}e due to ‘ N
a-cleavage of the molecular ion, and were unaffected by the
presence of the doublg bond(15), Quite recently, Lignac

_and Tabet reported(ll) that the .metastable peak generated

by methyl loss from the\mo1§cu1ar 1jp/of 5-hexene-2-one has a
composite shape; thus the Djerassi postulate 6f only simple

cleavage cannot be correct for generation of m/z 83 in‘the

metastable time frame.

1.2 Objectives of this work

@

The electron impact induced fragmentation of S5-hexene- o

undertaken with two goals in mind:

\ ay To determine the fragmentation echanism(s) Yéading
to generation of m/z 83 and m/z 43.
"b) To assign structure(s) to the m/z 83 fragment ion,
based on the results of thermochemical- measurement,
metastable peak characteristics and cdollisional activation

studies.

A Lok e v A g e e . v Y P ERRE T e e



CHAPTER 2 FUNDAMENTAL ASPECTS OF MASS SPECTROMETRY \

\

1

Mass spectrometry is one of/the oldest spectroscopié
methods used for chemical énalysis. While major instrume*tal
developments over the past 50 yea?s have led to the design‘of . %
different types of mass.spectroﬁeters for various speciali;ed
wpplications, all mass spectéometers pérform the same basic
functions. Neutral compounds are ionized to give gaseous |
molecular ions which may then fragment to give additional
ions. The jons are then separated according to their mass to
charge ratio (m/z) W their relative aRundances recorded to \\ .
give a conventional mass spectrum. The methods employed for Voo
fonization, separatidn and collection are characteristic of \\'
the partiéu]ar'type of mass spectrometer used. In organic
mass spectrometry much of the work is aone usin? electron
impact (El) ionization followed by magnetic separation of the [
ions; in this chapter a brief discussion of this type of
mass spectrometer is presented. ‘ ' L }

-

2.1 The Mass Spectrometer ..

A double focussing instrument with Nier-dohnson geometry
(Fig, 2.1) is a widely used type of mass spectrometer in the
area of organic mass‘spectromefry. The basic components of
such an instrument are an EI fon source, an electrostatic
analyser (ESA) and a magnetic analyser. Ion detectian is

usually by means of an electron multiplier, which converts

, S r——— o % AL b ¥ PR x* "t
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FIGURE 2.1  Schematic d1agram of a conventional Nier-Johnson
geametry mass spectnometer)of modern design (17)
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FIGURE 2.2 A typical EI ion source arrangement ' .
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ion flux into current. In this section, some of the pﬁysicé1

&
aspects of fon production, separation and detection are

presented.

2.1.1 Electron Impact Source

Figure 2.2 shows a typical electron-impact soutce. The

i

'vapoqrized sample is admitted via a molecular leak into the

fonfzation chamber, where it is crossed by a high energy (70

eV) electron beam. If an electron passes é]ose enough to

dislodge one of the electrons from a molecule, .ifonization
occurs and a positive ton is produced:
/

‘M +e — MY+ 2¢ \‘

It is important to note that the ionized molecule is an

odd-electron ion and is therefore represented 'at M'.

Ionization occurs about 100 times faster than a molecular °

vibration(lﬁ); thus the ion will conserve the
vibrational energy level occupied by the neutral molecule
prior to electron impact. This is known,as 'vertical'
ionization.

The fonization process produces MY in a variety of

"electronically excited states. Molecular jons with very

-

large internal energies will fragment in the source

(residence time ca. 1 usec.) to give ions of lower mass:

—_—
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Thoge molecular ions with somewhat lower internal energies
méy %?agment during their flight from the source of the
co%1ec¢or, if tpey.possess epough excesswenerg} above the
threshold for decomposition {see qi§cussion of QET, p 13 ).
"lons formed in the ionization chamber (Figure 2.2) will
be repelled into the accelerating region of fhe sohrg%ﬁ;and
will then be accelerated across a potential drop of several
kilovolts. For a potent1;1°drop V, an ion af mass m and

b
charge e will acquire a kinetic energy of eV, and .therefore:

m v2 .
= eV, (Z231) t il (2.1) ‘
2
or 5
2 ay\l/2
y = m ) e (2.2)

‘From Eqn. 2.2 and
particular ion may

mass spectrometer.

2.1.2 The Magnetic

the flight distance, the 1ifetime of a

be computed for different regions of the

-

-

Analyser

After the ijon

/

.
beam leaves the source, the magnetic

N b b o
r € .

analyser will separate the ions according to their mass-to-

charge-ratig by dispersing the fons into curved tréjectories.

d
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FIGURE 2.3 Schematic diagram of a typical magnetic '
sector (17) : g
* ' l . + ) -t l
N ‘ \> }
Y 7} :

Cylindrical
Electrode
{Top View) :

® Magnetic |
. Field
] \ Boundary
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A typical magnetic sector™s shown in Figure 2.3. Ions of
Tow m/; wilT be-deflected the most (beam 1), and those of
high m/z will deflect the least (beamc3). Ions will pass
through the sector afong a central trajectory only if the
magnetic centripétal force of BeV, where B {s the magnetic
field strength, is balanced by their own cent;ifugal force

mv/R, where R is the radius of curvature. Hence;

2 .

my

- = Bev..-....oaolo-c-..0.0'0(203)
R .

and by combining Eqns. 2.1 and 2.3 we obtain:

. . BZRZ ) '
— B — ---.o-t.‘ooanoo-n‘000’0(2'4)
e 2V .

From this re1af10nsh1p, it becomes appafent that the‘ion beam

can be separated into its component jons by varying either

the magnetic field stren;ph or the accelerating voltage.

Most modern instruments are equippéd with electromagnets and

therefore magnetyc field scanning {s commonly used. '
Instruments|employing oniy a magnetic sector for ion

separation are referred to as single focussing mass spectré-

meters. The main| disadvantage of such instruments is 1imited

resolution, C@ﬂrSOOO. Resolution is defined as:
{

- m

R ‘= ‘......-..o.......-..‘.-...--.(.--(2-5)

1
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where Am is the mass difference between two resolvéd peaks
and m is the nominal mass. Limited reso1utfon occurs because
the ions leave the source with a Spread of translat1ona1
kinetic energies.~ This energy spread can be greatly reduced
by using an electrostatic ana)&seﬁ'to prouide kinetic energy

focussing:

2.1.3 The E1eccrostatic Analyser
In an instrument of‘conventiona1 Nier-Johnson geomeuﬁ
the e1ecc;;statfc analyser (EéA) is placed between the source
and the hagnetic sector. * The ESA consists of two
cylindrical electrodes (Figure 2.4) wjth a voltage of equal
magnitude but of opposite polarity applied co each electrode.
T'ons will ‘pass through the.ESA when the e1ectrostetic fgrce
acting on them is ju;t ba]anced by the'centriFUga1 force.

Therefore:

B n v ‘ ' T -
! Re 2 Z e F EEEEEXES 03“;».:‘:;...(206) !

\where z 1s the number of charges on the ion,’F is the field

strength and R 1s the rad1us of curvature of the

- we obtain:

J O il S

electrostatic analyser. By combining eyuatlons 2.1 and 2.6

3
y \
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2V

o?ioo.‘tO.u'cncoa’ooco(,2l7)
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The ions will follow. the radius Re providing they were
accelerated through the same predetermiﬁed accelerating

voltage. Since the ions in the source experience a small
——d

rénge; f accelerating voltages, different radii of curvature:

will «ioe followed. Hence, ions with different kinetic

energies will -be focussed at different points by the ESA.

-Thus by varying the width of the ESA ex1t s1it an ion beam

with a very small 8pread of kinetic energy can be obtained.
In normal operation the ESA voltage is set‘to give the
maximum signal intensity and the exit slit width optim{zed to
give the desired spread of ion kinetic‘ene;gyf By combining
thé‘focussing action of the ESA with thatﬁof the magnetic

sector resolution of ca. 150 000 has-been achieved(17),

v

2.2 Ion Nomenclature ‘ o

]

A discussion of the d1fferent kinds of positive fons

produced in the mass spectrometer is presented in this

~ section. A brief description of the termiho1ogy~used to

.describe the various typés of fons and ion struqtures is

given.

2.2.1 The Molecular Ion

The molecular ion is a positively chaﬁge& ion formed in

. \ ‘
the initial igﬁjzition process -by removal of an electron from

a neutral molecule. It is convenient to tdentify two types

gf mb]ecular ion structure: the ionization threshold structure

N . (\
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.as reacting configuraifons.

A2,

"

- \ .
(IT) and the reacting configuration (RC). The IT structure

refers to the conf1§uration»of the molecular ifon at the

threshold energy requféed for its formation; such a
2

_ struckure may not have sufficient energy, or the required

geometry, to unde}go fragmentation. The RC stfucture refers

to ions with appropriate éhergy and geometrylfor("

decomposition.

A

After the molecular ion is formed, structural .
rearréngement may occur prior to fragmentatlion. If the

rearranged ion possesses sufficient internal energy for

decomposition 1t would be classified as'ﬁaving a reacting

“configuration. It is often the case that fragmentations in

the source occur from IT structures. However, in the first
/ ,
field-free 2?910" (between the spurce and the ESA) and in the

second ﬁieldeéeé region (betweeh the ESA and .the magnetic

.an¢1yser) fragmentihg jon strucfures are always referred to

i

» -
<

2.2.2 Fragmentllons e

A fragmentation procésé will lead to a fragment

fdaughter) ion and a neutral fragment:

[ ]
+o + ‘
or E u ;o .

»

. . ‘
M — F2 T+ N2

€
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The fragmenting, or parent, ion tan yield an even-electron.

¢ .
fragment ion FI and a neutral radical Nj, or an

odd-electron fragment ion FE'and a neutral molecule NZ:

2.2.3 Metaétab1e Ions

A full treatment of the quasi-equilibrium theory’(QﬁT) ‘
is beyond the scope of this thesis; a full treatment is
given in a number of excellent reviews(2,16,18), T;; k ey~
feature of the theory as it applies to mass spectrometry is
that fons, formed in the s;urce with a wide range of internal
energies, will exhibit a range of fragmentation rates. An

approximate re1ationship between 1nterna1 energy, E, and rate

constant for fragmentat1on, k, is: o
‘ s-1
£ - Eo
K = v 1—“’-_ ------------------------ (2‘8)
E

- where E, is the activation energy for the fragmentation, v

is the frequency factor and s is the effective number of
oscillators. For ions containing a very large internal

eneray the rate constant will be approximately equal to the

frequency factor; hence for a simple cleavage process the

4

fragmentation will occur in the period of one vibration when

the internal energy is large. If E is somewhat greater than,

but of the same order of magnitude as, Eo fragmentation

will occurjonly after several vibrations, This will decrease
; ,

¢ /
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the rate éonstant, and hence increase the reaction time.
Therefore, fragmentatiods.may occur anywhere between the
source and the collector, deéending on the 1nferna1 energy of
the fragmenting 1on, \
“Metast?b1e ions are those which do not fragment in the
source but which possess sufficient internal energy to have a
k such that they decompose before reaching the collector.
Most 1oqs/decomposing in the ESA or pagnetic sectors will
collide with the walls and be lost. Those that d3 pass will
be recorded over a wide m/z range, and will be difficult to
tdentify. Metastable fragMentatiéns occurring in the
field-free regions between the sectors may be recorded and
identified quite ea§11y. For a mass spectrometer of
conventional ggomet}y, fragment ions formed in the fihst
field-free region will not pass through the ESA because they
do not have the correct kinetic energy. They could be
recorded by making appropriate changes in the ESA and
" accelerating voltages. This technique will be considered in
a later section of the thesis. lons~formed in.the second

field-free region will be transmitted through the magnetic

sector with an apparent mass m*.given(Z) by:
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‘the resulting spectrum is an Ion Kinetic Energy (IKE)

16.

3

where mp {s the mass of the fragment ion and mj is the
mass of the parent. From the apparent mﬁss, metastable
transitions may be ideﬁtified in a conventional mass )

spectrum. !

2.3 Instruments of Reversed Nier-Johnson Geometry ’ ‘ |

’ 4
In a double focussing mass spectrometer of conventional |
o
Nier-Johnson geometry, metastable decomposfitions occurring in o
, . : |
the first field-free region remain undetected under normal

operating conditions because the accelerating and ESA (f

~v61tages are constant. A frégment ifon, M2, resulting from

a metastable transition M1+'—————+ M{ + M3 will have a
fraction of éhe kinetic energy of thé precursor fon. Thus if-~
Voe_1§ the kinetic energy of\MI, the daughter fon will
have .a kinetic energy MaVoe/My (z,= z,2 1). In order

to-detect the metastable transition, the ratio of

accelerating voltage of ESA voltage must be raised byla
factor of Mi/M2. This can be achieved by appropriate . ?
changes in either accelerating voltage or ESA voltage. The

metastable transition would then be recorded by an ion ; ' \ i
detect&r positioned after the electrostatic analyser. If the f

ESA voltage is scanned (with constant accelerating voltage)

spectrum (Figure 2.5). .

\ .
There are several problems associated with the above '

. .

t

- ! ' C i
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scanning techniques. Any change in the accelerating voltage.
will alter the focussing conditions in the ion source. If
the ESA voltage is lowered to Ep from the initial value

Eo sdzh that Ep/Eq equals Mp/Mp, it is obvious that

any other fragment ion, Mg, formed by the metastable,
decomposition of a precursor ion Mp, will also be

transmitted if the ratio Mg/Mp equals M2/M;. Hence,

several metastable peaks may overlap, éausing difficulties in
the‘interhretation of the IKE spectrum, and making the study

of a single metastable transition difficult.

Geametry reversal is a solution to the problems outlined

. above. The term 'reverse geometry' as applied to a Nier-

Johnson instrument means that the ESA s placed after the
magnetic analyser. In such an instruﬁzﬁt the first field-
f#ee region is b;tween the magnetic analyser and the ion
source, and the second field-free region is be%ween‘the
magnet and the ESA. Study of metastable decompositions
occurring in the second field-free region of sych an
instrument is greatly sﬁmalified. The magnetyis tuned to
pass precursor jons of the desired m/z ratio, and the ESA
voltage is scanned downwards from its normal setting E,.
A1l metastable transitions of the chosen‘precursoF are thus

recorded at appropriate ESA vo1€ages, as previously

discussed. The accelerating voltage remains constant. This

technique is advantageous because only the metastable fons

T e S VS, b R e o 2T
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of the chosen precursor ion are recorded. The spectrum
obtained by such a scan is termed a _hjéss Analysed Ion Kinetic
Energy (MIKE) spectrum; a typical example is shown in.Figure

2,6. The usefullness of MIKE spectra for characterization of

|
I
|
|
!

-

gas phase fon strucfures‘wﬂl be considered in the next
Chapter. .
A feature of the MIKE spectrum that is worth noting is
that fthe peaks, c'ommonly referred to ‘as metastable peaks, are
¢ much broader than the peaks Bbserved in a conventional mass -
spectrum. This peak broaden'ihg'1s a well known |

characteristic of metastable peaks, and arises because part '

of the excess energy of the fr@g'menting fon 1s re1easeq as
kinetic energy, T. The fragment ions acquire a range of
translatfonal energies, leading to peak broadening. This
feature will be considered in greater detail in the next
Chapter. '

-

2.4 Collisfonal Activation

It is possible to ihduce fragmentation of fons, which {
have insufficient internal e‘nergy to undergo metastable
decomposit1on; by colliding them with neutral gas molecu]és.
The collision of a neutral molecule with jons having a large ‘
translational kinetic energy will. be’ ine‘lastic, résu1t1ng 1’".

' the conversion .of part of the ion kinetic energy'1nto

excitation energy. This may lead to fragmentation jf the

\

. . e e e
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.resulting internal energy is greater than the activation

energy of -the fragmentation pro'i:ess. It is important to note

e

— that fragmentation is induced in fons which may have a non-

reacting configuration, and which therefore méy have a

.different structure than that of dons undergoing metastalﬂe.

decomposi tion.
To obtain a collisfonal activation spectrum, it is
necessary to fit the mass spectrometer with a collision cell

or chamber, which is mounted in a field-free region of ‘the

ion path. For instruments of reverse géometry/ﬁ>1‘s
¢envenient to mount the collision cell {nh the seqohd

field-free region, a‘short distance from the entrance to the

ESA. This is advantageous because fragmentation can be

1nduced in fons generated in the source or produced, by

3 metastable decofpp'osition, in the firkt field-free region. As

the collision cell is operated at a gas pressure
significantly higher than that in the source or fon fl1ight
path, differential pumping of moderately high capacity is

required. C

«Since‘.co111siona1 activation occurs in a field-free

7 '
region, the induced fragmentations can be detected as

- +described earlier for metastable decompositions; indeed the

resulting spectrum is very similar in appearance to a MIKE
spectrum. It should be noted, in fact, that metastable

decompositions of the selected precur'sor' ion will be recorded
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along with the coHision induced fragmentations in the
coH'isiona] activation {(CA) spectrum. |

There are two wdys of differentiating collision induced
fragmentation (CIF) peaks frommetastable peaks. In the. .
first method, the pressure of collision gas 1n'systematica11y ,
reduced, and the peak’ height 15 pTotted as a function of

pregsure. A linear pT‘ot with a zero 1ntercept fs indicative

"~ of a ¢ollision induced process,w1th no metastable

(unimol,ecufam) component. If the intercept is no; zero, an

overlap of a metastable peak and a CIF peak fs 1ndicatéd.’

The second method invofves aQIying a potentia] (1 to 5 kV)
to the collision cell. Separition of metastab]e and CIF

peaks will occur because fragment ions formed in the cell

[

will have a different translational energy than those formed

J
by metastable decomposition outside the cell.

There has been extensive appHcatfon_ of CA spectra to
problems of gas phase fon structure determination.
Collisional activation spectra are more informative than MIKE
spectra because there are mény'more,coﬂision induced -
fragmentations than there are meta.s-table decompositions. 'Thé
application of CA mass spectrometry t'o stru'cturef

determination of gas phase ions will be considered in the

following Chapter.
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CHAPTER 3 SOME MASS SPECTROMETRIC METHODS FOR THE

CHARACTERIZATION OF GAS PHASE ION STRUCTURES

«

",

The formu]atioﬁ of an.accurate fragmentation mechanism
requires that-the reaction pathway be comp1ete1y.jdent1%f¢d;
i.e. the initial reactant ion and final prod@cts nust be
known, as wé11 as'}he identity of all intermediate reacting
speciesL‘ It is obvious that, 1in order to spec%fy initial and
final species completely, thé‘structure of these specfes must
be known. -IsotopiL labelling has long been used to aid in the
identification of reactant and product sbecies in mass
spectromefric fragmentations. Over the past 30 years an
1ncréasing variety of techniques have been developed to tackle
the problem of d{on struéfure determination. Most_of the
modern techniques a§sign a structure to an 106 on the basis of

E]

comparison with isomeric ions of known structure; a

sat1sfac€ory structure assignment is achieved when the use of’

several different methods leads to the same conclusion. This

Chapter illustrates the application of some of these methods.
3

3.1 Ion Thermochemistry

The thermochemical method is based on thé principle that
the heat of formation (AHg) of an fon is characteristic of

its composition and structure. Generation of a particular

fragment ion from a neutral molecule requires a minimum amount’

of energy, the appearance energy (AE). Refe;ence to a
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typical fragmentation process (Figure 3.1) illustrates the
relationship between the AE of a fragnent fon and the heats

of formation of the species invol ved:

"ALE. +0H® (M) = AHp(M)) + tHe(M3) + E excess.... (3.1)

¥
and therefore: .

T

AME (M5) = ACE. + AHp(M]) - Hp(M3) - E excess...(3.2)
‘ .
The excess energy term is. made up of two components, the \

®
reverse activation energy, 'Eg, and the energygcontent of
the fragmenting species above the thermochemical threshold, E¥,
For a fragmentation occurring at the thermochemical threshold

with a neg‘lf'giblé reverse activation energy, we may write:
AHE (M3) = ALE. + AHp(Mp) - aHE(M3)..... . (3.3)

‘The characterizati on'of the fragment fon §tructuré is then
attempted by comparison of the measured heat of formation
with _the AHp values for other isomeric ions of known
'/structure. . '

As an examp]e of this technique, cdnsidér the attempt
to identify the CgHg fragment ifon generated by loss of
water from the molecular ion of cyclopentanol(20). The

AE of 05H3+.was found to be 9.66 = 0.06 eV; this value,

1
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taken with the heats of formgtioq\gf cyclopentano](g) and
water (g) of -239 kJ moi=! and -242 kJ mol-1, '

réspective1y, gave 920 + 7 kJ mol-l as the heaf of

formation-of C5H8%. The IE of cyctdpentanol was found

to be 9.58 ¢ 5.06 eV, thus the fragmentation occurs close to
the thermochemical threshold: . A minimum estimate of &g,
based .on kinetic energy release (T) values, is 12.6 kJ mol1-1
Three isomeric Cng-h ions dregpossﬁb1e candidates for the

fragment ion under study; cyclopentene (AHp = 904 kJd

. mol'l),“penta-1,3- diene’(AHF = 504 kd mo1*1l) and .

' B
isopreney(AHp =929 kJ mol-1). 1In this case the

“thermochemical approach was able to narrow down the list of

possible ;tructures, but other techniques were fequired to
determine the correct structure.

There are several problems associated with the use of
jon thermbchemistry to determiné ion structqre. The-acurate
measurement o? ionization and appearancevenergies is
difficult, and requires the use of monocenergetic |
e]gctrons(21). The excess energy te;m is often not
negligible, and can-be difficult to evaluate. For
fragmentations having a small excess eﬁergy teﬁm, the method

is quite valuable.

¢

~

3.2 MIKE §pectrometry

The use of M{KE spectra to characterize:ion structufes

1s-based on the assumption that the internal energy of the

]
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the fragmerdting ion does not affect the reiative abundances

of metastable peaks. Thus if two isomeric ions give -

idéntical MIKE spectra they are assumed to have the same
structure. A”significént drawback of this comparisop is that
only a.few metastable peaks may be pre;ent«jn the MIKE
spectrum, and 1£ is therefore possible that fons of different
structurg may give somewhat similar MIKE -spectra.
"Several studies(22,23,24) haye‘shown that
differenées in the internal energy of fons with identical+
structures may lead to variations in the relative abundance
~ ratios ﬁbserved in the MIKE spectra.~ Hence the presence'of
, different MIKE spectra shou]d not be attributed to different
ion structure if only sma]l variat1ons occur in the relative
abundance ratios. )
* ~ The technique does have several advantages. The meéa-
stab1e’£ime window is we11‘defined;‘ fragmentat1on of ions
with lifetimes between 10-6 _and 10~ 5 seconds, and
having internal energies of 0 - 1 eV above thellowest
threshold will be.observédﬁ MIKE spectrometry becomes very
useful whé% isotopically labelled compounds‘are used in the
study of %ragment;tion processes. The elucidation of
mechanistic details such as hydrogen transfers, Eing closure
and site of fragmentation fs possible from the MIKE'spectrq;
of appropria£e1y labelled precursors.
l ‘ The utility of the method is illustrated by the

following example. The C2Hg02t fon formed from
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aliphatic acids was found to have the enolic

structure(25y (1) shown in Figure 3.2. Loss of hydroxyl

from (1) did not occur by simple cleavage. This was shown

from the MIKE spectra of geuterium lTabelled CpH405*

jons. A stmple cleavage pathway (Figure 3.2) would lead to:

L OH and 0D Toss in a ratio of 1:1. For both Tabelled

' c?hpounds ZA and B) tke observed ratio was 1:2.6. This value'

could not arise by complete H/D randomiiation, and the

rearrangement ‘'mechanism shown in Figure 3.2—wa%fproposed. In

1)

= -th1s‘case the trgnsfer of a ﬁydrogeﬁ is favoured over the
transfgr of a deuterium.
The utility of isotopically labelled compdunds in MIKE e
spectrometry may be 1imited when complete randomization
, - occurs. The'interpretat;on of MIKE spgctra can becom? quite ;(\—
difficult when one or more isotopic exchange processes occur
. prio; to metastable fragmeﬁtations. I[sotopic exchange path-
ways can be identified by comparison of the norﬁa]ized '
abundance ratios for a fragmentation process with calculated ,
exchange probabilities.
\\» .
! 3.3 Metastable Peak Characteristics
'\X | The shape of a metastable peak measured under '
conditions of good energy resolution can be used to
S . charactérjze a fragmentation process. quing a metastable

-

i fragmentation, part ofhthe internal energy of . the fragmenting

L4
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A
fon will be converted into translational energ?kof the ’
o .
products. The width of the metastable peak will depend on

]
the magnitude of this kinetic enérgy release, T. The kinetic

..energy released in the decomposition has two origins: the

excess energy, E*, and the reverse activation energy, Eﬂu

Therefore T can be defined a€:

T=T* + TR ..:.-..-u--‘c-o-u.-o----'o-‘ ----- (3-4)

AN
(3

where T* and TR are the contributions from the reverse
hﬁt?vation energy and the excess energy above threshold,
respectively.  The Separate evaluation of T* and Tp is not -
easy, and thé total T is used for the characterization of gas
phase fon structures and fragmentation mechanisms. |
Beynon et/a1(2) have ﬁkown that T is related to the

metastable peak width by: . _—

yzﬁ]zev /AE 2 : . ) : .
T = \ ........................ .. (3.5) .
16 x UL E .

where mj,m2,m3 are the masses of the precursor ion, N
: o ;

_fragment ‘fon and second fragment product, respectively. The

chzrge numbers of the precursor and fragment ion are X and Y,

and AE and E are ESA voltages corresponding to the

TN

[}
metastable peak width and main beam, respectively. 'The

kinetic enérgy release at, half height,'% 5 » is usually ;
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determined, irrespective of peak shape. The comparison of:
the TO 5 value for a particular metastable transition with T

values for known transitions may lead to structural

inference. The limitation on this approach is that it .

assumes that the trans}tions being compared have similar
shap:; comparison of T values determined at several
(normalized) heights is often more satisfactory. K‘better
method for comparison involves obtaining the distribution of
kinetic energy release correSpondihg to the metastab peak
shape. The n(T) distribﬁtion obtained fot a parti€:T§r meta-
stable fragmeﬁtation can then be compared with the

Histributions obtained from known metastable transit1ons.: If

" two_metastable processes generate fdentical n{(T)

distributions it is assumed that the same fragmentation
pathways are involved.

Metastable peak shapes can be of two general types.
For re1at1ve1y smal1 kinetic energy reIeases, the metastable
peak will have a Gaussian- 1ike shape {although true Gaussian
peaks are rare). Flat-topped or dished metastable pgaks‘a;;
observed when the kinetic energy release is 1arge; 1t‘§hou1d,
be noted that the peak sh;be in such cases isAinf1uenced by
instrumental fagtors. The presence of flat-topped or dished

metastable peaks is often indicative of a rearrangement

/

process_having % significant reverse’activation energy(26),

Composite peak shapes, combining the two general types just *
~ . L 4

0.5

»
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described, are also observed. Such composite metastable
peaks may arise if a ‘precursor fon loses two different
fragments of the same mass, or when two 1somer}c jons
fragment to give one or two daughter fons. In general,
composite metastable peaks occur when more than one process
is 1nvo1ved ih a metastable fragmentation. Analysis of
composite peaks 1s‘comp11cated. In tavourab1e cases, the
components of the composite peaks may b; resolved by
decon;o1ution (Appendix C details such a procedure, developed
by the author), or by suitable isotopic‘1abe111ng«

L) I

3.4 Collisianal Activation (CA) Spectrometry

CA spectrometry is another comparative technique which
may lead 'to the jdentification of a gas phase ion structure.
This method has the advantage of providing several peaks for
comparison. If the CA spectra of two fons, generated from
difterent precursors, are the same within experimental error
then it is inferred that the two ions haver identical
structures. Thus an unknown fon structure may be determined
by comparison with reference ions of khown structure.

The technique 1is i11ust:ated in the following example.
An 1nvestigat1on(27) of CoHg0% ions generated from
a variety of precursors showed that three ion structures were
invouved.' From a comparison of the CA spectra (Table 3.1) it

is apparent that the CpH50% ion structure is the same
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for precursors 1 and 2. Precursors 3, 4, and 5 gave very

similar CA spectra and therefore common CpHg0*

*
structures are assumed. Pretursors 3.and 6 were used to

generafe’reference structures by chemical ionization with H#0.
TABLE 3.1
Partial CA Spectra of CoHg0*

Relative Abundance (m/z)

Precursor 24 25 26 28 30 31 lon Structure
. +
CH30CH,CH,O0CHZ(T) 11 4 41 43 12 CHj0=CH,
g +
CH3OCH,CHpCN(2) 1 2 4 39 43 12 CH30=CH,
CH4CHO(3) 4 16 45 18 14 3 CH,CH=OH’
. %
(CHy) ,CHOH(4) 4 14 49 15 14 4 CHCH=0H'
CHiCH,(CH)CHOH(5) 5 16 47 17 12 3 CHyCH=OH'
4 <
CH,CH,0 (6) 4 15 42 13 11 16 CH,CH,O0H

A
. '\.

A major drawback of CA specfrometry is apparen{ when
the threshold for isomerization is lower than that for
decomposition. If o structurally different stable ions
have a low threshold for rearrangement-to a common structure
their CA spectra will be identical. This effect can be
detected if the CA spectra of two or more ions of known,

different structure match with the CA spectrum of the fon

under 1nvestigétfon.
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CHAPTER 4 ) ' . EXPERIMENTAL

»

This chapter presents the instrumental and synthetic

prbcedufes employed for this research project. In order to

study the fragmentation mechanism for methyl loss from thé ] I

.molecular ion of 5-hexene-2-one, we have synthesized a series

of isotopically labelled analogs. These included 5-hexene-2-
one-1-13C; S5-hexene-2-one-1,1,1-d3; 5-hexene-2-one-1,-
1,1%3,3-dg; 5-hexene-2-one-4,4-dp; 5-hexene-2-one-

6,6~d>; and 5-hexene-2-one-1,1,1,3,3,6,6-d7. Synthetic
procedures have been previously reported(ze-zg) only for

the dg and 6,6-d2 analogs; other cémpdunds are nove],'
Unlabelled cémpounds used for mass spectroscapic studies were
purchased from A1dr1ch‘Chgm1ca1 Co., 4-peritenoic acid was

obtained from ICN phﬁrmaceutjca]s. Synthesis of isotopically

N

labelled analogs of trans-2-hexenal was unsuccessful. A

report on the attempted procedures is given. g
The original mass spectroscopicqﬂata have been

summarized in Appendix A. On}y specific examples of4sqme

spectra'havé been included in this chapter. Mathematical

methods employed for treatment of mass spectroscopic data are

descripe& in Appendix B and C. Appendix D includes NMR /f

spectra of final, synthetic products. . They have been

cdmpiled in the same order as discussed in the synthesis

sections.

-t
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4.1 INSTRUMENTATION
. BT
| Instrumentatipd and experimenta1 techniques are rep?r;ed
in three parts. First, instrumental procedures employed for
mass spectroscopic stud%es are discussed. Thg ;econd-part is
fnvolved with the characterization of synthetic
intermediates. Fina11j, purification via pwépdrative‘gas

i ¥

4
chromatography is described.

4.1.1 MASS SPECTROMETRY

Preliminary research work was done with a Hitachi
Perk%n-E]mer RMU-7 mass spectrometer. in fhe reversed
Nier-dohnson geometry.(30) The ESA power supply was
composed of a Kepco OPS 500B operational power supply with an
output. of 0-500V. The OPS 500B was driven by a Kepco FG-100A
function generator supplying a linear ramp voltage of 0-20V.
Voltage was read on a HP 3440A digital volt meter and was
converted into ESA sector volts by multiplying it by 24.43.
The instrument was operated with sanmple pressures ca.

3.5 x 10-% mm Hg and at -2.8KV accelerating voltage.

Spectra were recorded with a Watanabe servocorder.:
When instrumental limitations were present, further
experimentation was done at the University of Ottawa with a

VG Analytical ZAB 2-F mass spectrometer in the revérsed
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¥

Mier-Johnson geometry. This instrument was equfpped with a
- cp]\ision‘ce11 located prior to the ESA. Accelerating

voltages of 8kV and sample prefsures ca. 3 x 10~7m bar

were the usual operating conditions. Conventional mass

spectra were obtained on UV sensfitive paper with a

Visicorder. A pen recorder was used for other spectra.
\

Conventional Mass Spectra

-

Conventional mass spectra were obtained with the RMU-7
mass spectrometer in the following way. Samples were
admitted to thepalectron impact source via a Granville-
Phillips variable leak valve (series 203). The ion beam was

" deflected to an electron multiplier located in .the second
field-free région and the magnet was manually tuned on an
arbitrary m/z value for maximum signal intensity. The beam
was then directed through the ESA and the sector's voltage
was varied until maximum signal strength was reached. The
optimum signal was obtained by focusing the\iqq beam with two
electrostatic lenses lpcated in the source. Conventional
spectra wérg then recorded by scanning the magﬁet's current
from 25mA to 110mA at a speed of SmA/min. The electron
multiplier voltage was usually set at 1.5kY.

The procedure for running conventional mass spectra with

the ZAB 2-F mass spectrometer was the same as described for
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the RMU-7 with minor exceptions.| In addition to the variable *

leak valve, samples (ca. 3ul) coufld He introduced.via a heated

injection port. R

MIKE'Spectral ) J’/X///,
»

The procedure for running MIKE spectra was the, same for
| 2

both mass spectrometers. In gen?ral, two MIKE ‘spect were

run for each compound: one for the moTecular ion (fe; m/z °

‘98 for 5-hexene-2-one) and anothe? for M*-methyl. A

typical procedure 1nvo]ved 1nitia1 tuning of the magn€f to
the desired ion, m/z 98 for example, fo]lowed by a ESA

voltage scan. For the RMU-7; the voltage was varied firom ca:

3.00V to ca. 11.10%‘at a speed of 0.01V/sec. When desired,
metastable peaks were expanded (ie: 98*— 83* + TCH3)
by scanning at a slower rate (0.001V/sec).. Expanded meta-
stable peaks were obtained for methyl loss from the molecular
ion of 5-hexene-2-one, its labelled ﬁnalogs, and trans-2-
hexen&]. Original MIKE spectra obf@*ned from the RMU-7 and
ZAB 2-F mass spectrometers are shown11n'ffgures 4.1 and 4.2.
In or&er to optimize metastable: peak shapes, good energy
resolution was necessary. This‘was!done by narrowing the
source and ESA exit slits until the{width at the base of the.

molecular ion peak reached a minimu?. Typical widths were
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Methyl loss region.in the MIKE spectrum of

FIGURE 4.3

1

v

2-after -
-F (A to D = 85 to 88

.
’ ©

“1-from RMU=7

4 ‘]"1|1‘,3,3-d5
:stgnaI averaging of 1; 3-from.ZAB 2

L

- 5-hexene-2-one
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&
11V from lhe RMU-7.and 4V for the ZAB 2-F; they corresponded
to_energy resolutions of 255 and 2000, respectively. The
problem with the RMU-7 was loss of sensitivity as the slits
werg narrowed.  Signal intensity was improved by increasing
the gain but poor\signal to no1se;ratios resulted. A
pfef}minary attempt to signal ‘average a metastable peak'was
done w}th an Apple II microcomputer by collecting 2000 data
pointsvfrom each ;can, summiqg ten scans and averagiﬂg thew.
This was applied for the expanded methyl loss.regidn from the
WMIKE spectrum of 5-hexene-2-one-1,1,1,3,3-dg (Fig. 4.3).
A]thoughbthe g%gnal to noise ratio was upgraded, signal -
éveraging was not totally effective for separating tﬂe
12d1v1&ua1 methyl loss processes. In contrast, the ZAB 2-F
mass spectrometer provided good sensitfivity Qith.adequate
signai to noise ratios and high energy resolution. Sjnce the
,ZAB.Z-F was necess;ry'for CA spectra, we have also used it to
obtain‘we11 resolved metastable peak scans. Thus the ided of
signal averaging was not pursued at this time. A1l spectra
were.taken using ca. 70evyﬂon121ng electrons but, in the case
of 5-hexene-2-one expanded metastable peak scans for loss of
methyllf}pm the molecular fon were also gun at different
electron energies. Thi's was done by.reducing the repeller
voltage and then decreastng the electron energy #£o the
desired value. The scanniﬁg procedure was identical as

“ . .
described for MIKE spectra.

¢
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"

éA Spectra , ' . J'

The actual procedJ;e for obtaining CAQSpectra is
;?entical to fhe one described for MIKE spectra except that a
collision chamber located in the second field-free region,
just prior to the ESA, is required. Since the RMU-7 mass
spectrometer was nét equipped with such a chamber, all CA
spectra ‘were run with the ZAB 2-F. v ol

Dur1;g the scanniné procedure, the fons entering the
collision chamber were continuously coJ]ided’with hel{ium gas.

AY

This resulted in an increased amount of fragmentations.

‘Col1isfon induced and metastab]q fragmentations were recarded

simu1taneodsly. An example of a CA spectrum is shown in Fig.

‘ 4.40 ) ! -

Fﬁgu}e 4.5 shows a CA spectrum of a metastably generated
ion. {fhis was obtained using a method similar to that
described previously. In this case, the magnet is tuned to
.pass the fragment ion produced by metastable decomposition in
the first field free region (ie: m/z = 70.30 for m/z 83 from
m/z 98). .’ )

'
.
~ Bl
. . :
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i
5
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4.1.2 Characterization of Synthetic Intermediates

In general, synthetic intermediates were identified by

LY

NMR using a Varian T-60 NMR spectrometer. Operating

conditions were: sweep time = 250 sec, filter = 1 or 2, RF

i
power level = 0.032, sweep w1dph = 500z and spinning rate ca.
40RPS. In most cases, an external TMS reference standard w;s
used. Infrared spectrq}ygre obtained from a'Perkin-Elmer
599B spectrophotbmétef. Solids were run as KBr pellets and
liquids as smears. ) ' » .
In addition to NMR spectroscopy, final producfs were
characterized by mass speétrometry and gas chromatography.
wheé they were relatively pure, conventional mass spectra
were obtained from the Hitachi RMU-7 mass spectrometer. Gas
chromatiyraphy—mass spectrometry (GC-MS) was required for
product mixtures. At the University of Ottawa, a VG
Analytical 7070§ mass spectrometer 1nt¥rfaced with a Dani
2800 gés chromatograph was employed in this case. Data was
processed with VG software on a PDP-11 mini computer syQtem.
Gas chromatography was useful for showing the pre;f%ce

of a desired product in mixtures. Chromatograms were

obtained from a GOW MAC series 750 gas chromatograph equippéd
with a 6 feet x 0.125 inch OV-17 column and a flame
fonization detector. Running conditions involved column

temperatures between 70°C §o~90°c and ca. 35 ml/min nitrogen

A
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flow ra{é{ Analysis of proguct mixture was done in the
uf011ow1qg way. .Firgt a chromatograﬁ was obtained from a
standard solutfon containing 5-hexene-2-one, for example, in
a pure solvent fdentical to the product's solution. By
cgmparing the. GC reténtion time- corresponding to the pgak for
5-hexene-2-one with retention times ﬁroﬁhthe mixture, one was
able to determine the presence of the labelled analog (Fig.
4.6). Gas chromatdgraphy was also useful for providing an

estimate of product concentrations. This was done by

- dividing the area under the peak corresponding to a product

by 'the sum of areas from all peaks.

-
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4.1.3 Purification via Preparative Gas Chromatography

After preliminary analysis of p;oduct mixtures by gas
cﬁ?omatography, synthetic labélled analogs of 5-hexene-2-one
were purified by preparative gas chromatography. A Pye series
105 automatic prepara;ive gas.chrdmatograph éqyipped with a
99:1 splitter, a 6 feet x 0.25 inch Ov-iT\c91umn and a flame
jonization detector wa§ used. Column temper&tures were
usually set At 60°C with a nitrogen flow rate ca. 35 mT/min.

After 1nJecf1ng a 10 ul sample in the chromatograph the

effluent was collected when the peak corresponding to the
product began to appear.‘ Prodﬁcts were trapped in capillary
tubes cooled in liquid nitrogen. Depending on the solution's

concentration, between 10 to 20 injections were required for

. an adequate sample volume.
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4.2 Synthesis of Isotopically Labelled Analogs of 5-Hexene-

2-one and Trans-2-hexenal
Procedures employed for the synthesis of %abelled
compounds are compiled inthis section. A1l synthetic routes

-

were tried twice with un1abe11‘ed.reag‘ents and when a
sat‘isfactory result was obtainéd, synthesis of the \laBeHed
analog was then carried out.

Most reagents were purchased from Aldrich. Chemical Co.;
fsotopically labelled reagents were obtained from Merck
Sharpe and Ooﬁme Isotopes. Viny‘i 1ithium was' custom prepared

by Lachat Chemfical Co.
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4.2.1 Synthesis of 5-wexene-2-one-1,1,1,3,3-dsg

.

Synthetic Scheme:

g NaOD i
a ,
H z — D Y
H D,0 D
H H H Dy DD
4‘\ }
i
Procedure: ‘

‘ \

Following a modification of the procedure described by

'Simeral and Maciel,(28) 0.168 g of freshly cut sodium was

]

added slowly to 15 ml of D20 at 0°C in a 50 ml round bottom

flask. Tbo this basic solution was added 4 ml of

5-hexene-2—0ne.§nd the requt1ng two phase system was stirred
for 36 hpurs at 4°C. The mixture was then extracted four
times with’ZO ml portions of ether, 'the ethereal layers were
combined, and dried over anhydrous MgS04. The ether was
removed under reduced|pressure and the residue was subjected
to a second deuterium exchange as described above. This time
the two phase system wassseparated. The top layer was found
to be gr;ater‘than 85% ds labelled 5-hexene-2-one. worklup
of the aqueous layer afforded more product. RN

.

q k -




=

MS, m/z(% RA)f 27(14.8); 28(11.9); 39}19.3); 41(13.3);
46(100.0); 57(50.6); 85(17.6); 103(42.8).
1H-NMR(CC14,60MHz); & = 2.33(d,2H); 4.85(m,2H);
5.75(m,1H). = .

Authentic 5-hexene-2-one (Aldrich Chemical Co.):
1H-NMR(CC14,60MHz); & = 1.90(s,3H); 2.25(m,4H);
4.80(m,2H); 5.65(m,1H).

B

4.2.2 -Synthesis of 5-Hexene-2-one-4,4-dy

b

Aﬁsynthetic method for 5-hexene-2-one-4,4-d; has never
been previously reported. This compound was prepared from a
modi fied model ;ynthesis devised accq_ding to the procedJre \
used for 6-heptene-2—one-5,5-d2(33). % alternative

route is discussed in section 4.2.3.
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Procedure:

Under a nitrogen atmosphere, I?ml of acetyl chioride

‘was added to a solutfon of 30 g of ethyl acetoacetate in 60

ml of dry methanol ang 120 ml of methyl orthoformate. The
mi xture w‘as allowed to stand over molecular sieves for 72
hours at room temperature. The solution was then paured into
pentane contain'fng excess anhydrous sodium carbonate aﬁg ’
allowed to sténd overnight. After filtration and removal of
the pentane under reduced pressure, the residue was
fractionated to give 3,'3-d1methoxy ethyl butyrate in 77%
yleld (8.P. 56°C at 24 mm Hg). LH-NMR (Pure, 60MHz);

§ = 1.11(t,3H); 1.28(s,3); 2.48(s,2H); 3.03»ks,6H§\;'
3.99(q,2H) . E , N

Asolution of 2.2 g of the ketal but_yrate‘ in 50 m1 of

anhydrous ether: was added dropwise under nitrogen to a |
stirred mixture of 2.6 g LiAIDg in 75 m1 of ether. The
mixture was stirred for one hour at réom temperature and then
refluxed for 1.5 hours. After cooling, workup was done with
15% aqueous NaOH( 32) by first adding 2.6 ml of water ‘
fo_‘|1c;wed by 2.6 m1 of 15% NaOH and finally 8 ml of vater.
The mixture was stirred for 1.5 hours, the saTts filtered off,
and the ether removed under reduced pressure. Fractionation

of the residue yielded 13.2 g of 3,3-dimethoxy
butanol-1,1-dp (B.P. 58°C at 22 mmHg). |

Ve
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14y_-NMR(Pure, 60MHz); S = 1.07{s,3H); 1.62(s,2H); 2.55(5,
6H); 3.67(s,1H). - '
To an ice cooled solution céntaining 30 g of tosyl
¢ chloride in 15 ﬁl of dry pyridine was added'dfOpwise 10 g of
ketal a1coﬁo1 in 10 ml of pyridine. Quring the addition, a
consfderable amount of heat was evolved. It was important to
maintain the temperature below 5°C otherwise yields decreased
drastically-(We héve found that no tosylate was obtafnable if
the tempeK;:ure reached about 30°C). The mixture was allowed
to stand overnight at 0°C and then poured into 100 ml of ice-
. cold water. The aqueous solution was extracted f%%e times
- with 50 ml portions of ether and the combined etherea1’1a¥ers
| were successively washed with saturated sodium b1carbona£e
‘ and 10% aqueous HC1. After drying over MgSO4, thé ethe;/
was removed under reduced pressure to yield a crude oil
containing 3,3-dimethoxybuty]l tosy1ate-1,1-d2'k40% W/W) and
pyridine (60% W/W). Since any attempt to purify the tosylate
resulted in rapid decoﬁpos;tion; the mixture was used for %hé
next step. Only a pure unlabelled sample for immedfate ‘
jdentification by NMR spectroscopy was obtainedf a!
IH-NMR(CC14, 6OMHz); 6 = 0.89(s,3H); }1.65(5,2H); N
1.98(s,3H); 2.70(s,6H); 7.23(d of d,4H). : ‘
- Prior to the next step, 0.045 moles of 1ithium divinyl
cuprate tri-n-butylphosphine combIex(33) was prepared by’ -

' slowly adding a solution of 0.090 mole of vinyl 19thium in

-
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* THF to a cooled (-78’6)1 stirred, THF s®lution of 0.045 mole

tetrakis piodo(tri—n-butylphOSphine).copper (1)j(34) .
(nrggedure«described later). The formation of a blue black
ixture indicated a posit{ve reaction.
Following the procedure of Johnson (35) 4 solution

containing 0.022 mole of the ketal tosylate in 10 ml of dry

T F@was added dropwise to the stirred solution of the
complex. The mixture was allowed to‘reach 0°C, stirred for 2
ho‘rs, and then poured. into saturat@d“aqueous‘ammonium

eh oride. THe aqueous solution was filtered and extracted

-

s A\
f1v%,t1mes with 50 ml algquots of ether. After drying over
\ ) '

anhydrous Mg304, the ether was removed using a 61 cm

‘Vigreux Column. The residue was distilled to remove any b

solid solutes and the d15t%11ate was separated in two
fractions Residual _THF was fractionated out of one portion
and the residue was combined w1th 1 ml of ether The
ethereal solution was then washed three times with 10% HCY,
10% sodium bicarbonate, and’ saturated NaC1. Pres#&ke of
5-hexene-2-one-4,4-dy was confirmed by NMR spectroscopy, GC
and GC-MS A sample was Tsolated by preparative GC

IH-NMR (crude, 60MHz); & = 1.85(s,3H); 2‘.15(5,211),

) S

5.0(ABX system, 3H).




Prepafation of tetrakis iodo(tri-n-butylphosphine) copper(1l) ,

o

e

, /
Copper(I) 1o %defg%) was prdpared by adding dﬁopwise

a solution containing 73.0 g of potassium iodide and 56.0 g

of sodium thiosulfate penta-hydfate in 200 m1 of water to a

stirred solution containing 50 g of copper(II) sulfate

£
penta-hydrate in 150 ml1 of water. The additibn was continued »

until a pale flesh colored endpoint was reached. The greyish

precipitate was allowed to settle for one hour and thes

aqueous supernatant was decanted s]owfy withput disturbing-

the solid.

The slush was ‘then filtered under suction through

, - :
a medium porosity sintered glass funnel. The residue was

then washed several times with water, etﬁénol, ether and then

air dried.
desiccator containing silica gel an*g:ii;j?trated H2S04.
f The copper(]) iodide was purifi by’ "dissolving "13.2 9

of crude material in a solution containing 130 g of potassium

v

The product was.dried for three days in a vacuum

ioliide in 100 ml of water and then adding 3 g of ag&ivated

charcoal.

The mixture was stirred until colorless; then

fﬂtered‘ To the filtrate was added 12.5 m] Q?f

] tri-n-butylphosphine.

Thtj
crystallize upon mixing or scratching. The gel was isolated, -

The solution was shaken for 10 min.

resulted in the formation of a gel which did not

\]

dissolved in a minimal amount of hot 1.5:1 ethanol/4isopropyl

alcoho\

l

solvenﬁ'mixture and allowed to cool in an ice bath.

-




.

., This procedure resulted in the format%on of a white

crystai11ne precipitate which was filtered and washed with

-

distilled water, 95% eihano], and then air dried. Two
(.\ 4
subsequent recrystallizations were sufficient to yield pure

tetrakis [fodo(tri-n-butylphasphine) c0ppeF(I)] (M.P. 74°C;
- 11t.(34): wM.p. 75°C). ‘

v
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4.2.3 An Alternative Synthetic Route for 5-Hexene-2-one-4,4-d2

. 4
' A second synthetic route was considered® for the

preparation of 5-hexene-2-one-4,4-dp. It was similar to

the one,described in 4.2.2 except that a different tosylate
was made. Instead of the dimethoxy group, ihe carbonyl was
protected with a dioxolane. The problem associated with this
route was the 1nstab:}}ty of the tosylate. A full report‘of

the procedure employed is given here.

B

e A o e g s o Daa ot b O

aawion

ol o



Fes s

W o e e g

Synthetic Scheme

- - !
%
o o ?HZEHz ‘
PPN OH OH
o\ -
—,
{
D Ds - TsCl
OTs )
" |- Licu(cH=CHy ), BugP
+
2- Hyo'
”
QO Dp
-)\)K// .
‘ :
)

i‘
-
[ 3o

o,
N\
4
| LIAID
e
A Y
Y

58.

al .
MQ/\ N



59

Procedure:

- Ethylene glycol ketal of ethyl acetoacetate:

Using Johnson's procedure,(35) in a 250 m1 round
boxtombflask, equipped with a Dean-Stark water separator and
a condenser, was introgduced 35 g of ethy] acetoaéetate, 0.10
g of p-toluene sulfénic acid, 80 g of ethylene glycol and 100
ml of benzene. The two phqsé mixture was stirred and

refluxed for 18 hours. After cooling, the benzene layer was

N 4

separated, washed successively with water, saturated sodium

bicarbonate, water and then saturated sodium chloride. The

benzene layer was dried over anhydrous magnesium sulfate and

"the solvent was then removed under reduced pressure.

Yo

Fractional distillation of the residue, using a 61 cm long

Vigreux column, yielded 35.5 g of 3-dioxolane ethyl butyrate

A76% yield; B.P. 62°C at 19 mmHg).

l1H-NMR(Pure, 60 MHz); & = 0.90(t,3H); 1.qi(s,3n); 2.20(s

2H); 3.55(s,4H); 3.70(masked q,2H). 't

3-dioxolane-n-butanol:

-t

The ketal ester was reduced to the ketal alcohol using
the same procedure as discussed in 4.2.é for 3,3-dimethoxy
ethyl butyrate. A good yield of 3-dioxolane-n-butanol was
obtaﬁned.

¥

, 14-NMR(Pure, 60MHz); & = 1%10(s,3H); 1.65(t,2H); 3.45(q,

2H); 3.70(s,4H); 4.00(t,1H).




3-dioxolane-n-butyl tosylate: . .

Using a modification of Johnson's ﬁrocedure,(351 2.6
g of 3-d10xo]ané-ﬁ—butano1 and 4.0'5 of tosyl chloride were
dissolved in 50 m1 of ether. To the cooled (-20°C) and
stirred sp]ution was then added 3.0 g of freshly powdered
éodium hydroxide over a 30 minute period. The mi;ture was
stirred for one hour and then added to an ice-wate: slush.
The ether layer was sepa?%ted, washed with ice cold water and
dried over anhydrous magnesium sulfate. The ethereal layer
was qoncentrated, and an NMR spectrum was obtained to
confirm the presence of the tosylate compound. -
1H-NMR(CC14, 60MHz); & = 1.05(s,3H); E.Bo(t,ZH); >
2.25(s,3H); .3.65(s,4H); 3.95(masked t,2H); 7.30(d of d, ™"
aH). -
The problem with this route was the rapid decomposition of
the tosylate. Complete decomposition occurred in a few
hours, at -3°C, even when wet with ethgr.‘ Since
3,3-dimethoxy butyl tosylate(discussed gar]ier) w;s more
stable, the 3-dioxolane-n-butyl tosylate was not used in the

next step.
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4.2.4 Syntﬁesis of 5-Hexene-2-one-1-13¢

The preparation of 5-hexene-2-one-1-13C has never
been reported.‘ The strategy involved in designing a
s}nthetic procedure was to introduce the 13C 1abel in the
last: steh. This is advantageous because Toss of 1abe1163\\
intermediates due to muitistep synthesis, would not ocgit.
The novel synthesis of' 5-hexene-2-one-1-13¢ is reported

here. ) . —
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S;nthetic Scheme

13)K/\/ M . )oj\/\t/
‘ = - . ¢ =
s
CdClz,
;7 1 ' )
3CH3MQ|
« |Mg
13, ¢ N
QHal
)
/ - ,



63.

Procedure

\

The potassium salt of 4-pentenoic acid was prepared in a
SO0 ml round bottom flaskfby adding dropwise a 10.N KOH

aqueous solution to a well stirred, 1ce cooled, solution

containing 9.0 g of -the acid, 1.5 m1 of:water -and two drops _ -

of'O.lz phenolphthalein so]utign.~ The addition was stopped
at the end point. The flask was thén attached to a vacuum
line (24 mmHg) and most of the water was removed. Drying of
thé salt was continued at 50°C for 12 hours and then the
product was stored in a vacuum desiccator containing only
silica gel. -

— Using a modification of Pichat’s(3?) prkcedure, a
solution containing 6.5 ml of oxal}] ch‘or{&e in 50 ml of
ether was add?%wunder hitrogen to a stirred suspension of 9.0
g dry pentenoic acid potassium salt in 35 ml of ether. The
mixture was allowed to stand under a nitrogen atmosphere for
20 hours at room température. An apparent slow evolution o% '
gas (CO0p, c0)(37) jndicated the progress of the

reaction. After filtration of the solution,and'remo;a1 of
et;er under‘vacuum, distillation of the residue und;r reduced
pressure afforded 4-pentenoyl chloride in 77% yield. E
l1H-NMR(Pure, 60MHz); 6 = 1.95(q,2H); 2.55(t,2H); 4.53(d,
1H); 4.77(d,1H); 5.20(m;1H). |

Using a modf fication of known organocadium synthetic

Ve
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methods, (38,39,40) 5_hexene-2-one-1-13¢ was obtained

in the following way. A solution of 1 g 13¢ 1abelled

methyl iodide (99 atom %) in 5 ml efher was added to 0.18 g
of Mg in 5 m1 ether with Qtirring. After the Grignard
reaction was complete, 0.6875 g of dry CdC1, was added

slowly at O°§J The mixture was stirred and refluxed for one
hour; the ether was distilled o6ff to near dryness, and 10 ml
of benzene was added. Distillation was continued until a
head temperdture of 70°C was reached. Care was taken to keep
foaming Fo a minimum. More benzene (5 ml) was added to ’
compensate for any losses and the solution was cooled to 5°C.
At this point, 0.9 g of 4-pentenoyl chloride in 3 ml of
benzene was added to the organocadmium complex. The mixture
was stirred for 4 hours at room temperature, then excess ice
and 1 ml of 10% HpS04 were added consecutively. The

benzene layer was separated and combined with three, 3 ml,

»

- benzene extracts of the aqueous Tayer. Washings with water,

5% sodium bicarbonate and then water were done on the
combined organic'layers. After drying over anhydrous MgSOy4
overnight, the benzene solution was concentrated down to a 4%
5-hexene-2-one-1-13¢C so]ution. The product was

identified by NMR spectroscopy and GC-MS. Samples of the
labelled enone were isolated by preparative gas chromato-
graphy. The yield was not determined but a satisfactory

amount of product was recovered. Yields based on two
b
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previous trials using unlabelled methyl iodide, ranged from g

o

60% to 65% from 4-pentenoyl chloride.

1H-NMR(Benzene, SOMHZ); § = 1.&5(d,3H, J13C_H = 127 ;z); -
1.95(m,4H); 4.69(m,2H); 5.40(m,1H).

GC-MS: m/z (%RA).= 27(34.8); 29(28.3); 39(34.2); i4_1(5.4);
44(47.83;.‘53(10.9); 55(100.0); 83(29.2); 84(7.5);

99(37.0); 100(21.0). ,
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4,2.5 Synthﬁéis of 5-Hexene-2-one-1,1,1-d3

The synthetic method employed for this compound was
similar to the one used for 5-hexene-2-one-1-13C. Instead
of the 13¢ 1abelled reagent, deuterium labelled methy]l

1

iodide (CD3I) was used to prepare the organocadmium
complex. Deuterium gxide (99.8 a;om %) was used inthe
workup at the last step and caused partial deuterium exchange
at C-3 to give a mixture of labelled analogs. The
composition of this mixture was determined by mass
spectrometry to be: 47.7%, 5-hexene-2-one-1,1,1-d3; 29.5%,
5-hexene-2-one,1,1,1,3-d4;5.6%,
S-hexene-z—one-l,l,1,3,§-d5.‘ This mixture was useful for
obtaining mass spectroscopic data on 5-hexene—2;one--
1,1,1-d3 and 5-hexene-2-one-1,1,1,3-dg.
lH-NMR(Benzene, 60-MHz);~ & = 2.2(m,3.5H); 4.95(m,2H);
5.75(m,1H). ¢
GC-MS, m/z (% RA): 26(6.9); 27(34.7); 30(13.6); 138(5.0);
39(37.6); 41(21.3); 42(5.6); 43(6.7); 44(10.8); 45(93.3);
46(100.0); 47(8.4); 53(9.4); 54(7.3); 55(50.6);
56(37.0); 57(10.1); 83(10.2); 84(7.7); 101(14.4);
102(8.9).

In an attempt to upgrade the isotopic purity of
5-hexene-2-one-1,1,1-d3, the synthetic procedure was
repeated but this time distilled water was used in the

workup. The ketone was obtained as a 5% solution in benzene.
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IH-NMR (Benzene, 60MHz); & = 1.90(m,4H); 4.85(m,1K);

5.65(m,1H).

Two samples weré isolated by preparative gas chromatégraphy.
Due toxinstrumenta] problems, two months ﬁassed before doing
an& mas's spectroscop1c work with the ZAB 2-F. The samples
became black after this time period; presence of molecular
fodine was suspected. Mass speétrometry gave very pecqliar
results. First, the conventional mass spectrum indicated a
very small presence of dj labelled 5-hexene-2-one :(5.6%).

Since the band corresponding to C-1 in. the NMR spectrum was

absent the mass spectrum was contradictory. An abundant m/z-

98 peak was observed and indicdted that the unlabelled:
compound was present in 48.7% 1sotopicfpur1ty. Al though

deuterium exchange is a possible explanation it is unlikely.

- Care was maintained during the purification sequence to

exclude any contact with water, base or acid.

The MIKE spectrum of m/z 101 showed an abundant m/z 82

“metastable peak (21.3%). This would cdrrespohd to loss of

HDO from the molecular ion. Loss of water from 5-hexene-2-
one’* never exceeded 1.9% and ‘therefore the above results

can not be attributed to 5-hexene-2-one-1,1,1-d37+1

/‘j\ -
Chemical degradation of the product during the waiting time .

period was highly possible. Thus, mass spectroscopic results

obtained from the; second batch were disregarded.
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'§4.2.6 Synthesis of 5-Hexe%e-2;&ne-6,6-d2 and

v5~Hex%ﬁg-2-one-1,1,1,3.3,6!6-d7
ﬁ~ )

Synthests of- 5 hexene-2- -one- -6,6«dy was carried out by

r

fo11ow1ng Srinivnsan s procedure(z 9) with uinor
mod1f1cayions.. Via deuterfum exchange of the, 6,6-d?
labelled ketonehis hexenelz one;},1,1,3,3,6,6 dy was
obtained. This compound was prepared becaJse(of'ppor yields
obtained in the 5-hexene-2-one-4,4-dy synthesis.

- Essentially, the d7 analog can be considered as a-

specifically hydrogen labelled compound at carbons 4 and 5.

r
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o

PROCEDURE : !

1) -
‘1

5-Hexene-2-one-6,6-do ? .

Following Bachetti's procedure,(41) to a 600 m1
triple necked.round bottom flask, equipped with two
addigion funnels aﬁd ; condenser, wﬁs addedva solution
contafning 300 ml of 48% HBr and 133.5 ml of Hp0. The
acidic solution was brouéht‘to a vigorous boil and 117.2 ml
of a-acetylbutyrolactone was added dropwise at a rate of one
drop every four seconds’. it was found 1mport§ét to maintain®
a stow addi%ion rate otherwise yields decreased drastical!y.
(22% at one drop per second). During the.course of the
reaction, ten boiling chips (bofleezers) were added every
half hour. When this was omitted, an explosion occurred
after about 1.5 hours.

The. product wag cpntinuodsly steam distilled into a
separatory. funnel. After 75 m) of distillate was collectdd,
the two layers were séﬁa(ated and the top layer was added
.dropwise to the reacti;n\yes?el. Once the addition of

lactone  was completed, kteiﬁ distillation was continued for

half an hour. The yellow organic liquid was distilled under:

vacuum to yield 5-bromo-2-pentanone in 79% yield. (B.P. =

- 88°C at 22 torr; 14t(41) B.P. = 78-79°C at 20 torr).

l1H-NMR(Pure, 60MHz); & = 2.20(q,zn);“/2.25(§,3u); 2.85(¢t,
, n | ‘

2H); 3.75(t,2H). 4 _,/

1 ‘ )
[ ' . '
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In accordance with Obol'nikova's procedure,(42) to a
500 ml rouﬁd bottom flask, equipped with a Dean-Stark water
separator and a condenser, was added 250 ml of benzene
containing 0.117 g of p-toluenesulfonic acid and 22.34 g of
ethy1eneS§1yco1. ﬁith stirring, 50.0 g of 5-bromo-2-
pentanone was added and the mixture was réf1hxq9 for two
hours; . 6.8 ml of water was collected. After cooling and
neutralizing with 0.5 g of sodium methoxide, the benzene
solution was washed twice with 50 m1 portions of deionfzed -
water and dried over MgS04. Following reﬂ%vaI of benzene
under reduced pressure, the yellow residue was distilled
under vacuo to aff&rd 95% pure 5-bromo-2-pentanone dioxolane
in 80% yield. (B.P. = 99°C at 16 torr; 1it{42) g.p. =,
83-84°C at 10 torr). ‘ .
14H-NMR(Pure, 60MHz); & = 1.50(s,3H); - 2.05-2.45(m,4H);
3.95(t,2H); 4.45(s,4H). '

Lit(43): 1lH-.NMR(60MHZ); 5 = 1.26(7,3H)} 1.63-2.22(m,
4H); 3.42(t,2H); 3.9(s,4H).

By comb1n1;§ procedures from Obol'nikova and
Crombie,(42,43) 3_.(2-methyl-1,3-dioxolan-2-y1) propyltri-
pheqylphosphonjum bromide was prepared 16 the following way.
To S solution of 4;}9 g of the brdqo ketal in 57.6 ml of
anhydroqs benzene was added 52.5 g of trfpheny]phosphiﬁe.n
The solution was stirred and refluxed until a constant

boiling point was reached (30 hrs). The pfecipi@ats\gas

o
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filtered, washed with cold benzgng and recrystallized from
anhydrous'ethano1. The phosphonium bromide was then dried
under vacuum for 3 hours at 75°C. The produét was found to:
be about 80% pure (8;% yield); the qnprotected analog was
the major fmpurity. (M.P. = 210-214°C; 11t(43) M.p, =
220-221°C). S

1H-NMR(COC13, 60MHZz); 6§ = 1.4(s,3H); 1.8-2.5(m,4H);
3.9-4.40(m,2H); 4.25(s,4H); B8.50(m,15H).

Lit(15): 1H-NMR(CDC13, 60MHz); &= 1.2(s,3H); /
1.4-2.16(m,4H); 3.84(s,4H); 3.62-4.07(m,2H); 7.75(m,

15H) . |

Following Srinivasan's procedure,(zg) under a )

nitrogen atmosphére, 15.7 m) of a 2.6M n-butyl l1ithium in
hexane solution was added slowly to a mixture containing 13.7
g of the phosphonium bromide in 80.ml of anhydrous ether.

The orange mixture was stirred for two hours at room
teyperature. Then, 1.8 g of deuterium Tabelled p;raformal-
dehyde was added to the mixture and stirring was continued
under a nitrogen atmosphere for 24 hours at room temperature.
The creamy slightly yellow mixture was filtered through
celite, the filter caké was washed several times with ether

o3 e
LN T

and the solvent was removed from the filtrate to yield a

yellowish of1 containing 5-hexene-2-one-6,6-do dioxolane.

3

The 0i1 was redissolved fn’? ml of ether, c%mbined with

10 m1 of 2N HC1 and the two phase‘system was vigorously

.

4
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stirred for 3 hours at room temperature. The organic layer
was then separated and”the aqueous phase was extracted five

times with 8 m1 portions of ether. The combined ethereal

» layers were washed with 5 m1 portions of saturated sodium

' bicarbonate, water and saturated brine. After drying, the
solution was concentrated to a 70% 5-hexene-2-bne-6,6-d2"
solution (43% yield based on the phosphonfum bromide).
LH-NMR (Pure, 60MHz); & = 1.85(s,3H); 2.25(m,4H);
5.95(broad singlet, 1H). '
6C-MS: m/z(3RA) = 27(11.9); 29(9.0); 30(7.0); 31(5.6);
39(8.6); 40(10.3); 41(8.3); 43(?po.0); 55(4.7);
57(32.9); 85(3.9); 100(6.5).

5:Hexene-2-one-1,},1,3,3,6,6-d7

Analogous to tﬁe procedure in section 4.2.1, an ethereal
solution containing 0z1 g (40% W/W) of 5-hexene-2-one-6,6-da
was added to 5 m] of 2N NaOD n D20(99.8 atom %). The two
phase system was stt{red for 36 hours at 4°C and then
extracted five times with.5 m1 portions of ether. After

- washing the organic layer fwice with D20, the product

solution wa; concentrate& by distilling off most of “the ether.
“A 40% 5jhg§gqe;g:gpef{£{l£!3!3,6!6-qzrsq]ution‘was obtained

in good yield. The isotopic purity was found to be greater
than 90%.

1H-NMR(prpduct so{ution,QGOMHz); 6=2.10(d,2H); 6,q0(bfoaﬂ
sing?et. 1H4). — - A -
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‘ he'xena'I-S.'S-dz was not pursued. This section contains a

74.

4.2.7 Attempted Synthesis of Trans-2-hexenal-5,5-dp

The synthesis of trans-2-hexenal-5,5-dp was attempted
by first preparing hexanal-5,5-dy followed by an
elimination sequence. This approach was taken because
éynthet‘lc routes for labelled hexerals were not previously
reported. In contrast, procedures for labelled analggs of‘
hexanal are well documented.(44,45)

The synthetic sequence was tried twice for the
unlabe] 1ed trans-2-hexenal and gave unsatisfactory rgsu]ts.
The problem 'seemed to reside in the etimination sequence. No
yield of trans-2-hexenal was detected by employing efther
routes (E through G) or (H through K). In view of this and

because of time limitation, the preparation of trans-2- '

detailed account of the procedures employed in the synthetic

sche‘me;

Wi
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Synthetic Scheme
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(A) Tosylhydrazone (2):

76.

PROCEDURE:

.\\

~

The synthesis of 1ntermed1ate.(2) was done by employing a
modification of the procedure‘ used by Caglioti.(“’)
Acidified methanol was prepared by adding 2.0 ml of
concentrated sulfuric acid to 100 m1 of methanol. Th‘is was
the solvent used in the reaction. A solution of 5.0 g of
S-ketohexanoic acid in 25 ml of acidi fied methanol was
combined with a_second solution con;ta'ining 7.2 g of
p-tquengsuHinic acid hydrazide in 50 ml of acidified
methanol. The resulting mixture was a!lowed to stand 8 hours
at room temperature. The formation of white crystals was
observed during the 1a§t two hours. Thé precipit&te was
filtéred, washed several times with water, icge cold methanol
and air dried. A 76% yield of pure product (M.P. 97-98°C)
was obtained. The product was identified using infrared
spect}oscopy. ' ’ S >
IR-KBr pellet; ¥, ecm=1 = 3210 (sharp, N-H); {704

(sharp, C=0); 1590 (medium, Ar); 1330 (sharp, C-N). .
< p . , g

’

(B} -Hexanoic acid (3):

) ,A*
This gompoun}! was ptepared from a model procedure

PN
PN

developed -according to previous methods.(46,47,48) -7 5

4
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stirred solution of 10 g tosylhydrazone (2) in 125 m1 of dry
dioiane was added slowly 3.0 g of sodium borohydride in a 509
m1_ round bottom flask. The resulting solution was stirred
for one hour and then refluxed for 4 hours. After cooling,
the excess sodium borohydride was cautiously déstroyed with
10% HC1. The solution was made a],k_qlir:e with 50% NaOH and
extracted five times with 25 ml portion's of 10% NaOH. The
aqueous extract was then cooled in an ice bath and acidified
by slowly adding 12N HC1. At this point an organic phase
appeared. The acidic mixture was extracted six times with 30
ml portions of ethér. The etr;erea] layers were combined and
dried over anhydrous MgSOq for 2 hours. Following removal
of ether under reduced pressure, vacuunt distillation of the
residue yielded 2.74 g (74%) of hexanoic acid. Infrared
spectroscopy gave positive identification of fhe product.
IR-Pure; v, cm~l = 2900-3500 (broad, carboxylic); 1765
(»sharp and strong, C=0). ' |
NOTE: Special note should be taken that in previous trials,
when methanol was used as solvent in this reaction,

about 10% yields of product were obtained.

4 - - . - .o
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(C) Hexanol (4):

Hexanoic acid was reduced to- Hiexanol in the following
manner. To a three necked 500 m1 round bottom f1ask was
attached an addition funnel, “a' distilling column equipped
with a calcium chloride drying tube and a nitrogen line. The
apparatus was flame dried and once cooled, 125 m1 of ether
wnas introduced. With stirring, 0.62 g of lithium aluminum
hydride (0.75 molar equivalent) was added. A positive
nitrogen flow was set and a solution containing 2.5 g of
hexanoic acid in 50 ml of ether was added dropwise. The
nitrogen line was replaced by a ground glass stopper and the
'mixture was refluxed for 1.5 hours. After cooling, the
excess hydride was destroyed by first cautiously adding 2 ml
of water followed with.2 m1 of dilute HC1 (5%). The white
pre\cipitate was filtered and washed with ether. Removal of
traces of acid was done by washing the ethereal layer with
103 sodium bicarbonate and then saturated sodium chloride.

The ether solution was dried over anhydrous magnesfum sulfate

\)

for 2 hours. Filtration of the solution, followed by removal’

of ether under reduced pressure, afforded a residue
containing 1-hexanol. Absence of a carbonyl band in the
infrared spectrum indicated a posivtive reaction.
Distillation of the residue afforded 1.5 g of product (69%

{

Yield).
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(D) Hexanal (5):

Following the procedure (step D') described by Corey and
Schmicft(“g)‘ the oxidizing reagent, pyridinfum dichromate
(PDC) was prepared by introducing 40.3 ml of pyridine into an
ice cooled solution containing 50 ¢ of Cr03 in 50 m1 of
water, The' 'resulting reaction mixture was then diluted with
200 ml of acetone and cooled for 3 hours at -20°C. This
resclﬂted in the precipitation of orange crystals which were
filtered, washed with ice cold acetone and dried in vacuo. A
64.5% yield of product was obtained. “ .

To a stirred solution containing 11.05 g of PDC 1in 28 m1
of dichloromethane was added 2.0 g of hexanol. Stirring was

continued for 24 hours at room temperature. The solution was

then dituted with ether, the precipitated sol1id was filtered

" out, and traces of chromium specfes were removed by

refiltering the ethereal solution through 2.0 g of anhydrous
MgS04. The solvent was evaporated using a roto- evaporator
and the residue distilled. The product was 1denf1fied by NMR
spectroscopy to be hexanal.

1H-NMR (CC14, 6OMHz); & = 0.75(t,3H); 1.30(m,6H);
2.25(t,3H); 9.50(unresolved t,1H). "

A second procedure(50) (step D) for the oxidatioh of
hexanol to Hexana'l was tried but gliave no aldehyde. " In this
case, to a stirred soluti.on of 7.2 g pyridine/SOg'complex
in 75 m1 of dimethyl sulfoxide (DMSO) was addéd a solution

1

.
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containing 1.5 g of hexanol and 11.1 g of triethylamine in 80
ml of DMSO. The mixture was stirred for 20 mi nutes,
acidified with 10% HyS04 and then extracted three times:
with 30 ml portions of ether. The ethereal extract was dried
over anhydrous MgS04 overnight. ‘After removal of ether |
under reduced pressure, an 1'nfrared spectrum of the residue
showed no carbony] absorption implying the absence of

hexanal.

(E) l-acetoxy-1-hexene (6):

The first step 1n'the preparation of the enol
acetate(sll) requ ired carefu]iisohtion of solid potassium
hydride (KH) from a 25% KH/mineral oil suspension. This was
done in . the following way.(52) In order to maintain a
homogeneous mixtur;, the suspension was shaken for one hour.
The hydride was then placed in a glove‘ bag equipped with a
nitrogen line; the bag was purged twice and then filled with
e@fi ed nitrogen. A£2.0 g sample of hydride was/we‘dghed~ |
and/stored in a teflon capped.vial. Potassium hydride
;\eé dues, on the glassware used in the transfer, were o
destroyed with isopropyl alcohol. The glc:)ve bag Qas‘opened
and unnecessary equipment for the next ‘'step were removed. '

The glove bag was resealed with an atmosphere of
nit/'rogen“ and the mineral oil was removed from the hydride by
washing three times with dry ether. ‘Th"f‘s was done by first
adding about 5 m1 of ether to the vial, mixing the mixture
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s
for a few minutes a d al\owwng the hydride to settle at the
bottom. The so]vent was carefu]]y decanted. To the hydride
was then addgd 5 ml of 1,2—dimethoxyethane, thé mixture was
transferred to a2 25 ml round bottom flask. A solution
containing 1.0 g of hexanal in 1.0 ml 1,2-dimefhoxyethane was
added dropwise to the stirred KH suspension. Vigorous
bubbling indicated a positive reaction. After stirring for
15 minutes, the mixture was transferred to a stirred solution
lcombin*ng 7.57 g acetyl chloride, 0.06 g 4-dimethylamino-

, pyridine and 3 m1 of 1,2-dimethoxy ethane. The resulting
mixture was stirred for 15 minutes. It was then slurried in
an ice/water-pentane m1xture The two phase system was
removed from the bag, the pentane layer was separated and the
aqueous layer was extracted twice with 25 ml aliquots of
pentane. The combined organic layers were theﬁ washed twice
with saturated sodfum ;arbonate followed by two washings with
water. After evaporation of th; pentane and distillation of
the residue, 0.76'g (66% yield) of l-acetoxy-l-hexene was
obtained (collected between 24°C to 60°C at 17 mmHg). An NMR
spectrum was run on the product, showing a mixture of cis and

trans isomers. , \
4 . |

Cis isomer: 1H-NMR(Pure, 60MHz); & = 0.90(t,3H); 1.30(m!
4H): 1.95(masked t,2H); "3.40(s,3H); 4.70(g,1H); |

6.90(unresolved d,1H).. .

)
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Trans isomer: 14 QﬁR(Pure 60MHzZ ) ; 5 = 0.90(t,3H);
1.30(m,4H); 2.00(masked t,2H); '3.20(s, 3H) 5.39@%,1Hn
'7.00(d,"1H). .

Lit(23):  lH-NMR(CCl4, 60 MHz); & = 4.75(1H,

vinylic-cis)i 7.00(IH, vinytic-cis); *5.30(1H, -
,vinyliﬁ-t(ans); 7-65(1H,~v1ny11Cﬂtransi. .

NOTE: The cis and trans 1somers wer; formed in the reaction

' ‘, in"a ratio of 38:62. This is in agreement with the
ratio of 40:60 obtaimed by Riehl. (51) .
e ' . N - \\ .
(F+G) Trans-2-hexenal (8):

/  According to Riehl's proceduré,(53) steps F and §

-

were-done consecutively in the fo]?owing way. To 8 ml of dry
o .

carbon tetrachlorjde was added 1.10 g of enol acetate, 0.964

g of N-bromosu:jinimiﬁe a%d 0.16 g of azoisobutyro- nitrile.

* The mixture was/stirred and warmed to 55%C. At this point,

an exothermic reaction occurred which caused the solvent to

(succinimide) floating on the solution's surface was

observed. This gave an 1nq1c5£19n that b}omioat13n had kaken
p1ace (53) - The mixt¢;; was cooled, filtered and the
f11trate was kept for the following step.

The filtrate was added dropwise<at wvoom temperature to a
styrred solutipn of 20% NaOH (3 2 m1) containing 0.64 ml of

methano] and 0.136 g of tetrabuty]ammonium hydrogen su]fate.

-

/ - . ,
\\\i:\\\\nef1ux; After the reaction subsided, q'so1id wh1tenmater1a1 #*\\ -



After 40 mifwtes, the organic phase was isolated,’ washed with
water, and dried“ovet4enhydrous magnesium sulfateb The

- . - solvent was removed and the residue was distilled. Tpe NMR  + °
" spectrum of ‘thg distillate did not match the one for trans-2-

hexenal. A“second trial was done employing the same:

- ) procedure, excebt that a 2 hour r¥action time at the.

. elimination step was used. ¥ The NMR spectrum of the resulting
* .\ product w;s also differeﬂt; The produé}s froh bothrtriéls\
J J; o ~ were aﬁhlyzed by gas chroﬁatography..'A'éomparﬁson of their
o chromatograms (Table 4.1) with the one obtained from a '
.‘“ . standard trans-2- hexenal/ether solution\(~l :3) 1ndieated the
**,' . : . absence of the peak cq;respbnding to trans-21 hexenal. :
" From Table 4.1, it is observed that with a 16nger
reaction time: a gréater amount of high mo1g§%Gar wetgﬁt .
“. ' material was ﬁroﬁuced. This may be attributed to polymer- ;
» | ization during the é]imination step; Hoﬁgver, th{f‘can not |
| be taken as the only exp]anatioh for nhe'absence of trans?é\
hexena] becalise the products were not’ ful]y ‘characterized.
% The brom#nation step was checked by subjecting toluene {
through the same procedure as ~described ear1ier. Benzyl
/ bromide was the resu]ting product ly-NMR(CCT4, GOMHz)
§ = 4.35(s,2H); 7.15(s,5H). ‘

[y
.
f
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! .
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ﬁMus, the reagents used for the brdh*nation step were good.’
Thfs result ané that bromination of ﬁhe enol aigtate was
indicated Ffom the presence of- succinimide, strongly suggests .
that the bromination step works. Thus, the problem ‘should

occur'at the elimination‘step Four more trials of the

bromination/elimination sequence were done by v&:xjn\ the

] relative amounts of thp constituents used during-elimination
l (Table 4.2). The conditions for bromination\were kept the
© same as described.ear11er. In all circumstances, no yield of .
« . tnan;-Z;nexena1 was obserVed. In view of this. problem, a
‘. different pnocedure LI to K) for the conversion of. hexanal to
: ' , )
“trans-2-hexenal was tried. N 0 ”
Cl ’ - i
¢
/ L]
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: 4 TABLE 8.1 - S
ﬁesql ts g analysis .'of products obtai\nedf from bromination/
elimination\steps (Fand 6).— -~ . . . .
‘ Ch ¢ - .
Trans-z-hexenﬂ/ether\ ﬁknown product/ether of last Etep
‘}tenﬁi on Area . . 40 min 2 hrs '
time(min) = (arb.units) Retention ~ Area  Retention  Arex
" . time(min)’ (arb.units) time(min) (arb.units}
. 0.65  676.90 0.65 ° 673.51 © 0.62  508.59
» ' 0.98 0.10 1.36 4,67 1~.28 0.62 -
[- 1.499 /0.2 2.31 ©0.29 2.24 0.46
‘ 3.00 “260.08 . 3.48 1.86 3.36 4,49
6.70 :6.82 5.50 ©0.19 ' 5.45 4.49
11.11 8.79 10.62 5.86
18.95  ° 4.59 18.26.  28.19
TABLE 4.2 Lo
) ’; ' “a
Re]“at)ve amounts used in step-G. '
\ . " Tetrabutyl-
N ' '
Trial Initial am't 20% NaOH  Methanol  ammonium _
| s enol .acetate (m1) (m1) | hydrogen sulfate
‘\ \ 4 ) (g) | “ (g)
'3 2.3 7.0 5.0 0.312.
\ 4 0.6 8.0 0.64 0.013
B 0.6 7.0 1.0 . 0.312 |
' 6 0.338 7.0 ' 0.62 0.312 &
. N
. . .
s\
[ N ‘

+
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(H) a-bromo hexanal (9):

LAY

Fo110w1jg Chamberlin's procedure, (54) in a 250 ml
roungrbottom flask was added 6.5 ml of hexana1. 3.10 g of

p-toluenesulphonic acid and 25 ml of dimethyl formamide

(DMF). The resulting mixture was stirred and to it was added
dropwise 15 ml of a oM bromine solution in DMF. Diring the .
adgition, the temperature was maintained below 20°C. The
qixtdre‘was‘thenjstirred for 10 haurs at room temperature.
The ,initial dark orange coloured solution turned light y€110w
after tﬁe reactiod's time period. Fifty ml of water was
added to the solution, thch was st1rred'for 15 minutes and

extracted three times with 45 ml1 portions of ether. The

ether layer was washed twice w1th water and dried over

anhydrous calcium ch\oride: After remova1 of ether under

reduced pressure, the residue was fractionated at 18 mmHg.

The fraction boiling between 44°C and 60°C was found to be
o ..

a-bromo hexanal (32i yield).
1H-NUR(Pure, 60MHz); 6 = 0.75(unresolved t,3H); 1.25(m,

8H); 2.1(q,2H); 4.15(t,1H); 9.15(d,1H).

¢

A second fraction was collected Au??hg’fract¥dnation

between 60°C and 90°C.  The product was identified as

2,2-dibromo hexanal (33% yield). This fndicated that the

"bromination reaction went too far; therefore a low yield of

a- bromo hexanal was obtafned.

14- NMR(Pure, 60MHZ ) ; 6:‘9.75(t,3H); 1.20(m,4H); 2.10(gq,

C2H);  7.05(s,1H). ' 1
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(I) dlnbromo hexanal dioxolane (ld): ) ;f ‘

" In accordance with Salmi's pro;edure(55), fn a 100 ml
rand bdftom f]a;k, equipped with a Dean-Stark trap and a
condenser, was introduced 25 ml -of benzene, 1.33 mf of
ethilene glycol, 3.10 g of a-brgmo hexanal and 0.10 g of
p-to?uenesulphon?c acid. The mixture was stirred-and

refluxed for.26 hours. The benzene layer was then separated

and the solvent was removed under vacuum. Vacuum
v M \ ‘\ , -
distillation (17 mmHg), of the residue was done by collecting

two fractions: one from 46°C to 70°C and a second one

between 104°C and 113°C. -The second fraction was composed of

¢a=bromo hexanal djoxoiane (65% yield).

14-NMR (Pure, 60 MHz); & = 1.55(t,3H); 2.00(m,4H); 4.00(s,

4H); - 4.25(m, 4H). Coes T

*

(J+K) Trans-2-hexenal (8):

Ih a first trial, steps J and K were done consecutively
using a modification of Elkik"s procedure: (56) 1n a 50
ml round bottom flask were combined Q;OZS moles of a-bromo
_dio}o1ane;’10‘g of eth;lene giyco] and 4.5 g'of pp;assium
fluoride. The mixture was refluxed for 12 hours then coo]eq,
and added to alsolution containing 2.0 g of sodium ' ‘
bicarbonate in 25 m1 of water. The resulting solution was

extracted three times with 15 ml portions of ether. The

ethereal phase jwas then washed twice with 5% potassium

]
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, ¢ ¢ - .
" carbonate and dried over anhya}ods potéssium carbonaté.
After removal 3f ether, the residue was used for the neyt
step without further purification. ¢

" . Jhe residue was dissolved 1n’an acetone/water mixture
{10 m1/10 ﬁ1){ 0.5§‘g of o{aliéfﬁcid'was then adﬁed and the
resqlt%ng solution was refluxed for_Z hours. After quo11ng,
the mixture was ektracﬁgd four tiﬁes with 10 ml portions of
ether; The ethgr ldyers were combined, xqshed twice with
water and dried over anhydrous magnesium sulfate for 0.5
hburs. The solvent wa; removed undér reduced pr;ssure and
the‘re’sidu:>was fractionated into three -fractions. The NMR
spectrum of the first fraction (B.P. 34°C 20 mmHg) |

indicated the presence of water and acetone. Since trans-2-

hexenal has a bof]iﬁg_ppjgg of 63°C at 40 mmHg, a second
fraction w;s collected from fS'C to 78°C at 40'mmHg. Its NMR
speétrum did not match thaf for trans-é-héxena], .
1H‘-NMR(Fr“action 2, ppre% GOMHZ); § = 0.7§(ang§o1ved ff;
1.25 (multiplet); 2.15 (mitiplet); 3.15(stnglet); 3.45
'fmu1t1b1et); 4.00 (mu1t!p1et);~-5:00(s, water); 9.10
(singlet). . e ' )

"A third~fraction was collected betweén\éolg\égf 110°C a't
5 mmHg. o 1ts NMR spectrum was also different from,tﬁzf'oﬁ
trans-z-hekgnqﬂ. ' - - \
1H-NMR(Pure, 60MHz); & = 1.50(unresolved t); '
2.05(multiplet); 3.95(sing1et); 4.25(multiplet).
Trans-2-Hexenal (Aldrich Chemical Co.):
LH-NMR(pure, 60 MHz); L0 0.85(t,3H); 1.30(se;tet,2H);
2.05(6ua'rtet;zu)';' 5.90(m,1H); 6.55(m,1H); 9.25(d,1H).

L]
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Fractions two and three have NMR 'spectra very similar to

d 1\ -
that for the o-bromo dioxolane (10) fntermediate. It can be .

‘speculated that eliminatfon (step J)-did not occur. As a

result, the removal of the dioxolane.group was difficult
because the formation of the stablé' aB-unsaturated ‘systEm was
not possible. )

' In-a second trial of steps H throygh K, the product of-
the élimir{atjon‘reacéion(‘d) was examinated by NMR
gpectroscopy. No vinylic protons were detectepd and the NMR
spect?um of ghg product essentia"ll\y matched the one for
a-bromo hexanal dioxolane. This evidence supported our
previous observation that eliminatiop did not occur. 1In view

of this difficulty and previous Eroblems, the preparation of

trans-2-hexenal-5,5-dy was abandoned.

IH-NMR(Préduct from step J, GOMHz); § = 1.55(unresolved t,

IH); 2.65(m,4lﬂ’); 3.95(s,4‘H); 4.25(m,84H); 4.70(s, water).

v
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4.2.8 Attempted Syn:thesis of Trans-z-heiena1-4,4-d2
3 ' . .

.. The approach employed for the synthesis of trans-2-
hexena1 -4,4-dp was similar as for the 5, 5 dz labelled
analog (4.2.7). 'Thus the preparat‘lon of hexanal 4,3-4p
foMowed by an eHm'lnation ‘'sequence appeared to be a
conven1ent route. Since the synthetic, route from l-hexanol
to tr,ans-?-h-exenai was jdentical to the one for trans-2-
hexena1-5,5-&z the 'same problems discussed 1n section 4.2.7
would h;ve occurred. Hence, the preparation of gfans’-z-
hexe‘na1-4,4-d2 was abandoned. Only the firdt two steps in
the synthetic scheme were tried. They‘ aré reported in this

section.
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Syn thetic Scheme
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Procedure: i / '
“ .

(A) Butyric ~ac1d-‘2!2v-g2(57)

To 40 ml of fce cold D20 was added 2.55 g of freshly.
cut sodfum metal (0.11 moTe);‘ next was added 8.80 g of
butyric acid. The mixture was\ then p1aced‘1n a steel bomh
(Perkin-Elme‘r high pressure réact‘lon vessel) and warmed to
180°C in a silicone ofl bath. Ati;ter 36 hours, ;the‘mixture
wa.s cooled to room t;mperature. The spent D20 was removed

under reduced pressure, fresh guiﬁrium oxide, was added to

the residue and fhe exchange was repeated as described above. .

Three deuterium exchange were done. The acid was recovered -
by ac"ldifying the reactfdn mixture with concentrated HpS04
and steam distilling the product. The acid was extracted
from the distiTlate using -four 25 ml portions of ether. '
After drying the ethereal .solutfon with anhydrous magnesium
sul fate, the sqlvent was removed under reduced pressure. fhe
,resi.due was found 1;0 be > 95% jsotopical'ly pure butyric |
acid=-2,2-dp (80 % yielt).
IH-NMR{D70, 60MHz); 6 = 0.90(€,3H); ‘;.SO(q,ZH"); 4.95(5,1
. !{20 due to acid/water exchange).
From the 'authentic butyric;acid gample:'
lH-NMR(Dy0, 60MHz); .6 = 0.70(t,3H); 1.35(sextet,2H);
2.10(t,2H); 4.65(s, H20 due to acid/water exchange).
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(8) n- Butano‘l -2,2- d; - _
- This compound was prepared using the same procedure as .°‘
‘dfscussed in 4.2.7 (step C). "
4 70% yleld of n-butanol-z,{-dz was obtafned. ¢
I4-NMR(Pure, 60MHZ); 6= 0.85(t,3H); L10(q,24); 3.30(s,
RTINS 85(broad s, ). | |
From an authentic n-butano? sample* )
* lH’\r‘ll«lR(Pure, _60MHz); &= 0. BO(unresolved t, 3H); 'l.zd(m: ‘
44)y  3.25(q, ZI}\). 4.85(t,1H), sl AL o
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CHAPTER 5 RESULTS AND DISCUSSION

-

- The fragmentation processes generating the CsHy0*

and CH3CO* fons™from the molecular ion of 5-hexene-2-one

‘'were studied. The formation of these fragment fons in the

source has been considered by Djerassf_ét a1(15) ang

will only be discussed briefly here. A detailed discussion
of the metastable decomposifions leading fo these daughter
ions is given; although two ‘different mass spectrometers
were useh in this study it should be noted that the '

. - o R ‘
transit times to the second field-free region a

d?scussion is applicable to both instruments because fon
/:“ |
comparable. - - »
| There are some discrepancies in the conventional
spectra (Append&x A) of S-hexene-é-one and its labelled
analogues. Very dilute solutions were used to obtain the
GC-MS,, resulting in a higher than normal source pressure.

a résult intramolecular charge transfer(2) may occur, and

this is thought to be a posyTF1e éxplanation for the observed

reversal of relative peak intensities for m/z 55 and m/z 44

4y 1n the spec%rum of 5-hexene-2-one-1-13C. In view of %ﬁis

discrepancyy, a qualitative approach is taken to the

discussion of source fragmentations.
‘ "

The 1on12at1on potential of 5-hexene-2-ong,was found to

. _ ; "
be 9.22 eV. By comparisonqﬁith the values reported(58)
%

for 2-hexanone (9.3 eV)Mand l-hgxene (9.48 eV) it appears &

i
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1ikely that the tnresho1d ionization of S-hexene-z-ono occurs

#at the .carbonyl. ‘lonization at the vinylic site cannot be

 ruled out, but -t js.postulated that such an ionization

functionality. ¥ ’ N ¢ ‘ >

1N

process ‘would be fol1?fed by chaﬁge transfer ét the carbony1

f
/ . v p

5.1 The Formation of CHi0" and CcH,0" {n-the Ton Source

? 4 Sy
Fragmentation+of the molecutar "fon of 5-hexene-2-one to

give the'acetyl cation gave predominant peaks at m/z 43, m/z

46 and m/z 44 in the conventional mass spectra of the,

1

6,6-dp, d5 and 1 13C 1abelled ana]ogues, respect1ve1y.
Other peaks observed n this reg1on of tv/hnass spectra were

very minor, and are t ought to arise from partia11y 1abe11ed

compounds and from natura1 1sotop1c abundances of 2H and
¢

130. For the 6,6-d2,d5 and 1- 13C labelled compounds‘

- the major methy1 Tosses are CH3, C03 and 13cH,,

respective]y (Table 5.1). These results are consistent with "

" the a- c1eavage mecpanism proposed by Djerassi et a1(l5),

I
-

+4s shown in Scheme l.

-

oo "TABLE 5.1

Methyl Loss Cpqt;ibutions (%) for Source Fragmentations

o

Labelhed Compound  CH3 CHaD CHDp CD3 _ .l3cH3 - |
6,6-d; 74 13 13 .. -

1,1,1,3,3-ds ¢ 7 713 7\\ -

R

11-13¢ § 20 Q - - 80 .

B
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A ’ .
Supporting evidence fprathe propused C5H70+‘structure
(1) is provided'ﬁy % comparison of the CA spectrum d?“sourpe
‘generated m/z 83 from 5-hexene-2-dne and its 13¢ tabelled
. ~ . /
ﬁ;uﬂ;bue with the TA spectrum of source 9enera€ed m/z 83 from

¢

{4-pentenoic acid:
N

o+ ' ) o+
/u\\//N\w// B '|u\¢,»\\//
HO ZN e -~
e .

L8
~The method of Lehman and Bursey(sg)\(Appendix B) was used

-for the comparison. The criterion is that two ion §tructures

- are probably the same if the corre]ation coeff1c1ent R, is

greater than 0 95. This method miist be used with caution
because it makes one of:the two CA speetra a standard. Thg
correlation coefficient obtained from the comparisons was
0.98 in each case. The‘ﬁrOposed structure {1, Scheme 1) for,
the CgH70* fon generated via a-cleavage is therefore . ﬂ

considered to be a good possibility

™~

Since 1055 Qf methyh involving other than C- 1 15 e

observed (Iab1e 5.1), a second fragmentation pathway,must be
present. Although some contribution to these other methyl
losses will result from incomplete 1abe111ng and natural
’isotopic abundances, loss of 120H3 from S-hexene-2- ‘
. one-1-13c 1s too significant a process to be explained in

those terms. A plausibld explanation is that S-cleavage

K - 24 ? - i} n
- ey ey e 2 by e mm o e R , e ~
 rad e ” A
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:of the tErm;:z\ carbon/}C 6) may occur after a 1,3-hydrogen -
( sh%ft This 1dea is supported by the fesults for the

6,6- dz labelled compound in which 16ss of CHD qnd~

CHDz occur in a 1:;1 ratio. Such 'a ratio would arise if the :

1,3-hydrogen shift is reversible, Q;u§1ng the exchanée of two

deuter{ﬁms and two hydrogehs. It is proposed, therefore,

that loss of C-6 as methy]r,following a1l 3-hydrogen shift,

contributes to the minor methyl losses reported in Table 5.1

(mechanism shown in Scheme 4).

5.2 " Metastable Fragméntations Leading to CH3C0+ and C5H70+Ions

The MIKE spectrum of 5-hexene-2-one (Figure 5.1) shows

that the major metastable transitions are:

The formation of the acetyl ion is considéred first in this

section. Methyl Toss in the metastable time frame is

considerably more complex, ané was therefore studied'fn |
greater éetail. .

’

5.2.1 Formation of the Acetyl Cation

The ‘MIKE spectrum of §-hexene-2-one-1-13¢ shows the
presence of daughter 1ons'5t m/z 43 and m/z 44 in a ratio of

7.5:92.5. Since m/z 44 corresponds to 1-3CH3C0", ftsorigin
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"is taken as the a-cleavage. fragmentation (Scheme 1). The
métastable peak at_m/z.48 cannot arise %rom unlabelled
S5-hexene-2-one because the magnet was tﬁned to pass onTy ions
with m/z 99. However molecular ions of‘un]ab;11ed material
containing a 130 qdue to natural isotopic abundance would

be transmitted by tﬁé magnetic sector and could make a
contribution to the observed metastable peak at m/z 43. The
1sotbp1c purity of the l-r3c.labe11gd ketohe was greater

than 98%. Assuming that there was a maximum of 2% unlabelled
compound, a 4.4% chance of 13¢ incorporation in caf/;ns

C-3 to C-6 leads to 0.09% of the total sample having an
unlabelled C-1 and a label in C-3 to C-6. If it is-assumed

that this 'mis-labelled! material fragments to lose acetyl in

the same 7.5:92.5 ratio as ‘conre;tly' labelled compound a
neg]ig1b1e (ca. 1%) of the observed m/z 43 metastable peak

can be accounted for.

The daughter -ion at m/z 43 in the MIKE spectrum of the
13¢ 1abelled analogue can be eit;‘T>IZCH3co+ '
C¥H7*. The latter poss1b11ity is excluded because in
the MIKE spectrum of the 1,1,1, 3 3,6,6 ~d7 cy mpound no°
minor.peaks were gbserved at m/z 47, 48 49, or.50 (i.e. no
C3H3D4*, C3H2D5*, C3HDG* or C307%) but were/ recorded
at m/z 45 and m/z 44, corresponding to CDpHCO* and"
COH2CO0*, respectively. Thus in addition Yo formation of

the acety]_cation'by direct‘ a-cleavage there is. evidence for

a second fragmentation pathway involving rearrangement of the
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mqiecular fon prior to Joss of acetyl. A plausible

mechanism, involving fragmentation via a cyclic intermediate,

is shown in Scheme 2. -~

y-

§.2.2 Keto-Enol Tautomerism

. Keto-enol tautomerism is a well established process in
systems containing a keto group(2,16). 4n the discussion
which follows, the effects of keto-enol tautdmeriﬁm on fhe
acsty1’cat10n e11m1natidé are examined. , '

The acety] region of the MIKE spectra of a series of

24 1abelled 5-hexene-2-ones was exanfled. The relative per

2o . _
‘cent contributions of various deuterium labelled acetyls to

the total acetyl formation'was détermined on the basit of the
major peaks only, w1th minor peaks assumed to be due to the
rearrangment process previou§1y described. The experimenta1
results are in good agreeqentﬂ(Table 5.2) with values

13

calculated on the basis of total exchange of protons at C-1

" and C-3. - Lt is 'proposed that this exchanﬁe occurs via keto-

»

enol tautomerism, as outlined in Scheme 3. ' -

i

i T T
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TABLE 5.2

Relative % Contributions to Acetyl Formation

Labelled Compound cb 50"
R 6,6-d2 { -
1,1,1-d, 10.6
(10)®
1’],],3‘d4 ' 41.-0
" (40)
1:]'31:333‘(1; 100
) (100)
1,1,1,3,3,6,6-d, 100
| " (100)

+ ¥y +
(CHD,COT  CHDCO™  CH3CO

‘m - m? © 100

| (100)
57.8 31.6 m
(60) . {30)

59.0 m Soom :
(60)

m J m m

m m: m

-

a) ‘m represents the minor components.

b) values in ( ) Calculéted on the basis ‘af total exchange

of protonszik_g;i and C-3.

i/

'
B AR

5.2.3 Metastable Fragmentations Leading to Loss of Methyl Radical

In agreement with the results of ,Lignac‘and

&

Tabet(11) it was observed that the metastable peak for

/
loss of m%{hy1 from the molecular ion of 5-hexene-2-one was °

[

clearly coﬁggii:i (Figure 5.2). The compbsite shape

7

.
Wil s 0



B T L T T ST T PP
.

P R Te e S P

L T

105. -

indicates that at least two mechanisms for methy]l Toss are in
operation. An attempt was made to eliminate one of the

components of the metastable peak by lowering the energy of

k4

" the 1on1€1ng electrons. * The metastable peak remained

composite even at 15 eV; below 15 eV the low signal-to- noise

"ratio made observations unreliable.

The methyl loss region of the MIKE spectrum of the
1,1,1,3,3-ds molecular ion shows an unexpectédIy complex

pattern (Figure 5.3). Loss of CH3, CHzD, CHD2 and CD3

" is observed, but in each case the metastable peak fs of

composite shape. It is evideﬁce that there 15'considerab1e .
loss of positiona1 Jdentity for H and D but comqkete H/D
randomization is ruled out by a comparison of experimentaly

and calculated distributions (Table 5.3).

TABLE 5.3
Relative Metastable Peak Intensities for Methyf LOSS.

. Labelled Compound CH3
6,6-d, 6.7 (V¥ 2.6 (7) 1.0 (1) 0©
‘1,1,1-dé’ 4.4‘(35) 7.3-(63) 4.9 (21) 1.0 (1)
1’,1,1,3-d4 1.2 (5) 2.1 (15) 2.3 (9) 1.0 (1)
'1,1,1,3,3-4d; 1.0 (1) 2.3 (5) l.é (5) 3.5 (1)
. N
a) Values in ( ) represent complete H/D randomization SN

-
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¢ The methyl loss region'of the ‘MIKE Epectrum of the
1-136‘1abe1fed ketone shows the presence of composite
metastgb]e’peaks for 1oss of both 13¢cH4 aﬁdgliﬂﬂ3,

n a rat?o of 1.2:1. Both peaks were deconvoluted by using
the same shape‘contr0111ng parameters for the broad coﬁponent
(Appendix C). The calculated curves fit very well wigm the
uﬁaistorted sides of the broad components (Figure 5.4).

Afte; separatingfthe gharp components, the'cornespondjng

To.5 yere'ca1cu1ated; the results are shown fn Table .

1

5.4. o ' . M : a

}

TABLE 5.4
To.5 VYalues "(meV) for Methyl Loss frop 5-Hexene-2-one-1-13¢

Y
Fragment ~£xperjment;1 Sharp . ‘§:oéd .
) Peak Component - Component
13cHs. 23.1 "13.2 186
12cH3 ' 121 9.9 192
R | | |
a) Values obtained after deconvolution analysis. o

v

A
The deconvoluted sharp component due to loss of 13CHj

" gave J’To,s value of k3.2 meV, a value entirely consistent

with a simple cleavage reaction(26), Therefore e-cleavage

A :
‘ ’

L4

Y , , . _ -
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fs a proposed metastable fragmentation pathway for loss of
C-1, with a mechanism as shown in Scheme 1. Delocalization
of the double bond in the proposed daughter fon structure is
(pos§1b1e. A small Tg. 5 Value'is also observed for loss

of 12CH3 from the 13q Enalogﬁe; a second simple

cleavage mechanism is theregoréwﬁorposed in Scheme 4, Th}s

mechanism, which involves loss of the terminal (C-6) carbonf

Y

para]]els{%he pathway proposed for 2-hexanone by Cook§(50)‘
" to rationalfze the predominant 1oss of CH3 from },1,1,3,3-ds
" _hexan-2-oné. in the first field-free region. In the case of
5-hexene-2-one, a-c1eévage is preferred over §-cleavage‘on
the grounds of kinetfcs. Prior to &-cleavage, ;he double
bond must move tgice via 1,3-hydrogen shifts in order to v a0
dbtatn thgdpfoper re{bting cohéiguratfon; This gives ample -t
time for a-clgavagé’t; occur. For fragmgntatjons in the A v
?ourqe. 6-c1e§vage was pFevioué]y considered és a minor
posstbilfty;‘ tpe kinetic énalogy could be an eXplanation ‘of . { }
fts low occurence. - @ \
‘ Fragmentation of the exocyclic methyl grouﬁ from the
proposed daughter ion structure\( 2, Scheme 4) is a
ﬁossibi]ity, and was indeed observed in the CA sp;ctrum of

metastably generated m/z 84 from S-hexene-2-one-1-13c. :

~ Loss of 13CH3 occurred in 10.4% relative abundance.

- ’ " - N Q.
This observation, while not directly supporting the broposedo

daughter fon structure, does not ‘exclude it.
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If the proposed simple cleavage reactions are
cohgidered, sharp componehts of the composite metastable peak
would be expected for only certain methyl losses. For
8§ -cleavage, loss of CDpH, CH3 and CDpH from the
6,6-d2,1,1,1,3,3-d5 and 1,1,1,3,3,6,6-d7 would generate
ayéharﬁ componént, w{th a second sharp component observed for

{ .
CH3 and CD3 losses occurring via the a-cleavage “

- ‘mechanism. However, the metastable peaks for all methy!

losses were composite, ance there is a strong possibility
/

of there being a second D exchange process, independipt of

the.1,3-hydrogen shifts described above, involving the remote

double bond. A possible exchange process was elucidated in
the following way. For the 6,6-dp, d5 and dy labelled
analogues, the chart heiéht of the sharp component‘was
mé&sﬁred from the horns to the tip, for €ach metasfab]e peak
due to methyl loss. TheAium 6f the measured heights fort
each compound were taken to represent tﬁe abundance of ¢-
and d-cleavage for that compound. The contributions due to
a-cleavage weté'subtracted to yield the height values &Jelgb
§-cleavage. This was done by using thé ratio of 0.849:0.351
for the chart components dde to C-1 énd‘c-s, reﬁpectiveJy.
The value of the ratio was obtained_fnom the deconvo1ution'
analysis of the metastable peaks due to methyl 1loss from~
5-hexene=2-one-1-13C. Thus, for the 1,1,1,3,3-dsg

compound, the totafbheight of the sharp cqmpdnent for methyl

loss was found to be 22.8 cﬁ. The contribution dué to




N
N

~ For the 6,6-d2 and d7 labelled compounds the'minor

112.

a-cleavage is therefore 22.8 x 0.649 = 14.78 cm.

Loss of (D3 frbm‘thg ds-keto;e is assumed to occur
via &-c1eavage only. Some loss of CHD2 can also arise via
&-c]eavage if 'leakage' of a Hydrogen étom to C-1 takes
place. Such 'leakage' is possible because C-3 is common to
all the’postulated H/D' exchange processes. To allow for thié
effect, the following procédure was adopted: the peak'heighf
due to CD3 loss was subtracted from_the heféht assigned to
a-cleavage (14.78 cm), leaving a residue of 1.95 cm

attributibfe to loss of CHDp by a-cleavage. This residue

was then subtracted from the total hefight for CHDy loss to

give ‘the true é-cleavage cont?ibution. The results of all
the cal&uétions are given in Table 5.5. .

The leakage effect is also qbservgd in the‘acety1_
cation region of the MIKE spectrum of the dg5 compound. In
this case, thg minor peaks represent 11% of the total acety!
fon formation. This is éomewhat higher than the minor

contributions observed for the. 1-13C analogue (7.5%).

.

contributions did not exceed 8%. It should be noted that the
probability of observing the leakage effect is greatly reduced

in the latter two compounds because there are more protons

identical to the C-1 protons on the vinylic side of the
molecule (eg. fo§‘the d7 compound there .are two deuteriums

at C-3 and C-6). Because the leakage effect does not

-

L
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. estimated contribution due to”&acleavége,

113.

14

- -

interfere significaﬁt1y in loss of acetyl by a-cleavage from
the-6,6-dp and d7 compounds, we assume that there will.

aTsp be negligible interference with. loss of methyl by
a-c1eav;ge. Therefore, the total calculated héighf due to
a-cleavage was subtracted from the experimental heijhts
corresponding to loss of C-i.as méthyl, for these compounds.
The\resu1t1ng heights, repre%enting methyl loss via
§-cleavage, are summarized in Tgble 5.5, -

4

TABLE 5.5

L 4

Experimental Sharp Component Peak Heights (cm.) for Methy,

Label1ed Compound Ctl3' CH0  CHDp ~ CD3

6,60 9.6 2.6 1.0 . -
T no® e (.0 7o
1,1,1,3,3-d5 1.8 4.9 3.5 2.6
. (1.8)  (4.9) (1.6)  (0)
1,1,1,3,3,6,6,-d7 . - 1.0 3.1 . 9.6
C- . (1.0)  (3.1)  (0.9)

.

“ra) Yalues in~( ) are residuals heights after subtracting the |

v

1 Losses

@
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These values were_then’ton\erted to percentagé_
cohtnisutions, and compared with the calculated probabilities
assuming 4 H atoms aﬁd,2 D atoms participate in a complete

_loss of positional identity. The results of fhis“compaf1son
are shown 1ﬁ T§b]e 5.6; 1n view of the somewhat arbitrary
peasuremeﬁts used the agreement between experimental and
paléuIated‘values 13 exce)lent) and leads to the érOposal of
a second H/D exchange mechanism involving €-3, C-4 and C-6 as

L

shown in Scﬁeme 5. ’ : .

. TABLE 5.6 .
Experimental and Calculated Methyl Lpéses Qfa §-Cleavage

Radical _ 6,6-dp d5 d7 4H + 20 4D + 2H
- __—

CH3 22 .22 - 20 -

CHpD 56 59 20 60 .20

CHDp 22 19 62 - 20 60

* D3 - - 18 - - 20

& . L}
92

A third mechanism involving rearrangment is proposed to

°exp1a1n the bropgd component of gle metastab1e peak for methyl

- loss from 5-hexene-2-one. As was previously seen, the same

eqhation (appropriatg1y scafed) fitted both Broad'componeﬁts

.of the metastable peaks'generated by methyl loss from
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5-hexene-2-one-1-13C closely. ' The areas under the two
broad ggmppneﬁfgrwere estimated by graphfcal integration and
gave a ratio of 13CH3 loss to 12CH3 loss of 1:2.5.

Carbon atom scrambling is excluded because this ratio does

' not correspond to any calculated probab111{y value. The

To.5s values were calculated for the deconvoluted bro?d
components; for loss of 12CH3, To.5 = 192 meV, and

for loss of 13CH3, Tg.5 =186 meV. These results

suggest that a common mechanism 1s 1;v01ved in loss of

12cH3 and of 13cH3. This idea is also supported '

by the n(T) distributions (Appendix‘B)bca1cu1ated for ‘the two
metastable peaks (Figure 5.5). The ﬁarked similarity between
theetwo broad curves is an indication that the loss -of

12¢H4 and {3CH3 1nvo]vés, in each case, the same reaction

channel. After considering a number of possibiliti@s, a

plausible mechanism was devised (Scheme 6) to rationalize the -

_observed 12cH3 and 13cH3 losses from the 1-13C labelled

compound. It proposes that ring closure to give a
symmetrica1 ion structure precedes 'loss of C-1 and C-6. as
methyl radicals. Loss of C-6 w&uld be favoured kinetically
becausel;he requisite 1on structure is formed on ring
closure. Loss of 13CH3 (1.e. C-1) requires a

considerable amount of ﬁ atom transfer in order to achieve.
the desired configuration, thus placing this fragmentation

pathway at a disadvantage.

Sytitame  spesiea B B 0 -y
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The dgughter‘ion structure (2) is the same for the
Glcleavage (Scheme 4) and cyclization (Scheme 6) mechanisms, ’
but different from the onq\:?suIting via a~cleavage (1,

Scheme 1). Supporting evidence for more than bne.structure
for C5H70% is pro;ided from CA spectrometry. The'CA
spectra of m/z 83 generated from 5-5exene-2-one-1-13c in

the source and in the first field-free rebion are

significantly different (R = 0.27). This difference is also

shown with the same comparison for the unlabelled analog (R =

0.32). ' >

$.3 Conclusions

From‘the results obtatned in this study we conclude &
that the formation of CH3C0* from the molecular fon of )
5-hexene—2-ohe proceeds exclusively via a-cleavage in the jon
source, and is uqaffeéted by the presence of the remote
doqble bond. The predom1pén£ route to acetyl cation in the
seéond field-free region is also a-cleavage, but there is
evidence fgr the operation of a minor rearrangement pathway
in this time frame.

Methyl loss from 5-hexene-2-one proceeds predominant1x .
by a-cleavage 1n‘the'ion source, but there is some evidence
to 1n61cate that'a minor pathway, involving 1,3-hydrogen
shifts and loss of C-6 via §-cleavage, also contributes to

the meti}1 loss observed in the’conventiona] mass spectrum.

The presence of two independent H/D exchange processes ’

& B
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complicates the interpretation of methy1l loss processes

occurring in the metastable time frame. The participating

exchange processes h:v\u been 1dent1fiéd as a keto-eno1

tautomerism involving C-1 and C-3; and a randomization of

hydrogen atoms on C-3, C-4 and C-6. The effect of coupling

\

between these two independent exchange processes has been

estimated., It is assumed that both processes are complete.’

prior to metastable fragmentation.

The

complex pattern of methyl losses occurring in the

metastable time frame can be rationalized in terms of three

competing
10 .
2.

3.

/

reaction pathways: \
Loss of ®-1 via a-cleavage.

Rearrangement involving 1,3 hydrogen shifts,
followed by loss of C-6 via §-cleavage.
Reafrangement to a cycHé reacting confjgura.tion,

followed by competitive loss of C-1 and C-6.

We conclude that, for methyl loss occurring in the second

field-free region, the presence of the remote double bond has

a significant effect, facilitating cyc'l‘liation of the

molecular

fon. The daughter ion generated from this cyclic

reacting configuration by methyl loss can be stabilized by

delocalization of the. positive charge in

ring.

“\

L

>

the five-memberéd‘ '
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5.4 Suggestions for Further Studies

Many aspects of the work reportdd in this thzsis
require significant further study before/@gj1nitive.
concTusions can be reached. Much additiénaIuémidenée is
requi red to prove the proqosed structures of fraément ions.
The comparison of methyl loss processés in 5-hexene-2-one
with those in trans-2-hexenal cannot pr;ceed until the
difficulities encountered in the labelled. hexenal syntheses
have been resolved. Extension of the work to other isomers
would lead to a bé%ter understanding of the m;chanistit
effects caused by the presence of dual functiona1t&jes in the
fragmenting fon. In éhis section, some possible extensions
of the present -work are cqgé%qgred.

5.4.1 Acetyl Cation Formation .from 5-Hexene-2-one

.
=

It was not our intention to pursue a detajled analysis

‘of the metastable fragmentations leading to the acety!

catipn, and bur results are therefaore somewha;'dua11tafive.
?ur%her sthdies wouid fnvolve a thorough examination pf these
fragmentations; site specific 13C labelling 1#

cdnjwﬁction with these studies could lead to confirmation of

the proposed cyclic intermediate (Scheme 2). : _



5.4.2 Methyl Loss from 5-Hexene-2-one

A prime objective of further work muslxbé confirmafionx
of the proposed d-cleavage meéhanism fdr» methy!l 1oss; This
would involve, as a first step, synthesis of 5~hgxepe=2-y

one-6-13C, for which synthetic p}ocedures’are available.

Complete characterization of the daughter_jon resulting from '

§- c]eavage will require, in addition to data for the ion
generated from the 6-13¢ ketone, generation of 1ons of
the proposed structure from ‘other precursors. Simi]ar,

. N ] ,{\ )
studies are required to confirm our conc1usion that only one

daughter ion structure results -from the losses of C-d and C-6

/o

generating the broad component of the composite metastabTe_

peak.

B

4
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. Appendix A Mass Speéfroscopic Data .

a

\A.l SJHexeneJZ-oneo

- ‘ N . - ‘ . )

Conventional Mass Spectrﬁm LZAB 2-F) .

- \,
m/z WA, m/z “ERA . m/z WA m/z  BRA .
26 4.8 41 143 " 52 T 2.2- 71 2.3
27 . 23.0 42 6.7 - 53 8.0 79 . 2.3
28 5.5 - 43  -100.0 54 3.9 - 83"  11.9
29  17.4 44 &.0 55 - 48.9 84 1.0
39 3.7 - 45 1.1 56 - 4.1 97 - 1.0
39 2.4 50 - 4.5 57 1.5 98 15.0
40 2.5 ' S51[ 4.3 58 2.2 99 1.3

—

MIKE Spectra. -

m/z 98 ’ ZRA . m/z 83 %RA

' RMU-7 28 2-F 0 0 Y RMU-7 ZAB 2-F
97  20.4 12.4 4 82 11.8 3.4
. 84 - 4.3° 2.8, 70 - 1.0
. 83 1000  100.0°, & - 2.6
80 3.2 1.9 s 2.2 2.9
0. 4.3 2.0 - 55 1100.0 100.0
43 37.6 ¢ 75.3 3o - 1.1
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7 / ¢ .
CA Spectra a . ‘ "
: ‘ ¢
m/z 98 ' "m/z 83 m* 831
"m/z of ZIRA . m/z of | %*RA m/z of %RA
daughter 1ion daughter fon . daughter ion
/. IR § 19.6 - 82 . . 58.2 82 100.0
v 96 1.3 81 38.4 81 23.2
' 95 0.7 68 8.0 77 11.8 .
) 84 0.8 65 14.5 68 7.5
‘ 83 . 45.0 " 64 «3.1 - 65 ° 5.8 _ p
82 2.8 63 " 8.0 63 R
. 81 1.1 ' 62 . 5.7 59 27.5
.~ 80 - 0.8 61 3.1 -1 32.0
, 79 0.9 55 489,2 54 11.3
77 0.7 54 27.0 53 26.2
> - 1 0.6 53 53.4 " 51 14.2
70 1.2 51 284 50 11.3
69 1.1, 50 27.6 43. 22.6
‘ 68 0.3 43 33.2 - 41 4.1
67 0.8 42 13.9 39 38,7
56 0.9 41 - 13.6 38 : 12.3
‘ 55 5.2 40 14.2 37 - 6.6
54 2.8 ~ 39 100.0 31 2.5
53 4.2 38" 30.4 29 22.6
51 1.7 37~ © 16,5 28 5.2
50 1.2 31 6.0 27 32.7
N, 45 0.6 29 . 59.7 26 7.1
© 43 100.0 28 17.0 15 3.8
R 42 -, 2.1 271§ 90.9 14 0.5
41\ - 3.8 26 ¢ 27.3
39 N\ 6.2 25 5.7 [
29\ 2.3 15 8.0
) . 28 ‘1.2 14 3.4 .
27 4.6
, 26 1.1
. 15 1.1
14 0.3
- .

. 1 - m*83 originating in the 1st Field-Free region.

= ) ’ .

. -
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Metqstéble Peak Analysis Data

&

98+ — 83* + ‘CH3

70 eV 18 eV
Height | ¥ Width - Height .
- {Norm.) .(Vo1ts) (Norm. )
0.0725 36.76 .,  0.0622
S 4
0.1449 31.86 0.1243
0.2174 28.01 0.1865
“
0.2898 24.86 0.2486
0.3623 20.31 10,3108
0.4348 16.11 10.3729
0.5072 12.95 0.4351
0.5797 10.50 0.4972
0.6522 ' 8.75 - 0.55%
0.7246. ~  7.35 0.6215
0.7971 5.95 0.6837
0.8696 4.55 0.7458
0.9420 2.80 0.8080
1.0000 .0 \ 0.8701
~ 0.9323
.0.9633
S 1.0000
RS %
" ’
. ‘;' ;

125.°

83* — 55% + 28

% Width ,fleight % Width
‘ (Volts% {Norm. ) (Volts)
36.71 ' 0.0602 59.83
32.41 0.1205 »  53.72-
28.98 0.1807 49.45
25.66 0.2410 45.79
22.71 0.3012 42.43
19.34. 0.3614 39.68
15.86  0.4217 © 3663
13.63 0.4819 33.88

C11.23 ' 0.5422 31.14
10.01 © 0.6024 28.08
8.72 0.6627 25.03
7.55 0.7229 21.67
6.63 0.7831 17.09
5.22 0.8434 13.43
3.81 0.903 9.7
2.58 0.9639 5.19
0 | 1.0000 0
.

/

~ -
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A.2"* 5-Hexene-2-one-1,1,1,3,3-ds '

Conventional Mass Spectrum (RMU-7)

i
m/z TRA m/z $RA m/z TRA ,m/z  %RA
26 4.5 45 8.8 63 2.7 85 17.6
z;/- 14.8 " 46 100.0 67 2.0 86 3.3
2 11.9 47 3.1 69. 2.9 87 1.8
29 = 9.6 50 2.7 70 2.0, 88 ‘1.8
30 1.5 * 51 5.9 71 1.8 91 10.9
31 3.5 52 5.5 76 2.5 98 1.2
38 3.7 53 4.9 77 2.0 100 1.0
39, 19.3 54 5.7 78 1.4 101 0.8"
40 10.7 55 9.2 . 79 2.0 102 4.1
a1 13.3 56 5.5 - 81 1.6 103 42.8
42 " 5.7 57 50.6 82 3.1 104 3.3
43 5.5 58 4.3 83 3.5
44 11.5 59 1.6 84 2.9
MIKE Spectra
m/z 103 IRA
{ RMU-7 ZAB 2-F /
102 45.1 12.8
101 17.4 3.3
" 88 37.5 18.2
87 . 92.5 " 43.8 )
86 43.8 27.0 _
85 100.0 46.7
- 84 2.8 1.5 -
17 5.6 3.3
- 75 4.2 2.2 *
74 - 0.6
73 - g 0.9
46 79.9 ©100.0
45 5.8 6.6
.44 - . 3.8 .
1.8

8 .

b .- .‘ , - - - e — 2 g L ’ '
. o EAN . 4 e
e WA ) et bt e ane 6w e hrae 5 s L
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CA Spectra
. m/z 103
m/z of %RA  m/z of
- daughter « daughter
ion fon
NI 102 16.6 57
101 2.2 56
100 0.5 55
99 0.4 54
98 0.2. 53.
88 © 5.4 52
87 12.4 51
86 Le.z 50
85 2.0 46
84 2.0 45
83 1.0 44
82 0.5 43
77 2.2 @
75 1.0 41
7, 1.0 40
73/,»_\\4,0‘7*/\‘39’
' 0.5 33
0.5 32
0.2 3
0.2 30
0.2 29
* 0.5 28
1.0 27

1'2

%RA

4.2

2.7

2.0
1.0
0.7
0.7
1.0

0.5

100.0
7.4
6.7
3.7
1.7
2.5
2.7
1.7
0.2
0.5
1.2
2.0
2.2

2.2
1.2

m/z of
daughter
fon

84
83
82
81 -
80
73
70
69
68
67
66
65
64
63
. 62
57
56
55
54
53
52
51
50

N

m/z 85

ZRA

10.8
9.7
2.7
0.8
0.5
0.5
0.5
0.5

° 0.3

1.6
1.1
0.5
0.5
0.5
0.3

100.0
6.5

5.9
4.0

3.0

3.2
3.2

2’2-

m/z of
daughter
fon

45

44
43
42
41
40
39
38
37
33

32
3

30
29
28
27

26
25

17
16
15
14

127,

TRA

1.1
3.0
3.2
3.0
5.9
10.8

7.8 N

3.0
1.6
0.3

0.8

4.6

6.5

7.0
10.8
7.5
2.2

0.5
0.3

0.5
0.5

0.,3

NN e g,
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.
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Metastable Peak Analysis Data (ZAB) A

\ 7.0

103* — 85* + CD3  °

Height(norm) % Nidth(volts) Height(norm) % Width(volts)

¢
.0573 . 36.10. - - .5731 . 8.33
1146 29.79 .6304 : 7.47
1719 24 448 .6877 6.56
.5292 ' 18.43 . 7499 5.81, |
" 2865 © 14.64 8023 5.05 g
.3484 . | 12.62 ©.8596 . 4.29
.8011 11.11 ,9169 3.28 -
4584 10.10 . .9782 . 2.02°

.5158 - 9.09 1.0000 0.00

Lo

; .
L - ' -
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A.3 5-Hexene-2-one-1-""C

*

Conventional Mass Spectrum (GC-MS)

m/z

26

27

29
30
. 36

38

MIKE Spectra (ZAB 2-F)

; %
TRA

4.17
34.75
28.27
1.29
0.78
2.89

m/z

39

41

42
44
45
46

' m/z 99 2%RA

i {
: 98 15.8
84 93.8
. - 83 100.0
- 81 3.8
s 71 3.4
- " 70 2.4
S 57 1.7
t a4 73.9
43 6.0

m/z 83

f

82

81

80

R

79

65

59
55
43

1]

IRA

34.18
5.35
0.97

47.80

4.05

2.63

TRA

62.9
2.4

4“ .

1.5°

3.0
2.1
0.7

100.0
0.7

m/z . %RA
53  10.94
54 2.17
55 100.00
56 1.05
59 3.63
72 4.12

m/z 84 ZRA

{
83  100.0
g2 5.7
81 5.7
80 7.9
78 3.7
77- 1.7
73 16.1
72 1.4
71 © 3.1
70 2.8
69\, 30.3
Y

m/z

80
83
84
90
99
100

m/z 84

68
67
66
60
59
56
55
48
44
43

129.

ZRA

29.17

0.94
37.00 .
21.03

ZRA

2.5
1.1
5.4
11.6 ,
1.4 \
100.0
19.8
2.5 ,
2.8 .
. 2.3 v

g e ot s -t |
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CA Spectra N _
m/z 83 m 831 m/z84 A 841
m/z of %A m/z of %RA  m/z of %RA  m/z of  %RA
_daughter daughter daughter " daughter
ion l fon jon ) : jon
82 163.7 82 173.0 83 175.8 83 100.0
‘81 . 34,9 81 173.0 82 - 175.8 82 24.7
68 7.4 71 64.0 72 24.7 72 44.1
65 12.6 70 26.4 71 11.3 71+ 10.4
63 5.1 69 39.5 - ‘70 6.1 70 2.4
55 611.6 68 15.9 69 91.8 68 10.4
54 32.6 66 18.0 68 24.7 66 16.1
53 . 46.5 65 14.9 67 6.1 63 7.1
51 23.3 ° 64 6.4 66 18.6 60 100.0 .
50 22.8 62 12.7 65 4.8 56 26.6
43 18.6 61 15.9 64 6.1 54 23.4
42 14.9 60 22.3 60 61.5 52 15.6
41 18.6 59 100.0 59 6.1 46 35.0
39 100.0 58 43.5 56 432.9 40 27.3
38 27.9 - 57 11.7 55 128.1 39 26.6
37 14,0 © 55 62.6 54 81.4 38 14.3
31 4.7 .53 49.9 53 35.9 30 10.4
29 60.5 52 18.0 52 46.3 29 19.5 °
28 18.6 51 27.6 . 51 43.7 28 18.8
27 94.0, 50 21.2 48 136.4 27 25.3
26 . 27.0 - 43 23.4 44 93.1 26 7.1
15 5.6 42 10.6 43 36.8 16 -+ 5.8
14 4.2 41 12.7 42 33.8 15 - 2.6
.39 79.6 41 43.3
31 64 40 81.0 1/
29 48.8 39 100.0 .
28 14.9 . 38 36.8
27 71.1 37 18.6
25 4.8 36 48.9
' 15 7.6 31 6.1
14 2.1 30 31.6
‘ ) 29 . 68.0
28 168.4
27 81.4 -
26 24.7
24 6.1

1-m*83 and m*84 originating in the lst field-free region.
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Metastable Peak Analysis Data

99+ —= 83+ + 13CHz ~ 99+ —84* + 12(H3 .83+ =55+ + 28

Height % Width Hefght % Width  Height ~ % Width

(norm.) (volts) (norm.) (volts) (norm.) (volts)
0.0717 34.20 0.147 34.22 0.0677 57.88
0.1434 27.10 0.183 32.88 0.1353 51.95 ’
0.2151 20.78 0.239 31.61 0% 2030 47.16
0.2867 15.36 0.275 30.41 0.2706. 42.55
0.3584 12.65 0.330 28.84 0.3383 39.74
0.4301 11.02.__ 0.367 27.22 0.4065 . 36.45
0.5018 9.88 0.422 25.17 0.4736 33.81
0.5735 8.43 0.459 23.49 0.5414  30.51 .
0.6452 ' 7.53 0.514 21.98 0.6089 . 27.21
0.71 6.62 " 0.550 19.39 0.6766 . 23.91
0.782§\\> 5.72 0.606 18.07 0.7442 21.93"
0.8602 "3.91 0.642 15.24 0.8119 16.82
"0.9319 3.01 0.697 12.16° 0.8796 11.54

1.0000 .0 0.734 10.12 0.9472 7.92
’ ".0.789 7.83 1.0000 0.

0.826 .6.38

0.881 5.00

0.917 4.64

0.972 1.20

1.000 0

1)
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¢ -
A.4 5-Hexene-2-one-1,1,1-dj3
Conventional Mass Spectrum (GC-MS)
m/z 2RA m/z %RA m/z/f %RA - m/z TRA
26 6.8 43 6.7 s4: 7.3 82 1
27 34.6 44 10.8 55 50.6 83 10.
29 4.5 45 93.2 56 37.0 84 7.
30 13.5 46 | 100.0 57 10.1 85 3
31 2.4 47 8.4 58 2.4 86 -3
.37 2.5 48 2.9 61 2.1 87 1
38 4.9 49 1.0 62 1.3 100 4
39 37.5 50 4.6 72 1.5 101 14
40 1.1 51 6.3 73 1.1 102 8.
41 2142 52 4.4 74 2.5 103 1.
42 5.5 53 9.4 81 1.4
MIKE Spectra (ZAB 2-F) - , !
m/z 101 ZRA m/z 102 ZRA
100 - 21.3 101 20.5
99 1.1 100 1.4
86 59.4 87 - - 50.9
85 100.0 86 90.9
84 66.8 85  100.0
83 13.8 84 43.8
82 6.7 83 4.3
81 1.1 . 82 1.1
73 7.6 - 73 5.6
72 1.9 ‘72, 1.9
71 1.9 71 2.0
70 1.0 70 1.3
46 12.4 46 52.3
‘45 67.9 45 74.1
44 37.0 44 9.2-
43 5.1 3.5

43

“, . . ! . v, .
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T ALS T 5-Hexene-2-+0ne-6,6-ds

Conventional Mass ‘Spectrum (GC-MS)

m/z°  3RA  m/z RA m/z ZRA m/z TRA
26 . 2.4 . 40  10.3 52 2.4 79 0.5
27 11.9 41 < 8.3 53 2.3~ 81 0.7
29 . 9.0 - 42 5.3 54 2.9 83 0.7
30 7.0 43 100.0 55 4.7 84 0.7
31 5.6 44 3.0 56 2.9 85 3.9
37 0.6 45 1.2 57 32.9 100 6.5
38 1.5 50 1.1 58 2.4 101 0.7
2.5 717 1.0

39 8.6 51

MIKE Spectra (ZAB 2-F)

E %RA . ' . B
m/z 100 RMU-7  ZAB 2-F j
99 - - 24.8 7.8 - ’
85 100.0  -100.0
84 42.5 42.9
83 20.9 " °16.3
82 | 4.5 2.0
81 T 0.7 B
75 - 0.7 T e g
74 - 0.5 o
72 7.8 3.2 ‘ e
71 4.6 3.8 , i
70 12.4 9.1 ) '
58 3.9 0.7 i
57 4.6 0.8 , '
56 5.2 2.1
45 13.1 1.1 \ ,
44 - 5.2 1.6
43 64.1 29.9
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.A.6 \S‘Hexene-z‘one-l,l,1,3,3,§)6-d7

o - © 13,

MIKE Spectra . . E
Y ’%RA . é
m/z*los RMY-7 ZAB 2-F ﬁ ; ) :
| o ’ :
104 17.0° 8.6 %
103 10.7 5.3 :
90 - 2.2 ;
89 . 24.3 23.0 ;
88 74.7 76.5 ~ ;
87 100.0 100.0 !
86 2.7 1.7 §
85 - 0.7 §
79 9.3 4.1 :
78 - 0.7 _ i
77 . 4.3 2.7 !
75 - 0.7 ‘ s :
74 - 0.8 ;
73 - 0.6 - '
I 61.0 . ' 41.9 ;
45 8.0 3.0
. 44 4.0 - 0.7

1]
’
R I o b OV




© .
e

135,
A,7 A4-Pentenoic Acid
ConveAtional Mass Spectrum (ZAB 2-F) \‘
. N _
. m/z ZRA m/z %RA m/z ZRA | m/z ZRA
£ A
1/25 8.6 40 4.5. _ 53 15.2 \ 72 3.0
27 39.4 41 48.2 54 37.9 73 5.3
28 19.7 .42 ' 11.4 55 00.0 81 2.6
29 34.5 43 25.8 56 1.2 82 10.3
30 1.5 44 5.3 57 13.3 . 83 _ .4.5
31 .3.0 45 17.0 58 és.s 85 1.7
37 3.0 49 6.1 59 1.5 99 2.9
is 4.5 51 6.2 ~ 60 10.6 100 28.8
39 40.2 52 . 3.0 71 3.0 101 2.3
MIKE Spectra (ZAB 2-F) - &
; . ‘3‘ . -
m/z 83—~ 8 8 8/ 68 65 5 | 55 54

%RA 3.0 1.1 0.6 24.0 0,8 3.6 1100.0 . 4.0 . *

CA Spectrum of m/z 83 (ZAB 2-F)
m/z of ZRA m/z of ZRA  m/z of
* L]
daughter ion daughter fon daughter ion

TRA m/z .of TRA

daughter fon

e

82 11.1 54 9.0 . 41 3.2 28 4.0
81 2.6 . 53 4.6 40 3.0 27 12.5
68 - 3.8 51 3.3 39, 12.8 26 3.6
. 65 - 0.6 50 _ 2.9 38 .6 15 - 0.6
56 2.2 43 1.1 37 ‘1.5 14 0.5
.3

§5  100.0 42 2.8 29



~136.
V%P -

A.8 Trans-2-Hexanal

'Conventional Mass Spectrum (RMU-7)

m/z  %RA m/z  IRA  m/z  IRA  m/z  %RA

" . " - ' h‘1 ,

26 8.4 41 100.0 54 12.4 - 70.  16.7 ‘

2T 54.0 42 62.5 55 2.4 79, - 6.5
f * \
28 29.5 . 43 34.2 56 12.8 80 - 6.7 .
29 41.3 44 24.8 .57 %3.1 ' 83  45.1
{

38 9.0 50 5:8 67 5.3 97 - 9.5

39 .69.1 51 8.0 68 6.4 98 . 345

40 13.4 . 53 13.irf“\593 | 52.4 . .

MIKE Spectra ' Nea o .

A S S

m/z 98 RMU-7 .. ZAB 2-F s
* B T — V7 -‘ < L_,.&

97 100.0  100.0 ‘ -
83 © 46.6 74.5 .

80 54,3 . 96.9 e -

' @ .
70 \ 37.6 l 54.7 "4 .j
69- | 56.1 75.9: ' Q .
. ' ]

. 56 35.3 50.3° : . j
43 29.6 43,2 y ]

. M R : ;
. . - }
" & j
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¢

CA Spectrum of m/z 83

- i . #

t . -~ ‘ -

"mizof  IRA m/zof  IRA m/zof  IRA m/zof  IRA

.
A
~3

daughter daughter daughter ) daughter
fon S o™ ion : fon’
82 7.3 62 ' . 8.9 41\_ 8.9 2 2L
B 59.3 61 0 47 39 100.0 25 IJJ
79 2.2 85 | 32,2 38 é8.9. 15 7.8
| 68 3.8 .,53" 58.4 37 0 15.6 14 3.3
. 766 22 51 . 30.7 '_3'1 1.8 13 1.8
65 - 244 50 26.7) ‘29 58.9
F7I XY \4§= a1 28 12.2
63 o~ 13.3° 42 14.4 " 27 82.2 °

,QMetastab1e Peak Analysis Data

0.0673 . 41.29 " 0.6061 *14.78
0.1347 - 36.52 e 1.4 ,
* 0.2020 | 32.50‘  0.7407 | 10.49 "
¢ 0,269 . 29,75 0.8081 8.49
. 0.3367 (2670 - To.8754 6.77°
' 0.4040 - 23.31 0.5428 © 4.58°
04714 20.31° © 710000 0,00
o1 .s

e T s -~ B

98+ == 83* - + ‘CH3 .
oo {

~

Height(norm.) ’ Width(volts) Height{norm.) % Width(volts)

+ 0.5387

R

.




P y e o _ A
L -
* e T, .
C 138.
¥
\ - !

Appendix B. Mathematical Treatment of Mass Spectroscopic Data.

L&.l Purity of Isotopicallp Labelled Compounds . ¢

The relative isotopic purity was‘%bgﬁinzg from the
conventibna] mass spectrum by‘Afvidiﬁg the peak -height
corresponding to the 1abe11;3%cgmpound, M, by the sum of peak p,

heights from other labelled agg1b§§. Since. the M + H and

v M - H processes were not accounted~ﬁgr~% isotopic pumities,‘
reported in this paper, represent a minimum.

_
A

—_—

\J

{  B.2 MIKE .Spectra.

. For MIKE .spectra, the mass of the daughter fon

assoctiated with a particular metastable peak was determined

! from the following relationship:
Yo
My = —%1—‘— (Z 2 1) veiiareaaienn. (8.1)

In equation (B.1 ), M; and Mz are the masses of the parent
.and daughter ions, Ej and\Eg\?re the corresponding ESA
voltages. The voltage, Ep, was efTher read from a digital

- voltmeter or evaluated from a ‘calibration ratio obtained by
dividing the difference betweenthe in1t1a1man3\(ina1 voltages
of a scan by the chart dis?ange between them. ﬁbr the MIKE

\J spectrum of S-hexene-l:oneﬂ*‘, the calibration ratio was

9.25 ESA V./cm. Since the parent ion peak oéZErred at 265.1

ESA V. and the major metastable peak wa§‘4.39 cm away from tHe
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(23 ~

main beam, for the major process:
&

_Ep = 265.1 -.9.25 x 4.39 = 224,5 v, [B.2) .
{ \ g\

Therefore, from equation (B.1):

_‘( ‘/;;/ (224.5)(98) .

Mg = . = 82.99 or 83

(265.1) : J—

[ 4

The masses of daughter 1on; corrgspbnding to other metastable
peaks were computed in the same wayt ( )

The ﬁ:ihy1 Toﬁs‘regio;s of MIKE spectra, obtained by
Jsing an expanded'sc&n, were employed in[?wo yays. The
contribution of an individual methy! loss prgéess from a
Tabelled Compound was computed by dividing its phak height by

the sum of_a11 peak heights for methyl lds;.

-~

From metastable peaks obtaipned under conditiors q*igood

- energy resolution, kinetic' energy re1ehse distributions.bﬁ(T)

vs T curves, were evaluated by using thefmethod of Holmes and

Osborne (67) In general, the exper1menta1 peak widths, w

)

and the correspoqding normalised peak heights, H(W), were

fitted to an equation of the form: AN

H(W) = (Cp + CoW + C3W2 # C4W3)Exp(-C5W2))..(B.3)

!

by employing a non-Tinear least squares parameter estimation

“

N | T /’ | - | ;
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routine. An n(T) vs T curve was then constructed from the

five coefficients, T, and Y, where the variable TJwas found

from:
N‘\Z
T‘: Y 7 s revevee L) Seossrenn e e (864)
and: .
M 2
y = ] (8.5)
/_, lllllllllllllll *® 40 2 0@ 00 b L]
4M2M3V

where Y 1s the accelerating voltage for the main beam and

M3 is the mass of the neutral fragment. In the anq]ysis,
ailevalﬁes of+W Jere corrected for the width-of -the main beam

by using the following equatiom:(zs) . .

' ~

NC = ((NMZ-HBZ);’no.’-o-c-¢uqos0.-o-oo(806)

where Wy 1s the exper135ft;h width at a certain normalised
height and Wg is the main beam width at the same height.
The average kingtic energy release, was determined by using

“n(T) from: :

VT n(T)TeT -
T(ay) = 0 ® 670 042008 00000 s00n .-(807)
/s n(T)dT ‘ , . “

"
The kinetic energy re1eq§e at half height, T.5, was

found from equation (B.4) using the corrected width at half
: #
height. p

\
Co X

.L.?k
N
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B.3 CA Spectra: h

[ -

The same method as described ear]

)

141.

[

was used to compute

the daughter ion mass corresponding to a particular peak.

CA spectra were compared by using the Tinear 1east

square method descr1bed by Burseyf 9!

When twd CA spectra

were compared, the 1ntensit{eé of one spectrum were‘plqtted in

. the X axis while those from the second spectrum represented

the Y axis. ‘The corre]ation‘coefficfeht, R, was evaluated via

Tinear regression.

A’{
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Appendix C. Deconvolution of Composite Metastable Peaks

i o~

A great deal of 1nforﬁatidn can be obtained by
separating the broad and sharp componénts from a composite
metastable peak. Th{s exercise involves a deconvolution
procedure. In ufﬁer'to consider a mathematical technique, an ;
understanding of some instrumsnfal factors contributing 'to the
peak shape is ngcessary. . ’
: ‘Some years ago,‘Beynnn(z) demons£rated that for
fragmentations occurring in a field-free region, the daﬁghter
jon will acquire velocity components‘5n the X, Y, and Z
directions. This meaﬁs that deflection froﬁ the initial
f1ighf line may ‘occur. The angle of deflection will depend on
the newly acquired velocity components which,\in'turn, are
directly related tq the kinetic eneréy release. Consider a
fraghent'ion_being‘formed in the second field-free region of a
rgversed-geqmetry mass spectrometer. If thfs ion acquires a
Targe Z-ax1a1:vefoc¥%y component, a']arge deflection ang1é
will oééur. De;ending én the .distance between the site of
fragmentétion ané the ESA entrance slit, %-ax1a1,
discrimination may occur because the entrance slit is of
finite length. Daughter ions deflecting at large angles will
need to be very c105g to the entrance s1it for passag:b}hrough

This being the case, a large number of daughter

1;;;\011 not be recjrded and consequently a depression close ) ; /

the sector.

\
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to the center of the metastable geak will result. Hence, a
tdish topped" peak will be recorded.(2)

In the case of 5-hexene-2-one, the metastable peak due

i
to methyl loss from the molecutar ion was clearly composite.

~Since thé bottom portion of the peak was quite broad (i.e.

large kinetic energy release) the assumption was made that
this metastable peak is the combinatfon of a sharp, Gaussian™
type, componeht and a "dish topped" component. Deconvolution
would be possible by defining a function related to the "dish"
and then subtracting it from the original metastable péak to
get the sharp component. This requires a knowledge of the
instrumental effects on the degree of depth in the center‘qf

the "dish topped"” component. Since this information was not

. available, a 'semi-empirical deconvolution procedure was

developed,

It is apparent that the metastable peak is symmetrical

"~ about the center. Therefore, the "dish" shaped broad

component could be defined as the sum of two reflected
exponential functions. A suitable equattdé relating peak
height with peak width was found to be the following:

'

F(X) A E ——2——~'—(x_u)2 N ) (
= Xp — + Exp ——s—o1 - (C.9).
2no 20 - 202'

\

In this relation, the values u and r are highly characteristic
of shape and represent the position of the'“hdrns“‘ﬁz) and

the peak broadness(53), respectively. Factor A is simply a

3.
L3
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multiplier denoting the height of the broad component. “
Variable X is the transformed % width (volts) ai\a pért1$u1ar
normalised peak hé1ght. The constant u cap be found b} an
intercept technique while A and ¢ can be estimated via 'manual
graphical bisectifon', a method andlogous to the bisection |
algor1thm(54).- The data necessary for deconvolution N ' 4
ana]yéfs are the same as that used for the n(T) vs T curves.

1 The deconvolution procedure is demonstrated fon the
metastable peak due to methy] 1os§,from 5-hexene-2—onéﬂ+2
The % width data were\trﬁnsfcrmed Qia Tu1t1p11cation by 0.05
}Tab]e C.1). This wa; a requirement for convergence of ’
equation (C.1) towards the broad component: The:norma11sed.
heights were plotted vs X on both sides of‘X = 0. (fig. C.1)
and two straight 11ines, for datd points orijinatfng at the

'1nf]e§t10n, were found by linear regression. For the side of

- points 9

the sharp component, data points 5 to 9 were used;
to 13 yielded the line for the side of the broad cbmponent.
The value for u was then obtained from the intersection of
both 11ne;. The following two straight line equations were “<2>

determined for the sharp and broad components:

N(X) # =0.649 X + 0.941.....0vvvnnerrenneaa.(C.2)
M(X) =-0.369x+0.737..,.......’.... ..... .(c.3)y =

_After plotting these équations, the intersection gave a value

of 0.73 for u. The next step involved estimating A and ¢

N ?
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simul taneously.
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Clearly, with respect to the X interval,

wi1l not exceed one{63), This means that the value for

must 1ie between 0 and 1. ‘It could be obtained through

bf'section in the following way.

Transformed data points for the metastable peak due to methyl

Table C.1

loss from 5-Hexene-2-onelt

Data Point
No.

@@ N O P W N -

o0

10
11
12

13
14

i
f

‘\

Hedght, H(X)
(Norm.)
1.0000 ~
0.9420
0.8696
0.7971
'0.7246
0.6522
0.5797 .
0.5072
0.4348
0.3623"
0.2898
0.2174
0.1449
0.0725

& Widthl

(Volts)
0

2.80
4.55
5.95
7.35
8.75
10.50
12.95
16.11
20.31
24.86

1 28.01

. 31.86
36.76

1- Only positive values are shown.

\

AN

0.140
0.228
0.298
0.368
0.438
0.525
0.648
0.806

1.016

1.243
1.401
1.593
1.838

LR T




& ‘ o 146 .
| Table C.2 4 \
/ Values of A obtained from the iteration procedure for the
_deéo_nvo]ution of the metastable peak for:
5-hexene~2-one1*' ——> 83* + -(CHj
X . P
0.500 0.750 0.625 0.563 . 0.5¢4
S 1.243 0.614 0.662 °  0.630 0.617 0.6‘3
L. 1.401 0.670.  0.594  0.603 0.623  0.611
1.593 0.805 0.520 0.587 ~ 0.662 0.619 :
\
1.838 1.059 0.402 0.546 ~ 0.709 0.615
' ’ \
The requirement for a good fit is that the experimental
height, H(X), equals F(X):
TA "(x-0.73)% “(x+0.73)2 ‘
H{X) = F(X) = Exp ———p— + EXp ——a—| ...(C.4)
) : ‘[2_1rc _ 20 2o
This is rearranged to the following:
' \/ﬂ g H(x) :
‘ . = A, @...(C.5)
[ T(x-0.73)° , ‘(x+o.73)2] <
|Exp — ¢ Exp —
; 29 2a '
Ideally, A should be single valued for a pérfect fit. - Through
an iterative procedure, a constant value for A could be
obtained by'convergin‘g to the right o value. Data points 11 to
i 14, from Table C.1, wehf used for the {terations because, *im
ey : A
f.::&*;’, that interval, no contrWution~to the experimental height
1 iid
’*’"J +

|

- ot e o -
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exjsts from the‘;ﬁarp cqmponent; The iteration procedure w&s
started by choosing ¢ to be the midpoint in the interval '(0-1);
this value then became a new 1imit for the next interval.

After computing the corresponding A values, one examined the
trend. If A increased with X, the ¢ value became the lower
Timit in the next interval while the higher 1imit was taken to
be theone‘from the old interval. When A decreased and X
increased, the contrary was done. This procedure was continued
until no more trend was observed for A. Table C.2 demonstrates
that after five iterations the values of A were essentially

constant. Therefore, in this case, o eqdal%ed 0.594 and A

averaged to 0.617. . -~
For the example, equation (C.1) may now be written as -
follows: )
| 0.617 "(x-0.73)2 "(x+0.73)
F 2 (0.594) H ros? P dossa? | (6

or simply as:
F(X) = 0.414 [EXP(-1.417(X-0.73)2) + EXP(-1.417(X + 0.732)1...(C.7)

Equation (C.7) was then evaluated at several X points and
plotted over the normalised metastable peak (Fig. C.2). The

sharp component was then found by subtracting the dish -shaped

function from the experimental peak. Since X equalled the
\ ) S

width (volts) divided by 100, the original experimental peak

" could be deconvoluted using equation (C.7). - N
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Appendix D. lH-NMR Spectra of Synthetic Isotopically
Labelled Analogs of 5-Hexene-2-one. . L 3
This app_e.n'dix compiles "lH-NMR spectra of synthetic !

compounds used for mass spectroscopic s]‘.udigs. Thfey are

-p{'esenteﬂ on the PPM (§) scale. Except where indicated al1

spectra were obtained with external TMS standard. The }H-NMR_

spectrum of 5-hexene~2-one is shown:' for pomparat!ve purpose.

d



: . oL M
- . ~ - .
- - - N ’ i - -
, - .
- - . 1 P - - X -
- - o . -
. . - . :
i N
N
- € . " o
- ¢ . . -
¢ 8- B
4 ‘
«
t i [3
r ? v
3 . - <
-

SHL [ewtd3ul y3tm Y193 up ouo-z-susxati-g 40 wni3oads uWN-H

, Ky

or Ndd 0%
1

. 1°q Junbyy

__-4 a—a-.

. "y M

09
L I B




¥

192 ut Sp-gege L L* 1-3U0-2-3udxay-g jo wnuyoads UWN-H,  2°a m.s.mr_

o'y Ndd 0'9 o9 oz os

.-.—qq..—_—.——.—-——-4.—-.-1&

. w oy B

« . 2
- Al - » ¢
I's
- - -
s ‘
. P
< T
- e
*
- - h
.y - ..
~ -U
; .
A - 3
»>
L3 * N
o .
) - .\
- . . -
- r
= t - )
. v - - 3
’ « »
. i
. .
.
-
- - - - : -
a
-
3 * *
- ’
. 3 - e " -
. ’
+ ’ : )
s v <
. - . » ~ ..
AL . 1
'3 ‘ ©
» o "
- - - °
-~
. -
T rrged et = e ki ant — = )
- P e b
T ' - . - -
- . 9 - - 3
- -
¢ 8

~r

@




e e

- O\ IJ.
N § <
4 .
(M/M %p) dudzZuURQ Ul um—..pnmcoumno:wxo__-m 30 wnao3ds zzz..:— £°a aunbi4
o1 02z ot or Ndd _O'S \
] L rr ] T rr [ ryrrfprrvrgT T 1
- i T *PH H

PO b .Y

e



-

. %
h o « - . ) ¢
N (M/M %0£) @udzueq uj mv-*.—._-wg-unmzmxmc-m 3o ._S.S.uu% z:z-:r y°a m.:.mr.m.
.. o oy ndd 09 o q o8
_ﬂ.-_ﬁ.cﬂd__.ama__dl- _n.dw—d-dﬂ«—._- 11 _dl__—-.l.
-4 y - poyy &
e i
L . .
M * { »
1
b “.. ~
. TN Q
- -+
AP st b st £ am. e - - e b oot e cen e - . — it s <




154,

— - - . . L i
N 'ﬁl.
(M/M 20L) aanixiw 3onpoud pajeajussuod ug N_Yc. g-3U0-2-3UaX3aY-G JO @na3}dads m_._z..zP G'g aanb4
o . o 0T __- 0t S ) J Ndd 08 09 .os os
N AL WAL O N O D L N N B D L B R R O N B O IO | | -
P

~ - @

- t lﬂu

. , . . . . .‘”,u.: ‘smmy\a »r.h_‘mvv‘i. e




——r

Bunixw-3onpodd pajealusduod ug mvuw.wam.m._..—._.-m._oaw..m:mxm:-m 40 wna3zoads zzznm— 9°q 34nbi4

I 4

»

o€t o'y

g T T I A/ <

) ) oo

L)

Ndd 09 . 09 oL os

o1
_-—_.m

-

0T
~_4

*H

d-«..

_ﬂ_.~.-_..-a._..__._...._-._

n—.—.

- . - ’ N
| : . " ag d ao . ' )
B . ﬁ— \ H— . L
=l
a "H'H ’ '
. 4-
»
. . ,.u/
d 4
=) - .
«
- - \"
_ 5 .
. .
. o - -
. B —
-~ ) 5
it o e . . P .- _ - ;
! ST e




156, *
r ) >
References s
L
C.J.-Pofter, J.H. Beynon.and T. Ast, Org. Mass‘
Spéctrom.,lg, 101 (1981).
'R.G. Cooks,'J.H. Beynon, R.M. Caprioli and GiRé R

Lester, "Metastable Ions", Elsevier Scientific
Publishing Coﬁpany, Amsterdam, The Netherlands,
1973.. / L

F.W. McLafferty, P.F. Bente, R. Kornfeldy S.C.
Tsai and I. Howe, J. Amer. Chem. Soc., 95, 2120
(1973). o ‘ ny
C.E. Hudson and D.J. McAdoo, Org. Mass. Spectrom.,
17, 366 (1982), and references cited therein.

J.K. Terlow, W. Heerman‘an& J.L. Holmes, Org. Mass
Spectrom, 16, 306 (1981) and references ciéed therein.
C.C. van de Sande, C. de Meyer.and A. Masquetiau,

Bull., Soc. Chim. Belge, 85, 79 (1976).

F.W. McLafferty, "Mass Spectrometry of Organic Ions",
§

[ S 4
2

Academic Press, New York, N.Y., 1963. .
S. Meyerson, Int. J. Mass Spectrom. Ion Phys., 1, 309
(1968).

T.J. Adley, C. Matteo and R.T.B. Rye, Org. Mass
Spectrom., 14, 562 (1979)

it 2T




10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

’ 157.

D. Brhem, F.0. Gulacar, U. Burger and A. Bucks, Org.
Mass Spectrom., 14, 602 {1979).

C. Lignac and J.C. Tabet, Int. J. Mass Spectrom.' Ion
Phys;, 47, 375 (1983).

D. Braem,.S. Siles, F.0. Gulacar and A. Bucks, Org.

Mass Spectrom., 17, 102 (1982). ‘

i
i

J.P. Morizur, ¥ Mercier and M. Sarraf, Org. Mass
) ¢ R .

Spectrom., 17, 327 (1982).

N.S. Vul'fson, G.M. Zolotareva, V.N.” Bockkerey,,

B.V. Unkovskii, V.B. Mochaglin, Z.Il. Smolina and A.N.

Vol'fson, lzv. Akad. Nauk. SSSR, Ser. Khim., 1125

(1970).

J.R, Dias, Y.M. Sheikeh and C. Djerassi, J. Am. Chem.
Soc., 94, 473 (1972).

K. Levsen, "Fundamental Aspects of Organic Mass

Spectrometry", V.4, Verlag Chemie, New York, New York,

. 1978.

H.H. Bauer, C.D. Christian and J.EiAO'Re111y,
“Instrumental Analysis", Allyn and Bacon, Boston,
Massachusetts, 1978, ) (>
D.H. Ni{1iams and I. Howe, “Pr{nciples of Organic Mass
Spectrometry"; McG}aw Hill, London, England, 197?.
A.ﬁ. Struck and H.W. Major, ASTM E-14, Dallas, Texas,
1969. - | ~
X




— T R e S

158.
~ \ '

J.L. Holmes, D. Yuan, R.T.B. Rye, O}g. Mass Spectrom.,

20.
12, 254 (1977).
o 21. K. Levsen and H. Schwartz, J. Chem. Soc. Perkin Trans.
. (//) 11, 1231 (1976).
22. J.L. Occolowitz, J. Am. Chem. Sdc., 91, 5202 (1969).
! 23. A.N.H. Yeo and D.H. Williams, J. Am. Chem. Soc., 93,
l 395 (1971). ‘
‘ 24. C.W. Tsang and A.C. ngrison, Org. Mass Spectrgst,
7, 1377 (1973).
: 25. A.M. Fallick and A.L. Burlingame, J. Am. Chem. Soc.,
97, 1525 (1975). ‘ -
P
26. J.L. Holmes and J.K: Terlow, Org. Mass Spectrom., 15,
383 (1980). o <\ -
27. B. Van de Graaf, P.P, Dymerski and F.W. McLafferty,
J. Chem. Soc. Chem. Commun., 978 (1975).
28. L. Simeral and G.E. Marciel, J. Phys. Chem., 77,
1590 (1973). ’
29. W.J. Leigh and R. Srinivasan, J. Am. Chem. Soc.; 104,
4428 (1982).
30. T. Wach, P.F. Bente and F.W. MgLafferty,'Int. J. Mass
Spectrom. Ion Phys., 9, 333 (1972).
31. W.C. Agosta, D.V. Bowen, L. Brodsky, M.E. Rennekamp .
and F.H. Field, J. Org. Chem., 41, 136 (1976).
~
(




32.

33.

" o34,

35.
36.
37.

38.
39.

40.
41.
42.

43.

\

e 159.
Sk
. o ,a‘
V.M. Micovic and M.L.J. Mihailovic, J.

LI
i

Org.‘Chem.,
18, 1190 (1953).

J. Hooz and R.B. Layton, Can. J. Chem., 48, 1626\3 ‘
(1970). )

G.B. Kauffman and L.A. Teéer..lnérg. Synthesis, 7,

9 (1963). ,

C.R. Johnson and G.A. Dwt;a, J. Am. Chem. Soc., 95,
7777 (1973).

6.8. Kauffman and R.P. Pinell, Inarg. Synthesis, 6,
3 (1960). / "
L. Richat, J. Loheac and M. Herbert, Bull. Soc. Chim:
Fr., 3268 (1966). |

L.F. Cason, J. Am. Chem. Soc., 68, 2078 (1946).

K.W. Sherk, M.V.'Augur, M.D~Soffer, J. Am. Chem.
Soc., 67, 2239 {1945). *4i7

W.R. Biggerstoff and A.L. Wilds, J. Am. Chem. Soc.,

71, 2136 (1949), y ’

T. Bacchetti and A. Fiecchfi, Gazz. Chim. Ital., 83,
1037 (1%53). 4
E.A. Obol'nikova and G.I. Somokhvalov, Zhur, Obshchei.
Khim., 33, 1860 (1963).

L. Crombie, P. Hémes!ey and G. Pattenden, J. Chem.
Soc., 1016 (1969).




44. R.J. Liedtke and C. Djerassi, J. Am. Chem. Soc., 91, g
6814 (1969).
45, P.J. Der:\ck, A.M, Falick, S. Lervis and A.L.

Burlingame, J. Phys. Chem., gg, 1567 (1979).
46, 799

| '46. L. Caglioti and P. Grasselli, Chim. Ind.,
0 (1968). 7 e
| 47. L. Caglioti and P. Grasselli, Chem. Ind., 15;\£1964). §
48. L. Caglioti, Tetrahedron, 22, 487 (1966).‘J ﬂ
49, E.J. Corey and G. Schmidt, Tetrahedron Letters, 399
(1979) . -
50. J.R. Parikh and W. von E. Doering, J. Am. Chem. Soc.,
89, 5505 (1967). B “
51, D. Ladjama and J.J. Riehl, SyntQESis, 504 (1979).
52. C.A. Brown, J. Org. Chem., 39, 3913 (1974).
ﬁa. F. Jung, D. Ladjama, J.J. Riehl, Synthesis, 504 (1979).
54. E.M, Chamberlin, E. Tristram, T. Utne and J.M.
Chemerda, J. Am. Chem. Soc., 79, 456 (1957).
55. E.J. Salmi, Ber., 71, 1803 (1938). '
56. E. Elkik, Bull. Soc. Chim. Fr., 283 (1968).
V 57: J.G. Atkinson, J.J. Csakvary, G.T. Herbert gnd R.S.
T - Stuart, J. Am. Chem. Soc., 90, 498 (1968).
58. J.L. Holmes, M, Fingras and F.P. Lossing, Can. d.

Chem., 59, 80 (1981).

4 N




MRT N AL nin a e m o

161.
el

59. T.A. Lehman, M.M. Bursady and J.R. Hass, Org. Mass
Spectrom., 18 (9), 373 (1983).
0. R.G:'Cooksm A.N.H. Yeo and D.H. Williams, Org. Mass
Spéctrom., 2, 985 (1969). '
61. J.L. Holmes and A.D. Osborne 1Int. J. Mass Spectrom.
Ion Phys., 23, 189 (1§7 ). 0
\( 62. J.L. Holmes, A.D. Osborneiand G.M. Weese, Int. J.
!

Mass Spectrom. Ion Phys., 19, 207 (1976).

63. H,J. Larson, "Introduction to Probability Theory and
! |

//étatistica1 Inference', John wiﬁey and Sons, New York,
\\ New York, 1974,

- 64, QRfL..Burdén, JﬂD. Faires ahd A.C. Reyno]ds,,"NJherical
h Analyses", Prindle, Weber and Schmidt, Boston,

Massachusetts,£1978;

IR o4




