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APPLICATIONS OF GAS CIlftOMATOGR APHY - HASS SPBCTRCKCTKY 
TO ORGANIC C Hail STAY
B. S. Middleditch

$Summary
The work described in this thesis was based on applications 

of the combined technique of gas chromatography - mass spectrometry 
(GC-MS)^ to a variety of topics in organic chemistry and biochemistry. 
The research included studies of the scope of the technique (based on 
model compounds) end applications to actual analytical problems.

Following the introduction, a section of the thesis is devoted 
to work on steroids. Results obtained with progesterone and testo­
sterone analogues confirm The value of GC-MS in distinguishing isomers. 
The use of trimethylsilyl (TMS) ether derivatives in GC-MS is well 
established, but the advantages of (chloromethyl)dimethylsilyl ethers 
as derivatives for GC-MS have been little explored. The utility of 
these derivatives is illustrated and discussed for the example of 
1/a-alkyl-17P“hydroxy steroids. The mass spectral fragmentations of 
TMS ether derivatives of endrost-3-en-3p-ol analogues and of other 
unsaturated 3P-hydroxy steroids have been investigated. The results 
of this survey have been applied to the characterisation of yeast
sterols, sterols from a bacterium (Methylococcus capsulatus) grown on

2 3methane, steroidal drug metabolites, and a steroidal enzyme-reduction
hproduct.

Corticosteroids cannot be examined directly by GC-MS because of
*References cited in this summary are restricted to publications 
incorporating work described in the thesis.
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the low thermal stability of the side chain. Earlier work has shown 
that their boronate derivatives are quite stable. The mass spectra 
(recorded by GC-MS) of representative corticosteroid boronates are 
discussed in respect of their use in structural assignments.

Similar difficulties are encountered in GC-MS of p-hydroxy amines
because of their relatively high polarity and low thermal stability.
The use of boronate derivatives in the characterisation of catechol-

5amines and related p-hydroxy amines by GC-MS is discussed, and a more 
detailed investigation of the mass spectral fragmentations of the 
derived 1,3,2-oxazaborolidines has been carried out.b

O-methyloxime (MO) derivatives are of value in the analysis by 
GC-MS of aldehydes and .ketones. Salient features of the spectra of 
MO derivatives of aliphatic aldehydes and ketones are enumerated. 
Aldehydes from the cuticular leaf waxes of Chenopodium album L. and

u
Lolium perenne L. have been identified by GC-MS of their MO derivatives. 
Unsaturated aliphatic hydrocarbons from the green form of the freshwater 
alga hotryococcus braunii have been ozonised and cleaved to form 
aldehydes which have been identified as their MO derivatives. The

ostructures of the hydrocarbons have thus been inferred.

An exploratory study of the use of GC-MS in the analysis of air 
pollutants has been carried out. The gas chromatographic and mass 
spectrometric properties of some polycyclic aromatic hydrocarbons have 
been surveyed and a number of these compounds have been tentatively 
identified in dust collected from air conditioner filters.



Perfluorodecalin has been found to be a convenient mass 
calibration standard for low resolution mass spectra.'1'0 The need 
for, and problems associated with, computer-assisted data handling 
in GC-MS are discussed. The development of an on-line real-time 
data acquisition system is described.
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INTRODUCTION

The objective of analytical chemistry is to identify 

and determine quantitatively the chemical constituents of sample 

materials. A wide variety of methods is available, but there 

is a constant demand for techniques which afford higher sensitivity 

or greater selectivity. It is generally accepted, at the present 

time, that combined gas chromatography-mass spectrometry (GC-MS) 

provides the most powerful procedure for the analysis of many 

organic samples. Its suitability for organic chemical analysis 

depends on its dual mode of operation: it first of all separates

the components of a mixture by gas chromatography (GC) and then 

provides additional structural information by mass spectrometry (MS).

The classical analytical chemist relied on such methods 

as fractional distillation and crystallisation to isolate com­

ponents of mixtures. Identification was possible by comparison 

of physical properties, such as melting and boiling points and 

optical activity. Characterisation of hitherto unknown compounds 

was carried out by correlation of chemical properties. Methods 

were also available for the estimation of various elements.

Positive identification was carried out by synthesis of possible 

structures and comparison with the "unknown".

Classical procedures, both in analysis and characterisation, 

have been largely supplanted by more powerful methods based on
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physical techniques. Infrared (IR) spectra can be used as 

"fingerprints" for comparison of samples,1 and additional 

information is provided .by the presence of absorption bands 

at frequencies typical of certain functional groups. Nuclear 

magnetic resonance (NMR) spectra can be interpreted to give
3evidence of the environment of certain atoms in a molecule.

Mass spectrometry - to be discussed in more detail below - can

also be used to provide spectra as fingerprints or as sources
A 5of more specific structural information. Ultraviolet (UV)

spectra are effectively limited in application to conjugated 

systems, but within such a field they are often capable of 

giving detailed information about the chromophoric part of the 

molecule. Each of these methods has advantages and dis­

advantages and is more suited to some applications than others.

To the organic chemist, however, the most important consideration 

is often that of sensitivity. In this respect, mass spectrometry 

has a great advantage over IR and NMR spectroscopy. McFadden 

has listed^ typical limits of detection and identification 

(Table l). It should be emphasised that the quoted limits

depend to a large extent on the sample, and also that they are
7continually being improved upon. In practice, measurements 

are usually carried out well above the limits of sensitivity 

whenever sufficient sample is available. One effect of the 

increase in sensitivity of nonselective analytical methods is



Table 1. Ultimate sensitivities (g.) of various analytical
ctechniques.

Detection Identification
Chemical analysis

selective reagents 10”5 10“5 - 10“^
microreactor 1CT6 10“6 - 10"5

IR 10“6 - 10-7 10"6 - 10“5
NMR 10^ 3.10"3

computer averaging (2Jf hr) 10
MS

standard inlet 10-7 - io“6 10~5 - 10“^
direct probe 10“9 - 10"8
GC-MS 10~12- 10"11

ON10 1—11
orH1Oi—1
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that samples must be isolated in a high degree of purity:

impurities and artefacts often mask or modify the spectra

obtained. The difficulties of handling samples in very

small amounts should not be overlooked. It is, for example,

impossible to isolate microgram quantities of material by

fractional crystallisation or fractional distillation.

Fortunately, it has been found possible to exploit the properties

of solubility and adsorptivity of substances in order to effect

their separation. This approach was first employed in 1906

by Tswett^ who succeeded in separating components of plant

pigments using a column of solid adsorbent though which a

solvent was flowing, hence the term "chromatography”. A
9modern definition of chromatography covers the technique in 

its various guises: "Chromatography is a physical method of

separation in which the components to be separated are dis­

tributed between two phases, one of the phases constituting a 

stationary bed of large surface area, the other being a fluid 

that percolates through or along the stationary bed". The 

stationary phase can be a solid* ("adsorption chromatography") 

or a liquid* ("partition chromatography") and the mobile phase 

a liquid or gas. Brenner and Olson^ have summarised the 

development of the various forms of chromatography as in Table 2, 

which has been amended to include gel chromatography. Of

*The division into adsorption and partition chromatography as 
between solid and liauid phases is a simplification, since silica 
gel has a surface gradually merging from tightly bound water to 
water in equilibrium with liquid water, or with atmospheric water 
vapour.
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Table 2. Summary of the different chromatographic methods and
the first significant contributors,'*'0

adsorption chromatography partition chromatography

stationary pnase solid liquid

mobile phase liquid (LSC) gas (CSC) liquid (LLC) gas (&LC;
form of 

development:
elution Tswett (190b, 

Kuhn, Winter* 
stein, and
Lederer(1931,

Damkohler 
and Thiele
(1943)
Cremer
(1947-1951)
Janafc
(1953-1954)

paper
chromatog.
Martin and
Synge
(1941)
liquid-gel
chromatog.
biddings
and Hallik
(19bb)

James and
Martin
(1932)
Hey (1934)

frontal
analysis.

Tiselius
(1940)
Claesson
l 1949)

Phillips
(1953-1954)

Phillips
(1932)

Phillips
(1954)

displacement Tiselius
(1943)
Claesson
(1949)

Schuftan
(1931)
Turner
(1943)
Claesson
(194b)
Turkel'taub
(1930)

Levi (1949)
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particular interest in the present work are the gas chromato­

graphic methods: gas-solid and gas-liquid chromatography.

GAS CHROMATOGRAPHY

In the gas chromatograph (Fig, 1) the sample is swept 

through a column by a stream of carrier gas. In gas-liauid 

chromatography the column is packed with a finely divided, 

inert solid ("support material") upon which is coated a non­

volatile liquid ("stationary phase"). Alternately, the 

column inner wall is coated directly with stationary phase. 

Individual components of the mixture, which emerge from the 

column in an order dependent on their vapour pressures and 

on their affinity for the stationary phase, are detected and 

a "chromatogram" is produced - giving a record of their 

retention times and an indication of relative concentrations 

(which may be determined if the detector response is known). 

Characterisation of samples is often effected by comparison 

of standardised retention times, but more positive identifi­

cation can be obtained by supplementary techniques such as 

mass spectrometry. It is possible to collect some or all of 

the material emerging from the column for mass spectrometrie 

analysis. However, since the sample emerges from the column 

in the vapour phase, gas chromatography is amenable to direct 

instrumental coupling with mass spectrometry.
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MASS SPEC THOME TRY

Mass spectrometers have been in use for more than half 

a century and have been subjected to major changes in both 

complexity and diversity of design and application. The 

principle of their operation, however, remains relatively 

simple: the sample molecules are ionised in a vacuum, and

the energised molecular ions which are produced decompose to 

give characteristic fragment ions. The relative abundances 

of the various ions are measured, and this information is used 

in the identification of the sample. In the instruments most 

commonly used for gas chromatography-mass spectrometry, an 

electron-impact ion source produces a beam of positive ions, 

which is focused electrostatically and separated magnetically: 

the individual ionic abundances are recorded electrically.

In the electron-impact source (Fig. 2), the sample 

molecules (M) are directed into a high energy (usually 5-100 eV) 

electron beam. The ions produced are withdrawn from the source 

and directed along a flight tube through a series of slits of 

successively decreasing potential. If the electron energy is 

greater than the ionisation potential of the sample molecules, 

molecular ions (M*) are produced by the loss of electrons:

m ----

The energised molecular ions may then decompose to give
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/ +  \primary fragment ions (m^ , etc.) which, in turn, may break 

down to produce secondary fragment ions (mn + * etc.), and so 

on until sufficient energy has been carried away by neutral 

fragments (n) to leave stable fragment ions: 

r+M 1 1

+ + nm2 2

+
5

m11 n11

m21 n21

m. n.‘51 "  31
Most of the positive ions thus produced are singly-charged, 

although a few may become multiply-charged by further electron* 

loss. In practice, singly-charged ions are assigned mass-

to-charge ratio (m/e) values corresponding to the sums of the 

atomic weights (C=12,0000) of the constituent atoms, the 

charge being taken as unity. Multiply charged ions may be 

observed at m/e values corresponding to the appropriate 

fraction of their masses.

The flight tube leads into a magnetic analyser (Pig. 3) 

which spreads the ion beam into a "spectrum": the lighter

ions are deflected more than the heavier ones. The spectrum 

can be "swept" over a detector by varying the magnetic field 

strength.

Ions emerging from the ion source have a potential
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energy _eV, where V is the accelerating voltage. This is
2

equal to its kinetic energy, j-mv , where v is its velocity, so:
tr 1 2eV *= -g-mv

The magnetic field, of flux density B, exerts a centripetal

force B.ev on this ion. This is balanced by the centrifugal

force mv /R, where R is the radius of the ion path, so:
2Bey ss mv /R 

i.e, m/e = B2R2/2V 

In a magnetic-scanning instrument, m/e is directly proportional 

to B2.

Occasionally, ions of mass m^ decompose between the 

ion source and electromagnet to produce fragment ions of 

mass m^ and neutral fragments. The neutral fragments carry 

away a fraction of the kinetic energy, so ions of mass m^ 

formed in this region of the analyser tube possess less kinetic 

energy than ions of the same mass produced in the ion source. 

Consequently, they have lower momentum, are deflected to a 

greater extent, and appear at a lower apparent m/e value than 

the equivalent ions formed in the ion source. This apparent 

mass, m*, is approximately related to m^ and m^ by the expression:

m* = m2/m1

The neutral particles may carry away varying amounts of energy 

from ions of mass m^. Therefore, the m/e values of ions of 

apparent mass m* are somewhat dispersed and appear in the
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spectrum as diffuse peaks. They are erroneously referred 

to as "metastable" peaks. They can, of course, be used to 

determine fragmentation.routes. Also, it is possible to 

ascertain that ions "linked" by a "metastable" ion are pro­

duced from the same component of a mixture.

This type of mass spectrometer, on its own, could be 

used to identify pure samples introduced to the ion source in 

the vapour phase. It is, however, usually extremely difficult 

to identify individual components of mixtures by direct mass 

spectrometry. Various methods could be used for the 

separation of mixtures before their identification by mass 

spectrometry, but gas chromatography is the most convenient 

because it deals with the sample already in the vapour phase.

The information obtainable from a mass spectrum depends 

largely on the type of sample and the instrumental conditions. 

Most samples give a molecular ion, which is often of greater 

relative intensity with an ion beam of moderate energy (12-15 eV 

as opposed to the conventional 70eV). Examples of sample types 

for which the molecular ion is often absent are alcohols and 

acetates, for which the ions of highest mass often appear to 

be [M-18]^ or [M-60]*, respectively, corresponding to elimination 

of water or acetic acid. It is nearly always possible to con­

vert an alcohol to a derivative which is more stable to electron 

impact, such as a trimethylsilyl (TMS) ether. In fact,



-1 3 -

derivatives must be formed from many compounds because they 

are involatile.

Electron impact-induced fragmentation is rarely a

random process: for all but the simplest molecules some bonds

are more labile than others. The preferred fragmentations

may be simple, as in the a-cleavage of ketones (i-^ii).

They may involve more extensive electron-rearrangement as in

the "retro-Diels-Alder" fragmentation of cyclohexene-type systems

(iii— >iv or v). Frequently, fragmentation is accompanied by

atomic rearrangement, as in the McLafferty fragmentation of

ketones (vi— >vii). These preferred fragmentations, which are

also more prevalent than others at lower electron energy, are

accompanied by many more fragmentations: the complete spectrum

comprising a "fingerprint" of the sample molecule. The spectra
11of more than 17,000 organic compounds have been published and 

much progress has been made on the correlation of fragmentation 

mode with structural features.^- It is often easy to distinguish 

structural isomers by mass spectrometry. For example, nordri- 

menone (i) gives a base peak at m/e 82 whereas isonordrimenone (ll) 

undergoes rearrangement to give a base peak at m/e 83. These 

ions are the base peaks in both the JOeY and l^eV spectra and 

it can be seen (Fig. 4) that these ions and the molecular ions 
are of greater relative abundance at 15eV. The spectra of 

stereoisomers are usually rather similar, any differences in
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relative abundances of certain ions being statistically insig­

nificant. Such differences may, however, be accentuated in 

the low voltage spectra (cf. spectra of cis- and trans-decalin 

at 70eV and 15eV in Fig. 5). In many instances, stereoisomers 

are more easily differentiated by gas chromatography.

gas c h r o m a t o g r a p h y-mass s p e c t r o m e t r y

Before GC and MS can be operated in combination with 

each other, one major problem must be overcome: the sample

emerges from the chromatograph in a stream of carrier gas, 

whereas the mass spectrometer must operate under high vacuum 

(Fig. 6). The carrier gas flow rate through the gas chromato­

graph is, typically, about 50 ml/min. A 1 fig sample emerging 

during a period of 10 sec. would, therefore, be present in 

much less than Vfo concentration in the gas stream. A suitable 

ion source pressure could be maintained if only a small proportion 

of the total effluent from the gas chromatograph were introduced 

to the mass spectrometer, but this would lead to an extremely 

low net sensitivity of the combination. Selective removal of 

all or the majority of the carrier gas would be preferable.

Several methods are, in fact, available for carrying this out, 

each based on the different physical properties of the carrier 

gas and sample.

Various types of porous tube separator (Fig. 7) have
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■been described. They make use of the preferential diffusion 

of carrier gas (helium) through the porous tube, which is 

surrounded by a chamber maintained at a low pressure by means

of a rotary pump. The separator tube can be made of porous
12-14 _ „ 15,16 x , 17glass, Teflon or porous stainless steel. The

porous glass separator is the most commonly used, but suffers from

the disadvantage that polar samples can become adsorbed onto the

glass surface. This leads to "tailing" of the sample and often
18imposes a lower limit on the sample size. This problem can

19be overcome to some extent by "silanization" of the glass.
20Teflon is apparently more susceptible to "memory" effects.

The membrane-type molecule separator (Fig. 8) makes use

of the selective permeability of the sample molecules through a
21 22silicone membrane. ’ The carrier gas (which need not be

helium) is removed by a rotary pump. An interesting feature 

of this type of separator is that there is a time delay of 

several seconds between the sample's leaving the column and 

entering the ion source: an ancillary detector at the exit of

the column can alert the operator before the sample actually 

enters the mass spectrometer.

The jet-type separator (Fig. 9) comprises two pairs of
stainless steel jets, each pair surrounded by an evacuated

chamber: the second chamber is at a lower pressure than the
23 24 25first. ’ ’ The carrier gas, again helium, diffuses away
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from the supersonic stream more rapidly than the sample and 

is selectively removed. Since the sample makes little or 

no contact with the separator, there is not the same problem 

of decomposition as is encountered with the■other separators.

Each separator has its advantages and disadvantages but 

the choice depends largely on the problem of commercial availa­

bility unless the laboratory has appropriate workshop facilities. 

The geometry of the interface, in limiting remixing of sample, 

is apparently more critical than "dead" volume.

Sample enrichment is not the only problem to be overcome 

in the direct coupling of gas chromatography with mass spectro­

metry. The sample may be emerging from the gas chromatograph 

for only a short period of time. The mass spectrometer, then, 

has to be modified for rapid scanning. In one commercially 

available combined instrument, the magnetic field can be 

increased from 0 to 14 kgauss (corresponding to m/e 0-1000) 
in under 5 sec: the ions are detected by an electron multiplier

connected to a wide-band D.C. amplifier,and the mass spectra are

produced on a recording oscillograph. A chromatogram is
2 6obtained by monitoring the total ion current. (Fig, 10).

It has been mentioned that helium is often used as a 

carrier gas, particularly with porous tube and jet-type separators. 

The value of such an inert carrier gas in preserving labile
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compounds up to the point of electron impact should not he 

underestimated. Precise retention data are of prime importance 

in many structural assignments, and care should he taken to 

ensure that retention indices at the positions of actual MS 

scans are noted. This can usually only he effected hy deter­

mining retention times from runs carried out with mixtures of 

sample and suitable standards. Obviously, the sample must he 

well resolved from the standards.

GC-MS is not, by any means, limited to the instrumentation

described above: many other types of mass spectrometer have been
27used, including time-of-flight, quadrupole, and double-focusing

spectrometers. If capillary columns are used in the gas chroma­

tograph, the carrier gas flow rate may be so low as to obviate 

the need for a molecule separator.

ANCILLARY TECHNIQUES OF GC-MS

The combination GC-MS instrument is capable of per­

forming operations other than conventional GC-MS, but the 

flexibility of any particular model depends on its design.

Single Ion Monitoring. The magnetic field or accelerating 

voltage may be adjusted so that any ion in the spectrum is 

brought into focus on the detector. If the abundance of ions

of this mass is monitored during a GC run, a "single ion" 

chromatogram is produced. Substances giving rise to character­
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istic ions in their spectra may be selectively detected. For

example, Henneberg and Schomburg have used this method to detect
+ 28 29 lead alkyls in petroleum (m/e 207 = Ph ). We have found

that single ion monitoring can be successfully employed to

detect steroids containing distinctive structural features (Fig. 11)

and have applied the technique to the detection of possible

drug metabolites in urine extracts (see below). Using a two-

channel potentiometric recorder, we have been able to determine

the position of the possible metabolites in the total ion

current chromatograms so that a full spectrum could be obtained

during a subsequent run.

Multiple Ion Detection. Using a similar method, but with

two adjacent detectors, it is possible to monitor simultaneously

the intensities of two classes of ion. This has been carried
30out by Gorshkov ejt aJL. who claim that the ratios of abundances

of common fragment ions, such as m/e 39 and 41 or 41 and 43,
are of diagnostic significance in the analysis of petroleum

naphthas. However, this technique can only be used if

appropriate instrumentation is available [eg.. MC-1307 ("CHROMASS-2"),

MS-1, M2-2M, MI-1305] and is rarely employed outside the Soviet

Union.

A more widely applicable method was developed by 
31Sweeley et al. for use with conventional mass spectrometers.



-24-

m/e 143

2600 2800

Figure 11 Sim ultaneous single ion (m/e 143) and total ion 
current (T IC ) chromatograms of TM S derivatives of 17/3-hy- 
droxy-5/3-androstan-3-one (a, I =■ 2495), 17/M iydroxy-17a-m e- 
thyl-5/5-estran-3-or.e (b, 2520), 5/?-androstane-3^( 17/3-diol (c, 
2525), 17a-methyl-5/?-estrane-3<*, 17/3-diol (d,2560), A 4-17/3-hy- 
droxyandrosten-3-one (e, 2590) and A-'-17/5-hydroxy-17a-methyl- 
estren-3-one (f, 2615). Conditions: 6 f t  OV-1,190-240° at 3 °/m in .



-2 5 -

The two or more ions of interest are sequentially brought 

into focus onto the detector by varying the accelerating 

voltage. The detector signal is reproduced by an oscillo­

graphic recorder with a slow chart speed. In this manner, 

several single ion chromatograms may be produced simultaneously. 

This is of particular value if partially resolved GC eluates 

give different characteristic ions or if the compounds of 

interest each give rise to more than one characteristic ion.

The method has been used with success in the search for rneta-
32bolites of Chlorpromazine.

Isotope Labelling. Hydroxylic, enolic and other readily

exchangeable hydrogen atoms can be selectively replaced by
33-36deuterium atoms by GLC with a suitable stationary phase.

The presence of strongly acidic or basic catalysts, e.g.
3 3 3 4phosphoric acid or potassium hydroxide, is reouired for

effective replacement of enolic hydrogen atoms by deuterium

atoms. Deuterium labelling is used extensively in the

investigation of mass spectral fragmentation modes.^ Conversely,

the mass shifts of parent and fragment ions upon deuteriation

are a valuable indication of their structure and hence of the

environment of functional groups in the molecule. GC-MS

affords a useful method of labelling and identifying small

quantities of material, and exploratory investigations have
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37been carried out on steroidal ketones and their derivatives.

Apiezon L was selected as the stationary phase because it has

low polarity and good thermal stability. It had, moreover,

also been shown to be compatible with potassium hydroxide in
38 39the GLC of free amines. ’ Barium hydroxide was found to

be a suitable catalyst since, although it is a weaker base then 

potassium hydroxide, it gave satisfactory results and caused 

less.column "bleed” - a critical consideration for GC-MS.

The columns used were packed with OV-1 (l<fa) , and Apiezon L (l^) 

incorporating barium hydroxide (l$) on Gas-Chrom Q (100-120 

mesh). Before use, the column was "saturated" with deuterium 

by injection of D^O or MeOD.

There have been various reports of isotopic exchange 

of radiolabelled ions by G L C ^  but it should be pointed 

out that, at the isotope dilutions employed, mass spectrometry 

is of insufficient sensitivity to differentiate the labelled 

molecules.

Reaction Gas Chromatography. Many systems have been devised

for modification of sample before, in,or after the GC column.^ ^  

However, little use has been made of the potential of combined 

GC-MS in this field, identification of products resting mainly 

on retention times. Examples of reaction gas chromatography 

are:

(i) Hydrogenation. Hydrogen is usually used as carrier
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gas, with a precolumn containing catalyst. The technique 

was first employed by Rowan for the analysis of hydrocarbons.^

The method has since been extended to the study of a wide variety

of compounds Practical applications have included the
50 51identification of insect attractants, the queen bee substance,

52 53alkaloids, and fatty acids from wool wax.

(ii) Dehydrogenation. There has been less practical application

of dehydrogenation, but studies have been made on alicyclic and
54- 55 56heterocyclic compounds and monoterpenes. ’

(iii) Carbon Skeleton Chromatography. In an extension of
57the work of Thompson ejb al., Beroza jet al. have developed a

technique for the catalytic saturation of multiple bonds and

stripping of functional groups containing oxygen, nitrogen,

sulphur and halogen from the molecule. This work has recently
58been reviewed by Beroza.

(iv) Pyrolysis. Pyrolysis of samples often gives rise to

products which yield characteristic chromatograms (pyrograms).

This is particularly useful for the identification of polymers:

Groten has found that different pyrograms were obtained for each
59of more than 150 polymers. The technique is of limited use

for samples of low molecular weight, although it has been 

shown that cis- and trans-isomers of some hydrocarbons give 

different pyrograms.^



- 2 8 -

(v) Other Techniques. Many more applications of reaction- 

GC have been described, but few have been used in conjunction 

with GC-MS.

Other Techniques. Various instrumental techniques have been

used in direct combination with GC,^ but only infrared spectro- 
6 2scopy has been used to any great extent in tripartite combina-

63tion with GC and MS. It is usually difficult to obtain

infrared spectra at the rate at which samples emerge from a GC 

column, but a technique has been developed for interrupting 

the carrier gas flow during IR and MS scans.^

65 66A more recent development, pioneered by Lovelock ejt aJ., ’

is carrier gas transmodulation. If hydrogen is used as the 

carrier gas, it can be selectively removed by passage through 

a heated palladium-silver tube. It may be replaced, if 

required, by another gas. A logical development of this 

technique is the inclusion of hydrogenation or dehydrogenation 

processes between the gas chromatograph and the mass spectrometer, 

thus providing further useful information on the structures of 

the samples.

Precise Mass Measurement. While unlikely to be of use
6 Twith combined GC-MS, precise mass measurement facilities are 

available for a number of low resolution mass spectrometers 

to be used in conjunction with conventional sample introduction 

systems. If the mass of any ion can be determined at sufficiently



high accuracy (normally within 5-10 p.p.m.) it is possible to
68calculate the empirical formula of the ion. Tables have

been compiled to facilitate this task.^’*^ Direct measure- 
71ment of mass is only feasible with a suitable high-resolution

instrument. It is also possible to calculate ratios of masses

to a high degree of accuracy by measurement of the ratio of

the accelerating voltages required to focus each of a pair of
72ions onto a detector. This is known as "peak matching"

73because, in its practical form, the method involves super­

position of MS peaks on an oscilloscope screen. This latter 

method is also suitable for use with low-resolution instruments, 

although it cannot be used for measurements of peaks comprising 

unresolved isobaric ions (i.e. ions of the same nominal m/e).

In practice, low-resolution peak matching is limited to molecular 

ions and simple fragment ions, such as [M-15]+ and [M-18]*.

We have applied the technique to the investigation of
*7 A

plant sterols, A 5-component mixture was found to give

TMS ethers with molecular ions at m/e 486 (major component),

484 and 472 (minor component). The authentic TMS ether III 

was used as a mass standard because it was of similar volatility 

and molecular weight. The precise mass of the molecular ion 

of III was 500*4413. 2 jig each of the standard and the

unknown mixture were introduced to the ion source via the
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direct probe and the molecular ions of the standard and the 

major component of the mixture were located by adjustment of 

the accelerating voltage. Final adjustment of the peak 

matcher controls was carried out using a further 5 |-ig sample 

of each. The measured ratio of the masses of the molecular 

ions was 1*028806, giving a molecular weight for the major 

component of 486*4292. This is within 7 p.p.m. of C ^ H ^OSi 

(486*4256). Subsequent examination of the mass spectrum showed 

that the major component was 3-sitosterol TMS ether (iV).

Similar measurements were carried out on the other two components 

of the mixture, and they were identified (with the aid of GLC ) 

as fucosterol TMS ether (C^H^gOSi) (V) and campesterol TMS 

ether (C H^OSi) (VI).

APPLICATIONS OF GC-MS

The immense value of GC-MS as an analytical tool can

be gauged by the number of papers which have been published

on the subject: more than 500 in the past five years alone.

Several reviews of the literature of GC-MS have appeared,
75including those contributed by Leemans and McCloskey,

26 6Ryhage and Y/ikstrttm, and McFadden. A more detailed review
76has recently been presented by Batson, and more recent work

77has been summarised by Brooks. Geochemical applications
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7ft 70have been described by Calvin, and Eglinton and Murphy.

Useful bibliographies are compiled periodically by LKB- 

Produkter and GC-MS abstracts by Science Technology Agency,^

The main advantages of GC-MS over other methods of 

chemical analysis are that only very small quantities of materials 

are required (typically, 1 ^g) and mixtures are separated and 
characterised in the same instrument. GC-MS has, therefore, 

an enormous potential in the field of natural product analysis. 

Examples of applications which have already been exploited are 

given in Table 3. The power of the technique is well illust­

rated by its application to the study of lipids from diseased 

human arteries: sufficient material for analysis by modern

chromatographic techniques can be obtained from single aortas, 

and mass spectrometry is the only generally-applicable technique

suitable for characterisation of the small quantities of
8 2components so separated.

GC-MS is also of great utility even when relatively large 

quantities of material are available. This is particularly so

for the study of flavours and aromas although here, too, it is
ftadvantageous to work on a small scale. Some examples of

aromas which have been investigated are given in Table 4.

It is rather difficult to define the sensitivity of 

GC-MS: it depends on the sample. High sensitivities could
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G O  MS APPLICATIONS:  NATURAL PRODUCTS

STEROIDS IN: 

Amniotic  f lu id  

Bile  

Blood  

Brain  

Faeces  

Insects  

Plants  

Urine

HYDROCARBONS IN: 

Algae  

Bacteria  

Bituminous coal 

Cattle manure  

Foodstuf fs  

Funga l  spores 

Petroleum  

Plant  waxes  

A MA ZO N IA N  HALLUCINOGENIC DRUGS 

DRUG M E T A B O L I T E S  

EMULSIFIERS IN GASTRIC JUICE OF CRABS  

HOP CONSTITUENTS  

INSECT JUVENILE HORMONES  

LIPIDS OF D IS E A S E D  HUMAN ARTE RIES  

LIPIDS OF Q UEEN OF ORIENTAL HORNET  

Table 3

G C - M S  APPLICATIONS:AROMAS

Apple 

Banana  

Bee 

Beef

Black currant 

Bone glue 

Cheese 

Clover 

Coffee 

Cranberry  

Cat t y  odours in food 

Weed taint in milk

Hop oil

Human breath

Locust

Maple syrup

Milk

Orange

Pea

Peanut
Strawberry

Tobacco

Table 4
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be quoted for samples which give simple but highly character­

istic spectra, such as benzene, toluene, methyl chloride and 

carbon disulphide. For samples which give more complex spectra, 

larger quantities are required. Some samples are detectable, 

by virtue of characteristic ions, at much lower concentrations 

than are needed to obtain a full enough spectrum for identi­

fication purposes. For example, we have applied the single 

ion monitoring technique to detect TMS derivatives of 17c.-methyl 

17P~hydroxy steroids (see below) in auantities of less than 10 ng. 

The recording of full spectra of good quality, however, requires 

about 1 (jig of sample. Another limitation on sensitivity is 

due to loss of sample on the GC column; cortisone t-butyl 

boronate gives fairly intense spectra with 3 pg of sample, but 

only very weak spectra with 1 pg. In general, we have found 

that satisfactory spectra are usually obtained for samples of 

1 - 3 pg if the GC conditions are adjusted to give retention 

times of 15 - 20 minutes.

Additional problems arise from GC, Column "bleed", if 

it is too high, can rapidly contaminate the ion source of the 

mass spectrometer. For this reason, low concentrations of 

stationary phase are employed, typically lfo. Column tempera­

tures are maintained at 250° or less: samples of high retention

index are best run on shorter columns. The homogeneity of GC
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peaks can be checked by multiple scanning®^ and useful data

can be extracted from unresolved GC peaks by the multiple ion
31detection technique.

The following sections of this thesis relate to work 

carried out by the author since October 19&7. ^is previous 

use of GC and MS was confined to analysis of vapour phase 

photolysis and reaction products: in this work, MS analysis
OC

was carried out on collected GC fractions.

The GC-MS facilities available for the present work in 

the Chemistry Department of the University of Glasgow were 

based on an LKB 9000 gas chromatograph-mass spectrometer 
(LKB-Produkter AB, Stockholm). This comprises a gas chroma­

tograph with temperature programmer, a Ryhage-type jet molecule 

separator and a single focusing mass spectrometer equipped with 

a 60° sector, 20 cm radius magnetic analyser and sweep generator 
for fast scanning of spectra. A rhenium filament is used to 

provide an ion source of the electron bombardment type. The 

measuring system comprises a 14-stage electron multiplier, 
electrometer and a wide-band amplifier feeding a direct-writing 

UV oscillograph. A direct probe inlet was available and a 

heated inlet system for the introduction of marker substances 

(see below) was constructed by the author. During the three-year 

period, several more accessories were installed: accelerating



voltage alternator (for multiple ion detection) (April 1969), 
mass marker (June 1969) an(̂  peak matcher (March - April 1968 
and July 1970). Various gas chromatographs and other equipment 

were available, as referred to in the text.

The sections on GC-MS of steroids and boronate 

derivatives comprise part of a progressive programme of work 

on the development of methods and techniques of GC-MS analysis. 

The section on aliphatic compounds describes work carried out 

primarily in collaboration with workers in other laboratories. 

The work on particulate air pollutant analysis was a trial of 

the suitability of GC-MS for studies in this area, and the 

section on data handling details our attempts at automation of 

this phase of GC-MS.



II
STStlOlOS
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STEROIDS

Steroid analysis poses a particularly challenging problem 

for the analytical chemist. Firstly, there is (within the group 

of similar tetracyclic structures) a multiplicity of skeletal types, 

with both nuclear and side chain variants. There is also the 

possibility of multiple bonds and substituent functional groups, 

such as hydroxylic, ketonic, acidic and aldehydic. Finally, the 

question of stereochemistry must be decided. Perhaps no single 

technique, other than X-ray crystallography, is capable of solving 

all of these problems. Much structural information can, however, 

be gleaned from gas chromatographic and mass spectrometric data 

of steroids and their derivatives. Moreover, only small quantities 

of material are required for gas chromatographic-mass spectrometric 

investigation.

Rapid progress has been made in the field of gas chromato-
86graphic analysis of steroids since the first report in 1959.

ft 7 — lReviews have been compiled at frequent intervals. Mass

spectrometry has made similar progress since 1956,^^ although

fewer general reviews^^”^ ^  have been compiled: mainly because

of the fact that GC has attained wider acceptance as a practical
77tool, particularly in the biomedical field. A recent review 

of GC-MS gives good coverage of applications to steroids. The 

approaches used in gas chromatographic-mass spectrometric investi­

gation of steroids are best discussed in three sections, dealing
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respectively with steroid ketones, sterols and multifunctional 

steroids (including corticosteroids).

(i) Ketones. More work'has been carried out on the mass

spectrometry of steroidal ketones than on any. other steroid type.

Consequently, more is known of the fragmentations associated with

the various ketones. Many of these processes have been clarified
108by deuterium labelling studies, particularly by Djerassi’s group.

It is found that, in general, the ketone function has little frag­

mentation-directing influence. In the absence of other functional 

groups, there may be ions at [M-18]t and [M-33]+ corresponding to 

successive elimination of water and a methyl group, but the 

spectra are normally dominated by peaks due to "erosion" products 

of the steroid nucleus, chiefly eliminations of fragments from 

rings A and D of the nucleus. Transfer of hydrogen atoms is 

widespread and often random. Certain structural configurations 

may, however, give rise to favoured fragmentation modes. For 

example, the McLafferty rearrangement of 20-isopropyl-5cL-pregnan-

16-one produces an ion (m/e 259) accounting for more than 80/ of
109the total ion current. The presence of a double bond in a

suitable position may have a pronounced effect on the fragmentation 

of steroidal ketones. The spectra of A^-3-ketosteroids have been 

the subject of comprehensive studies: they are discussed further

in the following section. It should be noted that, in general, 

the molecular ion is stabilised by the presence of a conjugated
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enone moiety. Vinylic fission is generally a very unfavourable

process and "typical" fragmentations of steroidal ketones^^ and

their derivatives^^ are often suppressed in the spectra of these

compounds. The apparently anomalous formation of ions at m/e 45

and [M-43]+ from A^-20-ketones has been rationalised by postulation

of loss of the 17-acetyl group accompanied by concerted migration

of the angular C-18 methyl g r o u p . I t  is often advantageous to

examine the spectra of fragmentation-directing derivatives which

enhance the structural differences of the parent molecules.

Ethylene ketal, ethylene thioketal and dimethylamine

derivatives are particularly specific in their fragmentation-
112directing behaviour. This high specificity is often somewhat

of a disadvantage since little general structural information is

obtained from the spectra. For example, loss of ring A is

negligible in the spectrum of cholestan-3-one (VII) but gives rise

to a peak of medium intensity in the spectrum of coprostan-5- 
113one (VIII). J The spectra of the derived ethylene ketals IX and

X are virtually identical. On the other hand, A^- and A^-3-

keto-19-methylsteroids1^  and A^-, t?, and A ^ ^ ^ - 3-keto-19- 
116norsteroids can be well distinguished by mass spectrometry of

their ethylene ketals. Also, V;halley and co-workers have 
11T 118shown ’ that 19-nor- and 19-methyl-3-ketosteroids can be 

distinguished by mass spectrometry of the derived 2-spiro-2'- 

(l ,3-dithian) analogues: highly characteristic ions are observed
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at m/e 145 and. m/e 159, respectively. The results are not so 

sharply defined in the spectra of derivatives of steroids having 

a double bond in ring A or. B. The gas chromatographic separation
119of ketosteroids as ethylene thioketal derivatives has been described,

but the most widely used derivatives for gas-phase analytical

characterisation of steroidal ketones are the oximes, particularly
120the _0-me thy 1 oximes. Syn- and anti-oxime derivatives may be

formed from steroidal ketones, and in certain instances can be
, , , nn121-125 mT„ 122,123,126 i i ,separated by GC or TLC. The relatively high

polarity of simple oximes essentially limits their use to mono­

ketones which have no other functional groups. This range of 

application can, however, be extended by conversion to the much 

less polar C)-trimethylsilyloximes . *127-150 ^ further type of

derivative suitable for GC-MS of steroidal ketones is the enol-TMS 
131 132ether. As mentioned in the Introduction, ketones can be

readily deuteriated in transitu in GC-MS, and considerable 

information can thereby be obtained about the environment of the 

ketonic function. Another approach to the characterisation of 

steroidal ketones is via their reduction to sterols, for which a 

different range of methods is available.
107(ii) Sterols. Spiteller-Friedmann and Spiteller have reviewed 

the mass spectral fragmentations of sterols. Other than the ubiquitous 

elimination of water from the molecular ions and from certain fragment 

ions of sterols (a process which is also observed in the spectra of
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many ketones), the majority of the fragment ions arise from

fragmentation of the unsaturated parent steroid. Fissions

directed by the hydroxyl group are often greatly accentuated in
135the spectra of the TMS ether derivatives. These derivatives

are of lower polarity than the corresponding sterols and thus
. • 134exhibit excellent gas chromatographic properties. Many papers

have been published on the GC-MS of steroid TMS ether derivatives,

both with leference compounds and natural products. Many of the

early observations are reviewed by Brooks jet al_. in a comprehen- 
135sive paper on sterol trimethylsilyl ethers and the recent

literature is cited in the first of the Chemical Society Specialist
77Periodical Reports on Mass Spectrometry. It should be noted

that rearrangement ions may be produced from sterols via migration

of trimethylsilyloxy groups^^ analogous to those observed in
139-151the spectra of other TMS derivatives. Comparison of the

spectra of TMS derivatives with those of the corresponding dQ- 
152TMS derivatives gives a clear indication of the TMS-containing

ions. Similarly, mass shifts are observed in the spectra of

(chloromethyl)dimethylsilyloxysteroids, which also have higher
153retention indices. The retention indices of the bromo- and

154iodo-analogues ^ are even higher, but the iodo compounds have been

used as derivatives of estradiol and estrone for electron-capture 
155GC. Acetates have long been used as derivatives for mass

156spectrometry of sterols, but they are of limited use for GC-MS
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since they have relatively high retention indices. The acetate

function is readily eliminated, as acetic acid, under electron

impact and has little fragmentation directing influence. Tri-
157fluoroacetates were used in much of the early work on GC and

I CD
GC-I1S of bile acids and sterols. Heptafluorobutyrates, which

have retention times similar to trifluoroacetates, are useful in

electron-capture GC and are suitable for routine gas chromatographic
159analysis of estrogens. They have also recently been used as

derivatives for GC-MS,^^ but because of the high molecular weights 

(Oestriol tris-heptafluorobutyrate = 876) obtained they are of 
limited applicability. Methyl ethers also appear to be useful 

derivatives for GC-MS.

(iii) Multifunctional steroids (including corticosteroids)

The most widely used derivatives are the TMS ethers (of

sterols) and jO-methyloximes (of steroidal ketones) and, accordingly,

if a steroid contains both ketonic and hydroxyl functions it may

be advantageous to use the joint derivative (jO-methyloxime tri-

methylsilyl ether: MO-TMS) for gas chromatographic-mass spectro-

metric analysis. In practice, it is relatively easy to prepare

the MO-TMS derivatives by sequential reaction of the functional

groups. The gas chromatographic and mass spectrometrie properties

of these derivatives are found to be such as would be expected of
3 21steroids containing MO and TMS moieties.

A major problem of corticosteroid analysis by vapour phase
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methods is that many of the characteristic C-17 side chains are 

thermally labile. For example, it has been shown that corti­

costeroids with a 17ct»21-dihydroxy-20-oxo side-chain (cortisol, 
cortisone, and 11-deoxycortisol) are partially degraded to 17- 
ketosteroids and changed also in other ways, giving complex peaks

162in the expected C^^-region. The various methods which have

been applied to gas chromatographic analysis of thermal degradation

products and oxidation products of corticosteroids have been reviewed 
163by Bailey. It is obviously advantageous to carry out analytical

work with a derivative which retains the side chain - particularly

for GC-MS. TMS ether derivatives are useful for polyhydroxy

compounds ,^4 an(j TMS-enol TMS derivatives have recently been

shown to stabilise effectively the side chains of various 20-keto

steroids. The MO-TMS derivatives of Gardiner and Horning^^

are more widely used. Cyclic dimethylsilyl derivatives have been
166found to be useful derivatives for diols. We have investigated

the use of cyclic boronate derivatives for GC and GC-MS analysis 

of diols and ketols: these results are discussed below.

As an aid to the identification of steroids by MS, Spiteller 

and co-workers have recently compiled lists of "key fragments" of 

steroids and their derivatives (with references). It is claimed 

that it may be possible to use these in an automated system
167 170(computer or punched card) to characterise "unknown" steroids.

The amount of information required for a claim of "identification"



-46-

depends to some extent on what is known of the source and history

of the sample, but it seems likely that we are nearing a situation

where steroid identification can be carried out with confidence
171even if no authentic sample is available for comparison.

GC-MS of steroids and derivatives is exemplified, below, by 

accounts of investigations carried out on both authentic steroids 

(and their derivatives) and those isolated from natural sources.

The mass spectrometry of boronate derivatives of steroids will be 

discussed in a later section of this thesis.

DIFFERENTI ATI ON BETWEEN STEROIDS OF SIMILAR STRUCTURE BY GC-MS

Molecular weights of the majority of steroids may be ascertained 

by GC-MS. For those steroids which give molecular ions in low 

abundance, eg. some sterols, the molecular weights can usually be 

inferred from those of suitable derivatives. A major problem of 

analysis of steroids by GC-MS is, then, that of differentiating 

between isomers. Fortunately, as described in some detail in the 

previous section, different functional groups, or their derivatives, 

give rise to characteristic fragmentation modes. Positional isomers 

can often be readily distinguished if substituent shifts in major 

fragment ions can be demonstrated. For example, 2o(-methylprogesterone 

(Xl^an be distinguished from 6(3-methylprogesterone (XII) by comparison 

of ions formed by fragmentation of ring A (Figs. 12 and 13). Elimination 

of C-2 and C-3, with substituents, gives rise to an ion at [M-56J*
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(m/e 272, 41%) ih the spectrum of XI, and an ion at [/M-42J '  (m/e 286, 

17%) in the spectrum of XII. This mass shift is not immediately 

apparent, since there is a fairly abundant ion at m/e 286 (11%) 

in the spectrum of XI. A further indication of the structural 

difference in ring A is given by ions due to further loss of 43 m.u. 

(the 17-acetyl group). These ions appear at m/e 229 (28%) and 

m/e 243 (17%) in the spectra of XI and XII, respectively. These 

differences are even more striking in the spectra obtained at an 

electron energy of 15©V. A large number of other cases of different­

iation between positional isomers could be cited.

Characterisation of double bond isomers of steroid TMS ethers 

is discussed in a subsequent section (p. 107). Double bonds in 

certain positions in the steroid nucleus or side chain give rise to 

characteristic fragmentation modes, such as the retro-Diels-Alder 

and McLafferty rearrangements.

Mass spectra of stereoisomers are, in general, qualitatively

similar; even quantitatively, they usually differ but little.

Such differences as exist may be enhanced by employing lower electron

energiesreduced source temperature,^4- or a photoionisation 
175source. These methods apparently minimise thermal reactions and 

reduce the initial energy content of molecular ions, thereby producing 

fragment ions via shorter decomposition sequences. Ions arising from
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primary and. secondary processes are produced in greater abundance

than those formed by subsequent fragmentations and are more likely
172to reflect the initial molecular structure.

A wealth of mass spectral data on epimeric steroids has been

produced by Zaretskii and co-workers. They have discussed the spectra
176 177—179of epimeric steroidal secondary and tertiary ~ alcohols as

well as ring-junction stereoisomers of steroids^0 and related

model compounds The initial work^^ indicated that differences

between spectra of epimers were due to steric “crowding'’. It was

also noted that water was eliminated more readily from epimers with

axial hydroxyl groups than from those with equatorial hydroxyl groups.
18lFollowing criticism from Pandit et al. that the heated metal

sample-introduction system employed could give rise to inadvertent

thermal dehydration, the work was repeated using a glass inlet system

and a lower source temperature. It was found that differences between
178spectra of epimers were even more pronounced. Even so, deuterium

labelling experiments showed that sane dehydration proceeded via a

1,2-elimination, indicating that thermal decomposition was taking 
185place. There is therefore some doubt as to the authenticity of

these results but, under controlled conditions, it is apparently

possible to distinguish ring junction epimeric steroids and terpenoids

by examination of 'Ionisation efficiency" curves (i.e. plots of ion
186currents vs. electron energy).

Zaretskii et al. have also found significant differences between
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the spectra of progesterone (XIII) and 17-isoprogesterone (XIY) 
and between those of 16j3-methylprogesterone (XV) and 16̂ -methyl-

1 On
-17- isoprogesterone (XVI); This is somewhat surprising in view 

or the report by Djerassi's group that the mass spectra of 

5<X_pregnan-20-one (XVII) and its 17^-epimer (XVIII) are very nearly -% 

identical.

It is now reported that significant differences exist between

the spectra of XV and XVI when these are obtained by GC-MS. These

differences are more notable in the 15eV spectra ĵ Fig. I5 (X.V) and

Fig. 16 (XVI)J than in the 70eV spectra. The CM-84]* ion (m/e 244,
100%) accounts for 68% of the total ion current in the spectrum of

XVI. This ion is presumably formed by elimination of C-16, C-17 and

substituents from the molecular ion. Analogous ions are observed in
188the spectra of >v-pregnan-20-one (XVII), 5«-pregnane, 16,16-

-dimethylprogesterone, and its 17°<-epimer. Fragmentation of XV

occurs to a much lesser extent (M*: m/e 328, 100%, 16.6%I) and is

more random in nature. The ion of m/e 244 is present in relatively

low abundance (38%, 6.5%X). The major fragment ion (m/e 124, 77%),

formed by cleavage of the C-6/7 and C-9/10 bonds and concomitant

transfer of two hydrogen atoms, is typical of certain steroidal

A^-3-ketones. There are also ions at [M-124]* (m/e 204, 19%) and

m/e 205 (37%), presumably formed by related processes. A further
1 4ion, characteristic of the A - and A -3-ketone moieties, arises at
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[M-42]* (m/e 286, 50/o). The most notable additional features of the

7CeV spectra are the differences in intensity of ions at m/e 43

(XV :100/'o, XVI :59%) and at m^e 85 (XV: 1 9 XVI: 43/°). ion of

m/e 43 arises mainly from C-20 and C-21 by o<-cleavage, and tne ion

of m/e 85 comprises C-16 and C-17 with substituents and an additional
hydrogen atom. The rationale for the differences between the spectra

of XV and XVI is rather obscure : the controlling factor appears to

be the ease of partial fission of ring D in XVI, as compared with XV.

It has been noted that fission of the C-15/16 bond is enhanced by
18816-methyl substitution, but this factor, of course, applies to both

XV and XVI. The corresponding fragmentations of both 6̂ ,l6c*-dimethyl-
progesterone and 6oc,16j3-dimethylprogesterone give rise to ions at

189m/e 2b0 in very low abundance, so the relative stereochemistry at

C-16 and C-17 appears to have no effect on this fragmentation mode.
189It should, however, be borne m  mind that these data were obtained 

using a conventional heated inlet system. In an attempt at explaining 

this partial fragmentation, Zaretskii et al. could only suggest that 

the 17-acetyl group results in increased ring strain in ring D.

Before the steric effects on the fragmentation of XV and XVI 

can be determined, the favoured conformations of ring D and the

17-acetyl groups in these compounds must be considered. Allinger

et al. have reviewed the literature on the conformations of 17-acetyl 
groups and have investigated the conformations of these groups in 

XVII, XVIII, and l6/3-methyl-5*-pregnan-20-one (XIX).190 They found
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that the preferred conformations of the 17-substituents were as shown 
in Pig. 17. It should be noted that the 20-keto and 21-methyl groups 
are well clear of C-13, C-16, and C-18 in 5c<-17-isopregnan-20-one 

(XVIII), but that the 20-keto group is relatively close to tne lbj3- 
—methyl group in XIX and C-18 in XVII and XIX. Allinger et al» also 

found that the presence of a 16/3-methyl group, as in XIX, had little 

effect on the conformation of the 17-acetyl group. The conformation 

of ring D is more difficult to ascertain. The results of X-ray 

crystallographic analyses are usually published in the form of bond 

lengths and bond angles, from which it is not easy to extract details 

of conformation. however, Altona et al. have determined the conform­

ation of ring D for a number of steroids, including Z^-bromo-^,10o(-
191-pregna-4,6-diene-3,20-one (XX). The conformation of ring D of 

XX is shown in Pig. 18. It is reasonable to assume that the conform­

ations of ring D of XV and XVI are similar to that of XVIII and that 

the conformations of the 17-acetyl groups in XV and XVI are similar

to those in XVI (or XIX) and XVIII, respectively, although the structure
191of ring A can influence the preferred conformation of ring D.

When these conformational factors are taken into consideration 

in a discussion of mass spectral fragmentations of XV and XVI, it can 

be seen that "the explanation proposed by Zaretskii et̂  al. is unsound. 

They suggested that the 17<X-acetyl group imparted more strain to 

ring D than the 17/3-acetyl group, whereas there is more "crowding"



-5 7 -

Br

XX

Fig. 18

= o O

Scheme 1



- 5 8 -

of substituents in ring D of XV than XVI and therefore, presumably, 

more D-ring strain in XV than XVI.

In order to determine the fragmentation mechanisms of XV and

XVI, the site of charge localisation in the molecular ion must first

be considered. It may be postulated that formation of tne

ion arises via initial cleavage of, and charge localisation at, tne 
133 192C-13/17 bond. In the analogous fragmentation of 5o(--pregnan-

-2U-one, Djerassi and co-workers postulated that the next stage is

fission of the C-15/16 bond and concomitant bond-formation between
C-13 and C-15, producing a cyclopropane ring (Scheme l). If this

mechanism were applied to XV, there would be considerable steric

hindrance between the C-18 methyl group and the 17/3 -acetyl group as

they appraach during the bond-formation step. There is no such steric

hindrance in the fragmentation of XVI- This can be clearly seen if
193Dreiding molecular models are examined. Consequently, formation 

of the • ion from XVI is preferred. This fragmentation route

is apparently capable of dissipating much of the energy content of 

the molecular ion of XVI. The equivalent energy content of the 

molecular ions of XV must, therefore, be expended via alternative 

fragmentations, hence the differences between the spectra of XV and XVI. 

It would be interesting to examine the spectra of other analogues, 

eg. the 18<x,17̂ - and 18<x,17ot-isomers. It is, however, doubtful 

whether consideration of spectra of simpler molecules such as
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105substituted indanes would be informative. Moreover, the structure 

of ring A appears also to influence the fragmentations of ring D of
•I oo

these steroids: elimination of C-16 and C-17, with suostituents,

from ^ “pregnan-20-one and its 17<*-epiraer accounts for much less than 

0.5% of the total ion current in each case. The preferred primary 

fragmentation of these compounds involves loss of C-15 to C-17, with 

substituents, and an additional hydrogen atom (probably from C-8). The 

stereochemistry at C-17 apparently has no effect on this fragmentation 

mode, hence the close similarity between the spectra of these isomers.

A further possibility of the influence of steric effects on mass

spectra, viz. selective blocking of hydrogen transfer, becomes apparent

in the spectra of 6<x-methyltestosterone (XXI) and 6/3-raethyltestosterone

(XXII) and in the spectra of 6o(-methylprogesterone (XXIII) and

6/S-raethylprogesterone (XII). As noted above, steroidal A -3-ones

(unsubstituted m  rings A and B and at C-ll) undergo fragmentation of

the C-6/7 and C-9/10 bonds with transfer of hydrogen atoms from C-8 and

C-ll resulting in the formation of an ion of m/e 124 containing ring

A with C-b and C-19. Shapiro and Djerassi have postulated two
194alternative mechanisms for this process. The first (Scheme 2a) 

involves hydrogen transfer from C-ll to C-10 and from C-8 to C-4, while 

the second involves hydrogen transfer from C-8 to C-10 and from C-ll 

to C-6 (Scheme 2b). The second mechanism is supported by the observation 

that this ion, at m/e 138, appears as the base perk in the spectra of
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the 6<*-isomers XXI (Fig. 19) and XXIII (Fig. 14) and that the ions
at m/e 138 and m/e 137 (presumably formed by a similar route, but
involving transfer of only one hydrogen atom) are of approximately

equal abundance in the spectra of tne 6/S-isomers XXII (Fig. 20) and

XII (Fig. 13). It should also be noted that ions of m/e 138 constitute

the base peaks in the spectra of 6oi,l6«-dimethylprogesterone and
1896A,l6(£-diraethylprogesterone. The first altematve mechanism 

apparently applies in the fragmentation of 7/^-hydroxy-6,6-diraethyl- 

cholest-4-en-3-one (XXIV) with the formation of ions at m/e 152 (10($>) 

and m/e 151 (70%).195

TUB USB OF fCHL0R0HSTHYL)DIM3THYLSILYL BTKSH DSR1VATIViHS IN GC-MS 

The work of Eaborn and co-workers on the gas chromatographic 

properties of (chloromethyl)dimethylsilyl (CMDMS) ethers has already 

been mentioned.153>154,198,197 ^  v^ew ot* ttie excellent chromatographic 

properties of TMS ethers, and the useful fragmentation directing 

influence of the TMS group in mass spectrometry, the advantages of

CMDMS ethers as derivatives for use in GC-MS are not immediately
198apparent. In fact, with one exception, CMDMS ethershave not been 

employed for gas chromatographic - mass spectrometric analysis.

The identity of an "unknown" steroid can often be ascertained 

by GC (preferably on more than one stationary phase) and GC-MS of 

both the steroid and a suitable derivative. Such an identification 

can be carried out with a high degree of confidence if an authentic
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sample of the steroid is available for comparison, or even if the

relevant gas chromatographic and mass spectrometric data are found

in the literature. It is, nevertheless, often desirable to employ

other physical and chemical techniques as an aid to identification,

and to synthesise new compounds for comparison of chemical and

physical properties. 7/hen this is not possible, eg. if only small

quantities of the"unknown* steroid are available or if reference

samples cannot be readily synthesised, it is important to extract

the maximum amount of information by GC-MS. Comparative examination

of TMS ethers and dQ-TMS ethers, which have similar retention times,

provides a simple method of strengthening such information in respect
152of hydroxylic steroids. We considered that further structural 

evidence could be obtained by using CMDiMS ethers; accordingly, we 

selected, for an initial survey by GC-MS, a series of CMDMS ethers 

of steroids.

Pig. 21 lists retention indices and retention index increments 

for eight free sterols, TMS ethers, and CMDMS ethers. It can be seen 

that CMDMS ether formation gives rise, fairly consistently, to a 

retention index increment of about +400 (1% 07-1, 220-235°)• £lt 

should also be noted that the increment (TMS-►CMDMS) is +270 - ie. 

the added 34 m.u. behaves almost exactly liice an added CH2, with only 

marginal extra polarity.] This relatively large increment (+400) suggests 

that CMDMS ethers may effectively be employed for gas chromatographic 

separation of sterols, diols, and triols from each other and from 

other components of complex natural product mixtures. This has been
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199achieved with some degree of success by Medani for hydroxylated 

metabolites of Nilevar (see below, pp. 160-70). This approach is 

particularly useful if molecular ions of the free sterols and TMS 

ethers (and CMDMS ethers) are present in low abundance, since it 

is difficult in these cases to determine the number of hydroxyl 

groups in the molecule. Similarly, increased retention index 

increments have been found for O-benzyloximes (as compared with 

O-methyloximes), yielding information on the number of ketonic 

groups in the molecule.

The mass spectra of CMDMS ethers are comparable with those of

TMS ethers, with appropriate mass shifts. Mass spectra of these

derivatives of norethisterone (XXV), ethisterone (XXVI), and

secrosterone (XXVII) are represented in Figs. 22 and 23. Notable

features of the CMDMS etner spectra are the presence of ions containing
35 37both isotopes of chlorine ( Cl 8nd Cl), and the presence of ions 

at [M-15]+ and £M-49j+> due to loss of methyl and chloromethyl 

radicals, respectively.

Spectra of CMDMS ether derivatives of 17/S-hydroxy-17c*-metnyI 

steroids have been examined in more detail. Base peaks in all of the 

70 eV spectra of TMS and CMDMS ethers of this class of steroid which 

we have studied appear at m/e 143 and 177> respectively, corresponding 
to C-15/16/17 and substituents, less one hydrogen atom. At lower 

electron energies, abundant fragment ions are observed due to the 

corresponding nuclear fragments (Fig. 24)# Mass spectra of 

17qf-methyl-iy-nortestosterone (XXVIII) and its TMS end CMDMS ether



-68-

OH

OH

OH

OH

XXV

ECH

XXVI

EC.Me

XXVII

XXVIII



to
in

CMo
  o If)

ua

I'l-

i__J L

If) 2 o

CT)00ro

cru
IIIU

~'tz

o2u
UJ
zooclii
(O
XX

*•'QC H- 
.11 UJcr cr 
H o  cr z

inCM

oo oIf)

- 69-

oo
- Osr co

COo
00

X  a* vti 
2  crn
cr cr

in2O2u
UJ
z
oa:UJH
If)
XKUJ

CT)

o §
oIf)

to>*
CO

oo

a»2
4
£
I
cr

<n2a2u
UJ
z
ocr
UJi—inocruUJin

ooCO

!
o
CM Oo

CM

CO
LO

r-<7> oo
a>

o  B
oin

dDUEpunqp dAiye|au

Fig
.22

63



- 70-

>*<2> cm
_ oio

2 *

ir>
ir>
co

if)2
cru
hio

o

UJ

--a

zocr
UJ

I _ *11 Xa: h-
II UJ cr cr ii o cr z

oo
oin

_ocm —  o  —

>4coCOcn
u>CO

X  4> *112 a 
n j i  cr cr

in2
UJzocr
UJHtn
xh-
UJ

COin

o g
oin

_Li

oo
>4

ooco

in2
UJzocr
UJ

- I

a*2*n in a o „n cr cr u
II UJcr m

ooCM

Oo

8 oin

aouppunqs dAiyeiab

Fi
g.
23



-71-

OR
-•M e

OR

RO
OR
••Me

HO --Me

OR
RO --M e

OR

--M e

IONS IN !5eV SPECTRA  

R 3 TMS ~ R = CMDMS
Base peak MT Base peak M t
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143 360 7 270 394 20

143 450 5 177 518 3

270 360 10 270 394 12

284 374 5 264 408 8

300 390 60 300 424 9

372 462 17 406 530 21

282 372 5 282 406 4
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Fig 24



-7 2 -

derivatives are represented in Pig. 25. It can be seen that the 

CMDMS group confers stability on the major fragment ions similar 

to that observed for TMS ethers.

CMDMS ether derivatives appear to possess the desirable gas 

chromatographic and mass spectrometric characteristics of TMS ethers 

and, in addition:

(i) to provide additional gas chromatographic and mass spectro- 

metric data,

(ii) to be capable of effectively separating steroids with 

differing numbers of hydroxyl groups,

(iii) to provide further insight into fragmentation modes, 

observed by appropriate substituent shifts, and

(iv) to permit initial gas chromatographic vovk to be carried 

out using extremely small quantities of sample, with electron-capture 

detection.'^4'

VandenHeuvel and Uraly have demonstrated the utility of 

mixed TMS/CKDMS ethers for the characterisation of bile acid methyl 

e s t e r s . T h e r e  are, however, no reports of the application of 

this method.
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THE MASS SPECTRA OF TMS ETHER DERIVATIVES 0? SOME A^-3P-HYDROXY

£19 STEROIDS

Cholesterol (XXIX) is present in practically all living organisms> 

and is the primary source of mammalian hormones. It can be converted 

to progesterone (XXX), for example, via 20,22-dihydroxycholesterol 

(XXXI) and pregnenolone (XXXII). Alternatively, complete oxidative

removal of the side chain leads to dehydroepiandrosterone (XXXIV) 

'l9
5and tnen the C_Q hormonal steroids. The A -3$-hydroxy steroids are

’’inactive" precursors of hormones with the A^-3-one structure, and 

their reduction products?0'1' Consequently, A"5 -3/? - hydroxy steroids 
(or their conjugates) are only found m  quantity if 3,5-hydroxysteroid

Ldehydrogenase is not actively converting them to A -3-lceto steroids.

This situation may anse, for example, in newborn mammals or under
202certain pathological conditions.

GC-MS has been used in the identification of a large number of

A -hydroxy C ^  steroids, as their TMS ether derivatives, including
 ̂ ^ . 129,136,203-205 . * 205-207 „those extracted from urine and faeces of

205ney/bom and infant humans, meconium of newborn humans, human
205 208 209umbilical cord plasma, human amniotic fluid, human bile,
210-213human peripheral plasma, plasma end urine of an eight-year-old

214boy with 3/3-hydroxy steroid dehydrogenase deficiency, urine of a
215newborn chimpanzee, and urine and faeces of female germ-free end

5
"conventional" rats treated with a 3^-hydroxy-A -oxidoreductase 

216inhibitor. The mass spectra of such compounds have been considered
u a J nr> ..a26 ,31 , 2 1 7 - 2 1 9in other reports concerning various aspects of Mo and
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220Nevertheless, despite the clinical significance of androstenols, 

there has been no systematic survey of the mass spectral fragment­

ations of tneir TMS ether derivatives# YYe nave accordingly examined 

the mass spectra of seventeen of these compounds.

The use of an electron energy of 70 eV in the measurement of 

mass spectra of many samples gives rise to the formation of a 

multiplicity of fragment ions of relatively low mass. Often, these 

are of limited structural significance: few informative ions m  the

mass spectra of steroids and their derivatives have m/e<100. Spectra 

obtained with a lower electron energy contain fewer ions, and tnese, 

usually Deing formed as products of primary, secondary, or tertiary 

fragmentations, often afford a more useful insight to the processes 

taking place in the ion source. 20 eV spectra have, therefore, been 

used in this study. The mass spectra of compounds XXXIII-XLIX are 

represented in Figs. 26-42.

Many of the observed fragmentations are common to all of the
135samples studied, and to analogous compounds with side chains at C-l/'.

221The investigations of Diekmann and Djerassi on labelling of 

cholesterol with deuterium or other substituents were particularly 

useful in assigning origins to many of the common ions, briefly, 

they can be summarised as follows (possible structures of ions 

viii-xxviii are given in Scheme 3)*

[M-90J* (viii): elimination of the 3/2-trimethylsilyloxy moiety

with a hydrogen atom, mainly from C-4(y3)*

£M-129j+ (ix): formed by scission of the C-l/10 and C-3/4 bonds
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with hydrogen transfer from C-2 to C-4, and with the charge localised 

on the larger fragment,

ra/e 129 (x): as for (ix), but with charge localisation on the

smaller fragment.

The formation of these three ions can be readily rationalised 

by postulating that formal charge localisation is more likely at 

one of the following sites :

(a) the oxygen atom of the 3/i-tnmet:hylsilyloxy group by 

removal of an electron from a lone-pair on the oxygen atom, promoting 

(X-fission of the C-2/3 and C-3/4 bonds (Fig, 43a),

(b) the C-5/6 bond, by removal of an electron from the n-orbital, 

promoting /3-fission of the C-l/10, C-3/4, C-7/8, and C-9/10 bonds 

(Jig. 43b), or

(c) one of the bonds (C-l/10 or C-9/10) adjacent to the tertiary 

ring junction at C-10, breaking one of these bonds by removal of an 

electron from the a-orbital (Figs. 43c, 43d).

The tendency for any of these processes to take place depends,

to some extent, on the influence of other substituents in the steroid
5

nucleus. It should be noted that, whereas A -3^-hydroxy steroid TMS

ethers give nse to ions at a/e 129, A^-30-nydroxy steroid TMS ethers
217give rise to ions at m/e 142 and 143*

Fragmentation of ring D of steroids depends largely on the
107substituents therein, but also on substituents elsewhere in the molecule.

A major ion (xi) is formed by loss of a fragment apparently comprising
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C-15/16/17, with substituents, and a hydrogen atom (usually from C-8)
999from the molecular ion of many of these androstenol TMS ethers.

Loss of such a fragment ion from viii, or elimination of trimethyl- 

silanol from xi, gives rise to a "nuclear1* fragment ion (xii) of 

m/e 213, or of correspondingly higher mass if there are further 
substituents in this fragment.

Loss of a methyl radical from the molecular ion, and many of the

fragment ions, is observed and could conceivably arise from several

sources. For cholesteiyl TMS ether, however, it has been demonstrated

that the £M-15j + ion is formed mainly by loss of a methyl radical
221from the TMS group. This should not preclude the possibility of 

its origin by other routes from suitably substituted androstenol TMS 

ethers•

Ions of m/e 73 (xiii) and m/e 75 (xiv) appear in the spectra of 

almost all TMS ethers but are of little diagnostic significance.

In order to gain further insight to the mechanisms of fragment­

ations of these compounds, it would seem logical to examine, first of 

all, the spectrum of androst-5-en-3j3-o'l TMS ether (XXXIII, Fig. 2b, 

Scheme 3) and then to attempt to correlate the various influences 

of other substituents. It yri.ll, however, be seen that XXXIII is not 

truly representative of the series. Each of the ions viii-x is 

formed in relatively high abundance. Further loss of a methyl radical 

from viii is attested by a metastable ion: it probably originates by

loss of C-19. As yrith cholesteiyl TMS ether, it seems likely that the
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[M-15j+ ion is formed via loss of a methyl radical from the TMS 

group, there being no metasteble ion for further loss of 90 m.u.

The abundant ion of m/e 135 is probably formed in the same way as 

that in the spectrum of itf-androstane : ix would comprise rings C

and D from which a hydrogen atom has Deen lost.^"^ A further 

significant ion appears at m/e 121. This ion appears in the majority 

of the spectra of XXXIII-XLIX and also in many previously published 

spectra of samples of this type, but its significance has been 

obscured by the presence of other ions of similar mass, particularly 

in the 70 eV spectra. A possible mechanism of its formation is 

postulated in Scheme 4- Elimination of C-15/16/17 from viii gives 

rise to an ion (xv) of m/e 214 (.3%)- Allylic participation of the 

double bonds at C-5/6 and C-13/14 leads to preferential charge 

localisation at the C-7/8 bond (xva). This, in turn, and with the 

participation of the C-5/6 double bond, tends to polarise and weaken 

the C-9/10 bond. Fission of this bond and concomitant transfer of a 

hydrogen atom to C-10 produces the ion xvi. This hydrogen atom 

probably arises from C-12, since its bond to C-12 is weakened by the 

presence of the C-13/14 double bond and also because an ion of 

m/e 121 is present in the spectra of the 11-substituted analogues. 

Moreover, an ion of m/e 121 is observed in the 20 eV spectrum of 

cholesteryl TMS ether which is shifted to m/e 135 and m/e 149 in
1354<X-raethyl- and 4,4'-dimethylcholesteryl TMS ether, respectively.

It can be seen, then, that the formation of xvi requires a delicately
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balanced interplay of electrostatic erfects and it is not surprising 

that the relative abundance of m/e 121 is much lower in the spectra 

of samples containing other substituents. Possible origins of these 

and other ions in the spectrum are shown in Scheme 3, although it 

should be emphasised that there is little direct evidence for tne 

structures of these ions. It would be difficult to assign mechanisms 

to tne formation of the few ions of lower mass because of the numerous 

alternative possibilities. Nevertheless,the present explanation is 

sufficient foundation for investigation of the influences substituents 

on the fragmentations of other androstenol TMS ether derivatives.

An impressive feature of the mass spectrum of 3$-hydroxyandrost- 

5-en-17-one TMS ether (XXXIV, Pig. 27) is its simplicity.^,31,210,219 

The base peaic, at m/e 129, accounts for 38% of the total ion current.

The high abundance of this ion can be accounted for on the basis that 

the neutral fragment is capable of removing a greater proportion of 

the excess energy by virtue of its possession of a Keto group. The 

Em-56]* ion at m/e 30k. appears to be formed by loss of G-15/16/17, 

with substituents, and a hydrogen atom from the molecular ion. The 

origin of this fragment ion appears, however, to be more complex.

While this tnesis was in preparation, it was found that 16,16-d2*- 

3/2-hydroxyandrost-5-en-17-one TMS ether (formed by in transitu deuterium

labelling) also gives an ion at (m/e 220). This might

indicate that the fragmentation of ring D is accompanied by speciric 

double hydrogen atom rearrangement, although there remains the possibility

that the ion at m/e 220 is formed by an alternative loss of 56 m.u.
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It was also found that ^-androstan-17-one and its I6,l6-d2 analogue
both gave rise to an ion at m/e 218 corresponding to the expected

222ring D fragmentation. This observation confirms that of Djerassi 

and co-workers, who found that the peak at m/e 218 in the spectrum of 

5<<-androstan-17-one contains only traces of oxygen-containing 

fragments, although the peak at m/e 217 represents 80% ^ ^ 2 5
2054 C15h210.225

The spectrum of ^-hydroxyandrost-5-en-l6-one TMS ether (.XXXV,

Fig. 28) is similar in many respects to that of the isomeric 17-one, 

the[M-56j- ion being somewhat more abundant. Again, the 15,15,17,17-d^ 

analogue gives rise to an ion at [M-56J*. This would apparently preclude 

the formation of this ion by ring D fragmentation of the molecular 

ion since there have been no previous reports of specific quadruple 

(nor even triple) reciprocal hydrogen transfer. Further work, 

involving high resolution mass measurement and deuterium labelling of 

other keto-steroids, is to be carried out in an attempt to elucidate 

the mechanisms of these rragmentations.

An additional ketone function, in ring C, as in 3j5-hydroxyandrost- 

5-ene-ll,17-dione TMS ether (XXXVI, Fig.29), affords extra stability 

to both the neutral particles and the ions produced by certain 

fragmentations: the base peak (x, m/e 129) accounts for of the

total ion current. There is an ion at [M-56jt. There is an intense 

metastable peak attesting to loss of a methyl group from this ion with 

the formation of m/e 303 (3%)* An extremely intense metastable peak
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indicates that there is a further loss of 157 m.u. with the formation 
of an ion of m/e 146 (1/0- Tilis is unusual in that the met as table 

ion is very much more abundant than both the parent and daughter ions 

giving rise to it. This would appear to signify that the mechanism 

of formation of the ion of m/e 146 has a low rate constant (the parent 
ion disintegrating mainly between the ion source and the magnetic 

analyser rather than in the ion source) presumably because of the 

involvement of extensive rearrangement. The fragmentations outlined 

in Scheme 6 account for all ions in the spectrum of XXXVI which have 

relatve abundance greater than 1% of the base peak.

The spectrum of 30>H/J-dihydroxyandrost-5~en-17-one mono(3) TMS 

ether (XXXVII, Fig. 30) is similar to that of XXXIV, but with 

additional ions corresponding to elimination of water from viii, ix, 

[M-15]*, and [m-90,15]-. JNo ion is observed at [M~56,18jt.

The presence of a TMS ether group in ring D does not afford 

stability to the molecular ion, or to major fragment ions, to the 

same extent as a ketone group. This results in the formation of a 

wider variety of ions, as in the spectra of androst-5-ene-3/3,17o<-diol 
TMS ether (XXXVIII)210’21  ̂androst-5~ene-3£,17/2-diol TMS ether (XXXIX) 

and androst-5-ene-3|!S,l6o(-diol TMS ether (XL): the utility of low

voltage spectra as an aid to the elucidation of fragmentation 

mechanisms is thus apparent. It is of interest to note that, whereas 

ions ix are formed from ring A, there is no ion corresponding to 

further loss of 129 m.u.. Ions of m/e 129 probably derive from both 

ring A and ring D since analogous ions are observed in the spectra of

210
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226many 17-trimethylsilyloxy and 17~(chloromGtnyI)diinexhylsilyloxy 
steroids. Thus, in the spectrum of 17°<-methylandrost-5~ene-3£,l7/5- 

diol TMS ether (XLI, Fig. 34) > m/e 129 (from ring A) is of relaxive 

abundance 16%, whereas m/e 143 (from ring D) is 79%. A 17-hydroxyl 

group (as in 17<*-methylandrost-5-ene-3/2,17/S-diol mono(3) TMS ether,

XLII, Fig. 35) directs the fragmentation of ring D to a much lesser 

extent than a TiaS etner group. Instead, water is eliminated from 

the molecular ion and certain fragment ions containing a nydroxyl 

group, as observed in xhe spectrum of XXXVII.

The mass spectra of TMS ether derivatives of the trihydroxy 

analogues are more complex than those of the diols, and fragmentation 

is even more extensive : the base peaks in the spectra of androst-5-

ene-3^,lb«,17o<-triol TMS ether (XLIII, Fig. 36) and androst-5-ene- 

3/3,lb/3,1^,-triol TMS ether (XLIV, Fig. 37) contribute b.5% and 5*b%, 

respectively, of the total ion current. The spectra of XLIII, XLIV, 

and the TMS ether derivatives of the 3ftl6£,17*- and 3/6>16«<,17(3-triols
2ql 205

are similar. * The expected fragmentations of TMS ether derivatives

are observed, with sequential loss of trimethylsilanol (90 m.u.) and
methyl radicals. There are additional intense ions at m/e 329 (bl%),

239 (100%), and 191 (45%)(relative intensities are for XLIV). The

ion of m/e 191 has been observed in the spectra of TMS ether derivatives

of other l6,17-diols,204,22b“220 17,18-diols 22y 15,17-diols,218
156and a 15,16,17-triol and has been demonstrated to be a rearrangement

230ion containing two trimethylsilyloxy groups. The ions at m/e 329 

and m/e 239 are apparently formed by sequential loss of trimethylsilanol
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frora the ion [M-103j+. There is, in fact, en ion of low abundance 

at [M-103]+ (m̂ /e 419; K%,2%\ XLIII, XLIV). Ions at O-103jf + are
\xxtypical of TMS ether derivatives of primary aliphatic alcohols

231and also those of 21-hydroxy steroids. These ions also appear

in the spectra of TMS ether derivatives of steroids with vicinal 
227hydroxyl groups. They are probably formed by fission of the 

C-13/17 bond, transfer of a hydrogen atom to C-17, end rupture of 
the C-16/17 bond. This latter fission would be directed by the 

presence of the Ib-trimethylsilyloxy group.

There are significant differences between spectra of the 

lb-keto-17/2-tnmethylsilyloxy and l6<*-trimethylsilylo:xy-17-keto
2q 7 20bsteroids. Spectra of the former, as in 3^»17^-<lihydroxy-

androst-^-en-lb-one TMS ether (XLV, Pig. 33), have en ion of type 

ix as the base peak and afford many of the expected fragmentations.

The ion CM-5b3« could be formed by sequential loss of a methyl 

radical and C-15/16 with substituents, less one hydrogen atom but, 

in view of the observations on the spectra of deuteriated 16- and 

17-ketones (see above), further work is to be carried out on this 
compound. The fragmentation pattern of 3/S,l6e<-dihydroxyandrost-b- 

en-17-one TMS ether (XLVI, Fig. 39) has been described by Siegel
pQO

et al. Both XLVI and 3/3,ll/?,l6*-trihydroxyandrost-5-en-I7-one

di(3,16) TMS ether (XLVII, Fig. 40) give relatively weak m/e 129

peaks. The base peaks (m/e 214,212: XLVI,XLVII) are due to fragments

formed by elimination of C-15/16/17 in the case of XLVII, a
203 208molecule of water from viii. ’ Abundant ions are produced by
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further loss of methyl radicals, -Formation of the ion of m/e 175 
203has been explained by elimination of C-15/16/17 from x. Abundant 

ions are present at m/e 117, probably comprising C-15/16 with 
substituents and an additional hydrogen atom. Several of the proposed 

fragmentations of XLVII are substantiated by metastable peaks: these 

are summarised in Scheme 7» In all of these spectra, an ion comprising 

C-16/17, less a hydrogen atom, accounts for a proportion of the peak 

at m/e 129.232

The spectrum of the lb-tnmethylsilyoxy compound, 3^,lb-dihydroxy- 

androst-5-en-l6-one TMS ether (XLVIII, Fig. 41 is more difficult to 

interpret. In particular, the ions of m/e 158 (base peakj and m/e 24h 

have apparently not been previously observed. It is tentatively 

proposed that m/e 248 comprises rings A and B, whereas the base peak 
is produced by elimination of trimethylsilanol from this ion. The ion 

of m/e 103 is presumably TMSO^CHg from C-ld (see above). The Em-30?*
1 7U

ion apparently arises via a migration of the TMS group.

The apparently anomalous ion at [.M-56/* in the spectrum of 
3£,17#-dihydroxyandrost-5-en-ll-one TMS ether (XLIX, Fig. 42 J may 
have a similar origin to that tentatively proposed for XLV; loss of 

a methyl radical being accompanied by elimination of C-ll/12 with 

substituents, less a hydrogen atom. The origin of this ion is to be 

further investigated by deuterium labelling studies. The high 

abundance of the ion of m/e 129 may be rationalised on the basis that 

energy can be readily delocalised over the ketone-containing neutral
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fragment .

lhe major fragmentations of a series of seventeen analogues of 

androst-ij-en-3/^-ol IMS ether have been examined. Many of tnese have 

been observed and explained previously their generality is now 

demonstrated, with tne exception of [m-563* ions in several spectra. 

It has been found desirable to carry out deuterium labelling and 

high resolution measurements to account for the formation of these 

ions. Several hitherto unobserved ions are reported and possible 

origins are postulated. More stable ions (hence, usually, ions of 

greater relative abundance) are formed if the neutral particle 

formed in a fragmentation contains a iceto group. This observation 

can be explained if it is assumed tnat the energy content of such 

particles can be higher than those which do not contain iceto groups, 

because more energy wan be delocalised over the Iceto group. This 

factor is of particular relevance in the comparison of the spectrum 

of XXXIII with those of the substituted analogues : this illustrates

the pitfalls of a "systematic" approach to the investigation of 

fragmentation mechanisms of complex molecules.
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THB MASS SP3CTKA OP TMS ETHER D5RIVATIVE5 OF SOME UNSATURATED STEROLS

In mass spectrometry, the presence of a double bond in a molecule

has been found to give rise to several types of fragmentation including

simple /9-cleavage, the McLafferty rearrangement, and the retro-Diels-

Alder rearrangement. The formulation of mechanisms for these processes

usually requires formal charge localisation at the double bond. The

influence of any particular double bond on the fragmentation of the

molecule is affected by other double bonds or functional groups which

may be present in the molecule. Wyllie and Djerassi have carried out

deuterium labelling experiments on three steroid hydrocarbons with

unsaturated side-chains (^f$-cholest-24-ene ,L, 50f-cholest-22-ene
and 21-nor-5a(-cholest-24-ene, LII) and have proposed mechanisms for

233fragmentation of these and other unsaturated side-chains. They 

reported that these fragmentations are typical, also, of sterols with 

unsaturated side-chains but that they are somewhat suppressed by the 

formation of acetates or TMS ethers. The mass spectra of TMS ethers 

of a large number of unsaturated sterols have been briefly discussed 

by Khights^^ and Brooks et al.^**

In an attempt to characterise certain sterols isolated from yeast 

(see following section), it was found necessary to investigate the 

mass spectral fragmentations of further reference steroids. TMS ethers 

were used because of their superior gas chromatographic properties : 

mass spectra of TMS ethers of seventeen authentic sterols (LIII-LX1X) 

were examined m  detail. Partial mass spectra (70 eV) are presented 

in Table 5.
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Table 3- Partial mass spectral data for TMS ethers of LIII - LXIX

LIII 456 69 75 /3 107 81 95 91 105 213 93
36 100 66 59 53 40 37 33 33 30 30

LII 470 69 73 75 55 121 95 81 109 105 93
4b 100 71 60 58 51 42 42 38 38 35

III 484 69 73 135 75 81 109 105 14/ 93 121
22 100 92 78 49 34 32 29 2b 24 23

LIV 498 69 393 73 109 55 95 75 81 394 483
18 100 85 52 46 40 38 34 29 28 24

LVIV 470 121 22/ 455 109 365 243 380 69 14/ 95100 47 33 30 30 29 28 25 24 22 22
LVIII 498 69 73 393 75 55 95 109 81 129 1198 100 61 49 42 39 38 31 26 25 21
LIX 496 69 73 75 55 253 95 129 81 157 109
• 32 100 81 42 42 38 27 26 24 23 23
LX 498 69 73 95 55 81 109 10/ 93 /5 393

1 100 71 46 44 38 36 33 31 30 2/
LXI 470 227 455 213 107 150 365 229 380 147 95

100 61 55 55 53 51 46 43 33 33 31
LXII 484 55 73 /5 69 121 95 81 105 379 10/

92 100 92 81 n 75 73 65 b2 61 55
LXIII 498 393 483 394 95 484 9/ 109 22/ 123 69

3/ 100 // 34 33 51 30 28 2/ 2/ 24
LXIV 512 40/ 408 497 241 95 123 109 :135 83 498

25 100 34 33 21 18 17 17 15 15 14
LXV 470 69 75 81 73 255 10/ 343 :105 95 67

20 100 95 68 65 61 46 41 36 34 33
LXVI 468 69 73 363 337 81 119 131:143 253 157

1/ 100 9/ // 56 44 38 37 35 29 28
LXVII 466 361 /3 251 81 123 211 143 :119 55 131

29 100 89 68 68 55 41 40 55 35 34
LXVIII 472 75 255 73 55 107 81 95 :213 :105 57

5/ 100 7b 58 50 43 41 3/ 36 34 32
LXIX 472 75 107 73 55 14/ 229 213 57 :105 81

100 /b 73 60 53 45 43 40 40 39 39
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24A -sterol TMS ethers

Zymosterol (LI3.I) TMS ether (Fig. 44)• The molecular ion, base peat
135of the 20 eV spectrum,  ̂is of relative abundance 36%. The base 

peak: (m/e 69) is undoubtedly due to fission allylic to the A2*4" bond.2^  

There is no corresponding ion at Qm—69j^, nor at £m-69,9o/+, which 

would result from further loss of trimethylsilanol. There is no 

evidence for a McLafferty rearrangement in the side-chain. In fact,
pi

it appears that the sole contribution of the A bond to the spectrum

is in the formation of the base peak. Simple cleavage of the C-17/20

bond would produce an ion This ion is absent from the

spectrum, although there is an ion (m/e 255, 6%) due to a further loss
of trimethylsilanol. Concomitant loss of the side-cnain and two

223 235hydrogen atoms, a major feature in the spectra of sterols *
233steroid hydrocarbons with unsaturated side-chains, gives rise to an

ion of low (4%) abundance at m/e 343* The corresponding ion at m/e 253

is also of low abundance (3%)* The usual fragmentations of sterol

TMS ethers are observed: CM-15j+ (m/e 441, 21%), [M-9Uj* (m/e 3bb, 8%),

[M-90,15]+ (m/e 351, 19%), m/e 75 (70%), end m/e 73 (58%). Other

major fragment ions appear to be produced by fragmentation of ring D

of the steroid nucleus. Mechanisms of fragmentation of this type are

extremely complex, often involving reciprocal hydrogen transfers and
222several parallel pathways. Loss of C-16, C-17 and the side-chain 

produces ions at m/e 318 (2%) and 228 (7%)* A similar fission, 

accompanied by loss of a hydrogen atom gives no ion of m/e 319, but an
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ion of relatively high abundance (19%) at m/e 229 is formed.
Elimination of C-13/lb/iy and the side-chain with an additional 

hydrogen atom produees ions at m/e 303 (3%) and m/e 213 (30%).
W-Methylzymosterol (LIV) and 14-Desmethyllanosterol (LV) TMS ethers 

give similar spectra to that of zymosterol TMS ether. A notable trend 

in the spectra of this series is the relatively hign abundance of ions 

of m/e 10/ {52%), m/e 121 {30%), end m/e 133 {H%) from LII, LIII, and 

LIV TMS ethers, respectively, although eacn of tnese ions is present 

in all three spectra. This indicates that these ions comprise C-4 

and substituents with an additional unit. It would be rash to 

suggest a structure for these ions without further evidence.

Lanosterol (LVI) TMS ether gives a rather different spectrum (Fig. 45)•
g

The additional, methyl group at C-14 is ellylic to the A bond and 

appears to be readily eliminated. There are abundant ions at [M-lifj+

(m/e 483, 24%) and CM-15,9oJ+ (m/e 393> #4%; base peak of 20 eV spectrum,). 
There is no ion at [M-9o3* in the 70 eV spectrum, end one of only 1% 

relative abundance in the 20 eV spectrum. The base peak is still at

m/e 69, but fragmentation of ring D is greatly suppressed. The ion of

m/e I35 is of lower relative abundance (19%) than in LV TMS ether. 
4*<-methvl-5c>(-cholesta-8(l4),24-dien-3/3-ol (LVII) TMS ether. The 

molecular ion is the base peak, demonstrating tne greater stabilising 

influence of the A ^ 1^  bond as compared with the A*^^ bond. This is 

further reflected in the relatively low abundance of ions of m/e 200. 

Allylic assistance of fission of the C-6/7 and C-9/lO bonds leads to

ions of relatively high abundance (13%) at m/e 25b. As expected, the
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ion of m/e 121 is also formed in nigh abundance (4b%) compared with 

m/e 10/ (14%) and m/e 135 (21%).
Parkeol (LVIIl) TMS ether gives a similar spectrum to that of LVI

TMS fether. In this case, it is more likely that the 19-methyl group

is eliminated in the formation of ions at [m-15J+ (m/e 483, 13%) and

[m-15,9oJH (m/e 393> 48%)* It is of interest to note that t h e A ^ ^

bond exerts a similar, but weaker, influence to tne A bond on the

fragmentation of ring A: ions are formed at m/e 129 (25%) and

£m-129J (m/e 3b9, ?%)• Analogous ions have been observed for the

corresponding 24-dihydrosterol TMS ether (III).^f,̂ fc> Elimination

of the side-chain with two additional hydrogen atoms produces a

relatively abundant (12%) ion at m/e 3^5- This appears to indicate

that one of the hydrogen atoms implicated in this process arises from
253C-I2 by alLylic participation. Wyllie and Djerassi found that, for

Oi
several A steroid hydrocarbons, in the formation of similar ions,

one of the two hydrogen atoms originates from C-17 end tne other from

C-12 (35%), C-14 (10%), C-l6 (25%), or elsewhere in the molecule.

Agnosterol (LIX) TMS ether. Elimination of methyl groups from the

molecular ion and £m-9oJ- ion does not take place as readily as in
7 y(li)LVI TMS ether. The conjugated double bonds (A and A ') appear to

stabilise rings ti and C of the molecule. The usual fragmentations of

the side-chain and ring D take place, in particular, elimination of

C-15/lb/17 with the side-chain and an additional hydrogen atom from

the ion(^M-9oJ» (m/e 2^3, 38%). An additional ion, also observed in
135the 20 eV spectrum of dihydroagnosterol, appears at m/e 240 (19%).
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Th© origin of this ion is uncertain, but it probably comprises 

rings A, B, and C with four methyl or methylene residues.1^

There are also ions at m/e. 129 (2b%) and [ai-129J+ (m/e 367. l#o). 

Cycloartenol (LX) TMS ether. The molecular ion (m/e i&ti) and [m-ISJ* 

ion (m/e 4#3) are of very low intensitj' [1% and 3/o, respectively).

The |jU-90]T ion (m/e 408) is of greater intensity [2G%) and metastable 

ions attest to its decomposition to produce ions [m-90, iij+ at m/e 
393 (27/0 a11̂. at m/e 385 [20%), The precise origin of this latter 

ion is uncertain. A corresponding ion (at m/e 379) is observed in 

the spectrum of cyclolaudenol.2^  The ion at fw-9U,byJ+ (m/e 339) 

is of relatively high abundance (21%) compared with the equivalent 

ions from the TJWS ethers of LIII-LIX (less than k%)*

^24(28),s-fceroi TI1S ethers
O) f ou \

The mass spectra of many A -sterols and their esters show

abundant ions produced by McLafferty rearrangement in the side- 

chain. “2  ̂>^33 ,238-241 ions are, however, of relatively low

abundance (less than k%) in the spectra of the four A^,2̂ 2^-sterol 

TMS ethers examined here.

Fecosterol (LXl) TMS ether (Fig. 46). The molecular ion (m/e 470) 

is the base peak, and there are abundant ions at [u-15] + (a/e 455.

54/), £m-90J* (a/e 380. 33fi), and [M-90,15j+ (m/e 3b5, MetestaDla

ions attest to the transitions m/e 470 to 433 and m/e 380 to 3t>5* As
07,in the case of the A steroids, tne side-chain is lost from the 

molecular ion with two hydrogen atoms (m/e 343 > 31/0 and from the
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fM-9p]' ion with (m/e 253, 17%) and without (m/e 253, 21%) hydrogen 
transfer, the latter predominating. Fragmentation of ring D, however, 

appears to be more complex* In addition to the fragmentations
py

observed for the A -sterol TMS et)®ers, several more are observed!

(1) m/e 227 (60%). Corresponds to elimination of C-16/17 and 

side-chain with an additional hydrogen atom from [u-joj*. Hydrogen
p I

transfer taltes place in the opposite direction for A -sterol TMS 

ethers.

(ii) m/e 211 (26%). Can be ascribed formally to elimination of 

C-15/16/17 vd.th side-ch8in and three hydrogen atoms from £m-9oJ*, 

but probably involves an alternative fragmentation of ring D and 

loss of one or more methyl groups.

(iii) m/e 150 (50%)* May comprise C-lb/17 and side-chain, less 

two hydrogen atoms, or C-15 to C-26 and C-2B less one hydrogen atom.

The mode of formation of these ions can only be ascertained by

the study of deuterium labelled or more highly substituted analogues.

An ion of m/e 107 (62%) is observed, as in the spectrum of LIII. 

4o(-Methyl-24-metJbylens-24,25-dihydrozymosterol (LXII) TMS ether. The 

spectrum is similar to that of LXI, with the appropriate mass shifts

for ions containing the 4-methyl group. There is more extensive

fragmentation of the steroid nucleus, leading to more intense ions of 

m/e 200: the molecular ion (m/e 4^4, 92%) accounts for 3% of the

total ion current, compared with 5*4% for LXI. The ion of m/e 150 

is less intense (23%) than in the TMS ether of LXI, but quite significant 

as an odd-electron ion.



Obtusifoliol (LXIII) TMS ether (Fig. 47)• This spectrum exhibits

the same general features as observed, for the otherA^-lV-methyl

sterol TMS ethers, namely, nigh abundance of [)<l-15j+ (m/e 4b3, /b%)

and £m-90, I5J (m/e 393> 100$). Metastable ions attest to the

sequence: M- (m/e 498, 37%) to ra/e 483 to m/e 393. The ion [M-90j*

(m/e 40b) is formed in low abundance (2$). There are ions corresponding

to formal loss of C-15 to C-28 and a methyl group (m/e 317, 17%) and
loss of 0 ^ 2 *  McLafferty rearrangement in the side-chain, from

[M-90, 15J (m/e 309, 19%). Ions of lower m/e are present only in

relatively low abundance. The ion of m/e 150 (cf. LXI and LXII TMS

ethers) is absent, and there is no corresponding ion at m/e 164*

24-Methylene-24,23-dihydrolanosterol (LXIV) TMS ether. The spectrum

is also dominated by the molecular ion (m/e 512, 23%), £m -15J+

(sZ®. 497, 33%'), and [M-9U, 15]+ (m^e 40/, 100%). There are no other

ions of greater relative abundance than 21%.
22A -sterol TMS ethers

5 ,6-Dihydroergosterol (LXV) TMS ether (Pig. 48)• Fragmentation of

the side-chain is more prevalent than in the examples already discussed.

The ions at £>-43,] + (m/e 427, 3%) and [tt-90, 43j+ (m/e 337, 8%) appear

to be formed by loss of the terminal isopropyl group, promoted by
22allylic participation of the A bond, as proposed for the TMS ethers

of stigmasterol (LXX)^- and brassicasterol ( L X X I T h e  ion of

rc/e 372 (8%) is formed by the apparently unfavourable cleavage of the

C-20/22 bond, with hydrogen transfer from the steroid nucleus.
Several plausible mechanisms for the equivalent fragmentation of
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2355<*-cholest-22-ene have been suggested. Fission of the C-17/20

bond gives rise to ions of ra/e 34b (lb%) and m/e 25b (b0%; base
23bpeak of the 20 eY spectrum ) from the molecular ion (m/e 4/0, 20%) 

and [si-9oJ • (m/e 3b0, b%), respectively. Conversely, the corresponding 

ion (m/e 343 > 41%) formed by loss of the side-chain and two hydrogen 
atoms from the molecular ion is more abundant than that (m/e 233, 13%) 
formed from [J.i-90j*. The origin of several fragment ions may be 

formally ascribed to retro-Diels-Alder rearrangement in ring B of 

fragment ions of higher mass £ m/e lbl (18%) from m/e 343 > m/e 159 
(24%) from m/e 343 > and m/e 119 (25%) from m/e 303 (4%)J. Their 

relatively low abundance, however, renders them of little diagnostic 

significance. The base peak of this spectrum is at m/e 69. The origin 

of this ion may only be ascertained by deuterium labelling, but it 

should be noted that it is also the base peak in the spectrum of the 

TMS ether of LXVT and the acetate of LXVII obtained on the same 

instrument and under conditions similar to those employed in the 

present investigation.

firgosterol (LXVT) TMS ether. The 20 eV spectrum has been discussed 
153previously, and the /0 eV spectrum is very similar, but witn the 

base peak at m/e b9. The base peak of the 20 eV spectrum (m/e 3b3) 

is of relative abundance 7b% in the 70 eV spectrum. Ions characteristic 

of the Astructure"^'* are observed at m/e 131 (3b%) and £M-13lJ 
(m/e 337, 55%). An ion of m/e 33/ (23%) is also found in the 20 eV 

spectrum of LXVT TMS ether. The ion at [M-129j + , normally observed in
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the spectra of TMS ethers of A^-3|S-hyaroxy steroids, is absent. It
13bwas previously suggested that the ion at m/e 211 comprised rings 

C and D with the side-chain attached. It appears more likely that 

this ion arises by elimination of C-15 to C-28 with an additional 

hydrogen atom from [M-90J*.
Ergosta-5,7,22,24(28)-tetreenol (LXVII) TMS ether (Fig. 49). The 

side-chain, since it contains a pair of conjugated double bonds, 

undergoes little fragmentation except, perhaps, elimination of the 

C-21 or a terminal methyl group. The ion is, in fact, aoseht,

but a metastable ion attests to the formation of £m-90,13J + (m/e 3bl,

100/b) from £m-903'* (m/e 3/6, 20%) which would be expected to be formed 
readily since it may take up a conjugated 3>5,7-triene structure. A 

relatively abundant ion at m/e 123 (54%) probably comprises C-20
22to C-28, formed by fission of the C-1//20 bond, allylic to the A ’ 

bond. There are no ions corresponding to loss of this side-chain 

from the molecular ion, but abundant ions exist at m/e 231 (68%) and 
m/e 233 (23%) by analogous processes commencing with tne ion [m-9u] •. 
There are the expected ions at m/e 131 (33%) and £M-13lJ+ (m/e 353 > 21%). 

The ion of m/e 69 is of relatively low (21%) abundance.

Ergostenol TMS ethers 

5o(-Ergost-7-en-3|fi-dL TMS ether (Fig. 5) ). The most notable

feature of the mass spectra of many steroids with saturated side-chains 

is the loss of the side-chain withoux net hydrogen trrnsfer.^t),̂ U^

Loss of the side-chain from the molecular ion of the TMS ether of LXVIII 

gives rise to an ion (m/e 343) of relatively low abundance (6%) but 

to an intense ion (m/e 255 > 73%) from ̂ M-90jt (lUZS. 3d2, b/o). Ions
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produced by fragmentation, with hydrogen transfer, of ring D of 

[M-9lfj* are formed in relatively high abundance ̂ m/e 229 (2f/b) and 
m/e 213 (3b%)J. The base peak (m/e 75) is an ion typical of TMS 

ethers.

5C*-firgost-8(14)-en-3,4-ol (LXIX) TMS ether (Pig. 51). The spectrum 

is qualitatively similar to that of tne TMS ether of LXV1II, but has 

diagnostically signicant quantitative differences. Ions of m/e 472 

(lit, 100£>), m/e 223 (43%)> and m/e 10/ (72%) are of notably increased 

relative intensity, whereas those of m/e 235 (27%) and m/e 75 (75/6} 

are of decreased intensity in the spectrum of the TMS ether of LXIX.

The reason for this relationship is uncertain, but it is appropriate 

to note, here, that a similar phenomenon is observed in the 20 eV 

spectra of TMS ethers of 5o(-cholest-7-en-3j3-ol (LXXIII) and 3o(-cholest- 

8(14)-en-3j3ol (LXXIV).'^'* In the former, m/e 255 is in nigh abundance, 

and in the latter m/e 107 is more prominent.

Conclusions. In spite of the inherent complexity of the fragmentation
P 7 1 2 “5 6of ring D and unsaturated side-chains of steroids, it has been 

possible to recognise various features of diagnostic significance in 

the mass spectra (Schemes 8-12).

The TMS ether function, while giving rise to ions at £m-90J*, 

m/e 73, and m/e 75, promotes little fragmentation of the steroid 

nucleus in most cases. Notable exceptions are the formation of ions 

at m/e_ 131 and [M-13lJ+ in the spectra of compounds and ions at 

m/e 129 and [M-129j + in and //^(H) compounds. This may serve
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to distinguish these compounds from chose with double bonds in other 

positions in the steroid nucleus, although it should be remembered 

that the corresponding A compounds usually give rise to ions at 

m/e 129 and [ltf-129] + , but in greater relative abundance.

The ease of recognition of the size of saturated side-chains

from steroid mass spectra has been known for some time,^^ but is

not quite as simple as in the "rule” enumerated by Fitches: "For

steroids containing less thpn three ring-keto groups the molecular

weight of the side-chain at is given as tne parent mass, p,

minus 42, minus the mass of the principal peak in the mass range

209-245» minus lb for each hydroxyl group and minus bU for each 
15 bacetate group.” Nevertheless, in the spectra of TMS ethers of

LXVIII and LXYIX, ions resulting from loss of the side-chain from,

and fragmentation of ring D of, the molecular ion and £m-90J • are
easily recognised. Features which serve to distinguish A^ and A ^ ^ ^

isomers have been discussed. In particular, the relative abundances

of ions of m/e (105, 4-substituents) and ions resulting rrom sequential
loss of trimethylsilanol and side-chain from the molecular ion should

be noted. Also, isomers can usually be distinguished by their
135higher retention indices.

24 / /■The majority of the A compounds have base peaks at m/e 69 in
the /0 eV spectra (the exception being the T.MS ether of LVI1), presurnaoly

24 / Xformed from the side-chain by fission allylic to the A bond (Scheme d).
22The same base peak is, however, observed in the spectra of A compounds,
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probably by McLafferty rearrangement in the cleaved side-chain. 

Interpretation of the significance of a base peak at m/e 69 in the 

spectra of "unknown" steroisd should therefore be treated with
2? 22i_

caution. A ” and A isomers can also be distinguished by further 

characteristic fragmentation of the side-chain (Schemes b,10).

In contrast with the spectra of steroids with saturated side- 

chains (Scheme 12), unsaturated side-chains are eliminated from M* 

and £m -9oJ* both with and without two additional hydrogen atoms 

(Scheme 12). It should be noted that this hydrogen transfer is 

more prevalent in the fragmentation of K* than of

The presence of a a^1̂ ^  bond can be recognised by the presence 

of an ion which formally corresponds to elimination from £il~90j* of 

C-16 to C-2d and an additional hydrogen atom. The more usually 

observed ion, formed by hydrogen transfer to the steroid nucleus, 

is also present.

An extremely abundant [M-90,153* ion is observed in the spectra

of compounds possessing a A -14-methyl moiety. Metastable ions attest

to the formation of CM**90,15j+ from LM-15j+. There are also intense
 ̂7

ions at [M-90, 15j+ in the spectra of the A * compounds, the methyl 

group eliminated being, apparently, that at C-19. In this case, 

metastable ions indicate that fM-90,lif} is formed from £m-90J*. The 

C&-90,15j+ ion is 0f pow intensity in the spectrum of the A^,'^11)-14.- 

methyl compound.
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'i'here appears to be little direct fragmentation of ring A in 

most of these compounds, but it seems possible to ascertain substituents 

at C-4- by the intensities of ions at m/e 10/ (from 4,4'-di-h), m/e 121 

(from 4-methyl), and m/e 135 (from 4,4‘-di-Me).. buch observations 

should, however, be treated with some caution since, at the present 

time, it is uncertain which other carbon atoms are included in these 

ions: methyl groups at other positions could give rise to analogous

mass shifts.

Cycloartenol TLIS ether gives rise to an additional fragmentation, 

presumably directed by the 9*10-cyclopropane ring, with elimination 

of a fragment from this interpretation is supported

by metastable ion evidence.
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CHAKACTSRIZATI ON OF YE-NST STEROLS BY G-C-MS*

In recent years, much progress has been made in the elucidation 

of the pathways by which sterols are biosynthesised, not only in 

animals, but also in fungi and higher p l a n t s E r g o s t e r o l  

(LXVT) has long been known as the major sterol of yeast and other 

fungi - it forms crystalline inclusions in Neurospora crassa2^  - and 

is formed from lanosterol (LVI), which apparently originates from 

mevalonic acid (LXXV) via squalene (LXXVI). Details of the conversion 

of lanosterol to ergosterol are, at present, not clear. Various 

hypothetical biosynthetic pathways have been proposed and attempts 

have been made to identify the intermediates. In investigations of 

this type, it is usually necessary to isolate such sterols and to apply 

a wide range of physical and chemical techniques to determine their 

structures.^*

In the present study, an attempt has been made to characterize 

sterols in relatively crude fractions of sterols of the yeast 

Sacoharomyces cerevisiae Meyen. Column adsorption chromatography 

(at Imperial College) yielded three fractions, broadly representing: 

4-desmethyl, 4*-methyl, and 4,4-dimethyl sterols.

&C-MS of the derived TMS ethers was carried out using a 10ft 

OV-17 column. Because of the incomplete resolution obtained, retention 

indices were determinable only approximately. Spectra were recorded 

at an electron energy of /0 eV.

* Preliminary fractionation of the yeast sterols was carried out by 
Prof. D. H. R. Barton, Dr. D. A. Widdowson, and co-workers (Imperial 
College of Science and Technology, University of London).
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The 4-desmethyl sterol fraction was found to contain three major

components, giving TMS ethers of retention index 3340, 33«5, and 3420.

The mass spectrum of the first (Fig- 52) corresponds to that of

zymosterol (LIII) TMS ether (Fig- 44)- Zymosterol is a well-iaiown 
247yeast sterol- The retention index of the TMS ether of the second 

major component is closely similar to those of 5,6-dihydroergosterol 
(LXV) TMS ether (I = 3395) end fecosterol (LXI) TMS ether (I = 3390).

The mass spectrum (Fig- 53) exhibits features characteristic of both 

of these compounds: there is an abundant (20/£) ion of m/e 150 (cf. Fig. 

4b), and ions of m/e less than 100 are relatively intense (cf. Fig. 40 ). 
This component is probably a mixture of these sterols- The third 

component of this fraction appears also to be an ergostadienoi. The 

retention index of its TMS ether (Fig- 54) is similar to that which

would be expected (cf. Table b) for the TMS ether of episterol
TMS(LXXVII, Ica2c = 3430)- No reference sample was available for 

comparison of mass spectra- Ergostadienols previously isolated from
Al u  A »  Q  Qk*]

fungi include 5>b-dihydroergosterol, fecosterol, episterol, ’

and ascosterol (LXXVTII).̂ f̂ ,̂ 2 "Anasterol", previously claimed to be
253 254an ergostadienoi from yeast, is apparently a mixture.

The 4-̂ -niethyl sterol fraction contained two major components.

The TMS ether of the first (I = 3420) gave a spectrum (Fig. 55) which 
resembled that of the TMS ether of 4<X-methyl-5c<-cholesta-d(14) ,24-

dien-3(2-ol (LVII, ITMS = 3400) more closely than that of the TMS ether
<j TMSof the A -isomer, 4f<-methylzymosterol (LIV, I = 3400), In particular,
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it should be noted that the ions of m/e less than 1U0 are less 
abundant in the spectrum of the A ^ 1̂ -isomer, But for the relatively 

high abundance of ions of m/e less than luu in the spectrum of its TMS 

ether (1 = 3^60, Fig, 5b) the second component of this fraction 
would resemble ilX-methyl-24-niethylene-24» 23-dihydro zymosterol (LXII,

I'lKS _ 3450  ̂isolated by Barton et al.^6 This could be the theZ?^1^ -  

isomer.

The 4,4-dimethylsterol fraction also contained two major components. 
The spectrum of the TMS ether of the first (I = 3430, Fig. 3'/) has an 
extremely abundant ion at m/e 393 (20?ol) characteristic of the A0-14- 
methyl structure. Ions of m/e less than 10U are present in low abund­
ance, compared with those in the spectrum of the TmS ether of lanosterol 

TMS(LVI, 1 = 3420, Fig, 4i) ) • This difference may not be significant 
in view of the evidence for the presence of a A -14-methyl grouping. 
Closely related isomers with other nuclear double bonds have quite
different retention indices (A9 1̂:L̂ 22f, I = 3480; A7,2\  I = 3470).
22 24 2?A -isomers would have much lower retention indices: 6I(A — >̂a ~) =
-125. The low abundance of the ion of m/e 69 (base peak of the spectrum

of the TMS ether of lanosterol) might be accounted for by a structure
with a different side-chain. The TMS ether Of the other major component
of this fraction (I = 34^3» Fig. 58) is not completely resolved from
the first, but interfering ions appear only at m/e 393 > 483» and 498
(cf. Fig. 57). Its mass spectrum is somewhat similar to that of the

TMSTMS ether of 14-desmethyllanosterol (LV, I = 3450). Hovrever, ions



48
4

Fi
g.

 5
7



- 140-



- 141-

of m/e less than 100 are present only in low abundance in the spectrum 

of the TMS ether of this component. A minor component of this 

fraction, which affords a TMS ether (I = 3520) of molecular weight 

49b, could be 4,4-dimethylergosta-5,7,24(28)-trien-3j#~ol (I^ac = 

3530).

In this brief study, a number of yeast sterols have been charact­

erized by GC-MS. It has been found possible to determine the masses 

of the nuclear and side-chain moieties in each case, but not always 

the locations of nuclear double bonds. In particular, differentiation 

bet?/een and A ^ " ^  double bonds is difficult if suitable reference 

compounds are not available. It should be noted, however, that, in 

cases -where definite identification has been made, as for zymosterol 

and 4c(-methyl-5<*-cholesta-8(14) >24-dien-3(£-ol, there is excellent 

agreement between spectra of TMS ethers of authentic samples and 

those of extract components. It is clearly desirable to obtain mass 

spectra of TMS ethers of many more unsaturated sterols of this type 

to aid further studies.

All of the sterols identified, albeit tentatively, in the yeast 

extracts can be placed on hypothetical biosynthetic pathways from 

lanosterol to ergosterol. Sequential elimination of methyl groups 

apparently leads to the formation of zymosterol (Scheme 13). Schwenk 

and Alexander were unable to demonstrate the conversion of zymosterol 

to ergosterol by yeast*^ but, more recently, Katsuchi and Bloch have 

shown that this process probably proceeds via ergosta-5,7>22,24(28)-
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0155tetraen-3/2-ol (LXVIl). Barton et al. have shown that yeast can
Ol hconvert 4^methylzyjaosterol to ergosterol in Vf/o yield.

Alternatively, it has been suggested that elaboration of the
25724-methyleno moiety can precede demethylation. 24-raei;hyIene-24>23-

251dihydrolanosterol (LXTV) has been found in a fungus, and it has

been demonstrated that this compound is converted to ergosterol by 
257 258yeast. Scheme 14 illustrates two possible routes for the

formation of 4tf-methyl-5tf-cholesta-8(14),24-&ien--3j2-oI from lanosterol.

Both proceed via 24-raethylene-24,23-dihydrolanosterol. Elimination

of the 14-methyl group may lead to the formation of 4 A-<llmethyl-5GV
ergosta-8,24(28)-dien-3/$-ol (LXXX) (tentatively identified in

251Phycomyces blakesleeanus by G-oulston et al. ), whereas loss of a 

4-methyl group may afford obtusifoliol (LXIII) (shown by Barton et al. 

to be convertible to ergosterol by yeast in 8̂  yield ). Further 

loss of a methyl group from either of these sterols may produce 

4^-methyl-5cj(-ergosta-8,24(28)-dien-3(/S-ol (isolated from yeast by Barton 
ejt al.2*^) which presumably isomerises to the ^ - ^ > 24(28) sterol 
now identified.2^  Scheme 15 shows a probable route for conversion of 

this sterol to ergosterol via the ergostadienols described above. The 

tentative identification of 4,4-dimethylergosta-5,7,24(28)-trien-3/$-ol 
indicates a further route for conversion of lanosterol to ergosterol, 

possibly via ergosta-3,7,22,24(28 )-en-3/S-ol (Scheme 16).

G-oad has suggested2^  that different biosynthetic pathways 

between lanosterol and ergosterol may be operative in different fungi.
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It is possible that the full potential of GC-MS in this field will 

be realised in comparative studies of sterol biosynthesis.

Meanwhile, GC-MS has a significant role to pley in the characterization 

of minor sterols which often cannot be isolated in quantity
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Table b. Retention increments (07-17)
(with repect to b^-cholestan-jj^-ol, ,̂40 0 = 323V)

A5 0
A7 +65
A* +15
a 8 W +15
*9(11) +45
A22 -50
A2^ +75
*24(28) +15

ipf-Me +60
4f-Me +35
14-Me -10
24-Me +100
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C HARACT ER1 Z AT I ON OF STEROLS AND SQUALENE IK A BACTERIUM 
(Mi?rmOGOGCIJS CAPSUL.Vl'Ug) GROWN ON METHANS*

The ubiquitous occurrence of steroids in nature, and their

fundamental importance for plant and animal life, are well known.

Until 1967, however, steroids had not been detected in prokaryotic

organisms, i.e. the bacteria and blue-green algae, but only in i

eukaryotic (higher) organisms. Reports of the detection of sterols

and squalene in prokaryotic organisms are summarized in Table 7.

In general, it is found that amounts of steroids found in prokaryots

are lower than those found in eukaryots. Dr. C.W. bird, Prof. S.J.

Pirt, and co-vjorkers have observed that the bacterium Methylococcus

capsulatus. gror/n in methane, is remarkable in containing
260comparatively large amounts of squalene and sterols*

M. capsulatus cells were extracted with a chloroform-methanol 

mixture and the extract v/ss fractionated by l’LC to provide four 

fractions: A, B, C and D comprising, respectively, hydrocarbons,

4,4-dimethyl sterols, 45(-methyl sterols, and 4-desmethyl sterols.

G-LC of fraction A (at Queen Elizabeth College) revealed the 

presence of squalene (LXXVI) and a series of alkanes from 

^30^62* approximately equal quantities. An additional component 

(*230° = was characterized by GC-MS as a further triterpene

* Growth of the bacteria and extraction of the sterols end squelene 
were carried out at Queen Elizabeth College, University of London, by 
Prof. S.J. Pirt, Dr. W.W. Reid, Dr. C.W. Bird, and Mr. J.M. Lynch.
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(M*, m/e 410; base peak, m/e 69; intense ions at m/e 189 and 191).
This hydrocarbon was later identified as diploptene (LXXXV).252*' 

Diploptene has since been isolated from another (unnamed) bacterium.25"*

Fraction B was resolved into two components- by GLC: ca.

3510 and 35/0. The first showed a mass spectrum in which tne 

molecular ion (m/e 414) was tne base peak. An ion at m/e 301 was 

consistent with the loss of a side-chain. The second chromat­

ographic peak yielded a mass spectrum in which the base peak was at

m/e 412. The predominance of the ion at m/e 69 suggested the presence
_ 24oi a A double bond. The gas chromatographic retention indices, the 

retention index difference between the two peaks, and the mass 

spectroraetric data were all consistent with structures 4,4-dimethyl- 

5°'J-cholest-8-en-3/3“Ol and 4»4-dimethyl-3C*-cholesta-8,24-

dien-3(5-ol /( > respectively. There was insufficient sample for 

further study.

Fraction C contained substantially md>re material. GC-MS indicated 

two main incompletely-separated peaks, ca. 3410 and 3480. The

mass spectra paralleled those recorded for fraction B : the first 

component had a molecular ion at m/e 400 as the base peak, and the 
second showed m/e 69 as the base peak, with the molecular ion (m/e 398) 
of relative abundance 77%, The corresponding TMS ethers were better 

separated (I^qO^ 3315 and 3385). The first, preponderant component 

gave a mass spectrum in which the molecular ion (m/e 472) was the 
base peak, both at 70 eV and 20 eV electron energy. The second
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comp orient yielded a molecular ion at m/e 470, amounting to 78/ of 
the abundance of the base peak at m/e 69. The retention data and 

the full mass spectrum were in close agreement with those recorded 

for authentic 4°<“niethylzymosterol (LIV) TMS ether. The combined data 

for fraction C are thus compatible with the assignment of structures 

4f*-methyl-5cX-cholest-8-en-3p>“Ol (LXXXIIl) and 4X-methyl-5c<"*cholesta- 

8,24-dien-3|5-ol (LIY) to the two main components. Similar mass spectra 

would probably be obtained from the a7 and isomers, but the

isomers would have distinctly longer retention times and are not 

clearly present as major components*.

Fraction D has not yet been examined by &C-MS because of lack 

of material. The TLC properties of the major component of this 

fraction suggest that it is zymosterol (LIIl).

No squalene-2,3-oxide (LXXIV) was detected in fraction A, and 
neither lanosterol (LVl) nor cycloartenol (LX) was detected in 

fraction B.
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Table 7* Squalene and sterols found in procaryotic organisms.

Bacteria: squalene sterols ref.

M. capsulatus 
halobacterium cutirubrum 
Staphylococcus sp. 
Rhodomicrobium vannielli 
R. rubrum

Azobacter chroococcun 
Streptomyc-es olivacens

Blue-green algae:

Phormidium luridum 
Anacvstis nidulans 
Frem.yella diplosiphon

0.55/0.1/
0.002/
detected
detected
0.0001/

trace

0.22/
none

0.01/
0.0035/

0.003/
detected
detected

2b0
2bl
2b2
2b3
2b3
2b4
2b5
2bb

267
2bb
2b«
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RSDUCj’ION OF 5a-ANH)ROSTANE-5.l6-DIQN.3 BY A CRYSTALLINE 
20B-HYDROXY ST3^CID-NICOTimiIDE-AD3iriN5 DINUCL SOT IDS 0XID0A3DUCTASB

PR7PARATI JTT*

Pocklington and Jeffery found2®^ that crystalline preparations 

of 20|3-hydroxy steroid-NAD oxidoreductase reduced 5°<-androstand- 

3>17-dione (LXXXVl) to 3<X-'hydroxy-5o<-androstan-17-one (UOflCVIl). The 

present investigation was carried out to determine whether 5ctf-andr os tane-

3,16-dione (LXXXVTIl) was reduced at the 3-position, or whether the 

preparation possessed 16-hydroxy steroid-NAD oxidoreductase activity 

hitherto unrecognised.

132The isolated reduction product was examined by GLC and G-C-MS. 

Retention indices of the reduction product and of various reference 

compounds (0V-17 and 0V-210) as their TMS ethers are given in Table 8. 

These indicate that the metabolite is not 3^-hydroxy-5«-androstan- 

16-ome (LXXXIX). In fact, the mass spectrum (Pig. 59) of the TMS ether 

of the metabolite is similar to that of the TMS ether of 3c*-hy<iroxy- 

5tf-androstan-17-one (LXXXVIl), which also had a similar retention index 

on 07-17, but not on 0V-210. The absence of a 3-kcto function in the 

reduction prod.uct was evident in the spectrum of its TMS/enol TMS 

ether (Pig. 60). 3-3nol TMS ethers of both 5°<- and steroids give 

rise to prominent fragment ions of m/e 142 and 143*"^^ Such ions

*
The reaction was carried out, and the reduction product was isolated 
by Dr. J.d’A. Jeffery and Dr. T. Pocklington at the University 4f 
Aberdeen.
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Table 8. Retention indices of TMS ether of metabolite of 
5o(-androstane-3,16-dione and related compounds.

OV-17 0V-210

Metabolite TMS 2695 3000

17/^-hydroxy-5o(-andros t an-3-one TMS 2805 3140

3oC-hydroxy-5c><-androstan-17-one TMS 2695 2960

3/?-hydr oxy-5̂ (- andros t an-l6-one TMS 2800 3130

5<*-androstane-3,16-dione 2960 3540
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were observed in the spectra of the TMS/enol TMS ether of 17/3-hydroxy- 

5«-androstan-3-one (XC) and of the monoenol TMS ether of ffc-androstane-

3,16-dione (LXXXVIIl), whereas there were no significant ions of m/e 

142 or 143 in the spectrum of the TMS/enol TMS ether of the reduction 

product. This spectrum was closely similar to that of the TMS/enol TMS 

ether of 3/?-hydroxy-5c<-androstan-l6-one (XCl).

It may be concluded that the metabolite is 3°<-hydroxy-5o<-androst- 

an-16-one (XCIl), if the reasonable assumption is made”̂ ^  that the 

skeletal structure remains unaltered in the reduction.
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CHAttACTffRI7, AT I ON OF STEROIDAL DRUG- METABOLITSS BY GC-MS *

Structural features which distinguish steroidal drugs from 

natural hormones often persist in their metabolites. At the same 

time, the metabolic transformations of the drugs'parallel, in certain 

respects, those of endogenous steroids. These factors provide scope 

for techniques based on combined GC-MS in investigations of steroidal 

drug metabolites. On this basis, e preliminary study has been male

of neutral urinary metabolites of the anabolic steroid, l/k<-ethyl-
27017£-hydroxyestr-4-en-3-one (Nilevar, XCIII )• This steroid is in

271 272widespread therapeutic (and veterinary ) use. It was considered

particularly useful for study since its possession of an ethyl sub­

stituent leads to a molecular weight 14 units above that of testost­

erone. It ?/as hoped that metabolites retaining this moiety would be 

readily distinguished from natural metabolites by GC-MS.

Urine collections were made during the 24 hr. before and after

administration of a single dose (50 mgj of hilevar to a normal adult
male volunteer. Preparation of unfractionated extracts of the enzyme-

2/0hydrolysed urine is described in the full report. Three extracts 

were obtained containing, respectively, free steroids, steroids

obtained by hydrolysis of glucosiduronates, and steroids from sulphates.
— -- ■ —

Extraction of urinary metabolites was carried out by A.R. Thawley 
and P. Rocher. Preliminary examination by GLC was also carried out 
by G.M. Anthony and W.G. Stillwell.
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The extract containing free steroids gave no indication of drug 

metabolites and was not further studied. Gas chromatographic examin­

ation (by W.G. Stillwell) of the extracts obtained by enzyme-hydrol- 

ysjs of urine collected before and after administration of Wilevar 

revealed the presence of small quantities of possible metabolites.

In the characterization of these possible metabolites, use was made 

of the full range of GC-MS facilities available to us during the first 

few months of 19/0 (see p. 35 )• This involved (i) direct interpretation 

of retention index values, where peaks were sufficiently clearly 

defined by GLC alone; (ii) use of the multiple ion detector to 

distinguish pairs of ions characteristic of metabolites; (iii) 

monitoring of single ions; and (iv) repetitive scanning of mass spectra 

throughout the peaks suspected of containing metabolites. JSach of 

these procedures was applied to extracts of urine collected both 

before and after administration of Nilevar. Glucosiduronate and 

sulphate hydrolysates were separately examined.

• 273-275In general, A -3-oxosteroids yield tetrahydro metabolites;

the formation of phenolic metabolites appears to be a minor pathway
• 276—279in the human metabolism of A -estren-3-ones; ” and alkyl and

276-280alkynyl substituents at C-17 are retained in major metabolites.

It was, therefore, considered likely that dihydroand tetrahydro 

analogues of hilevar would be produced as metabolites. Consequently, 

the two dihydro ( XCiV, XCV ) and four tetrahydro ( aCVI-aGIX )
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analogues c.f Nilevar were synthesized (by A.K. Thawley). Ketention

indices of these compounds, of IMilevar, and of the derived TMS ethers,

on 07-1 and 07-17, are given in Table 9. The mass spectra of these

analogues were recorded. In each case, a molecular ion was observed

and a relatively intense ion at [m-29]+ demonstrated the easy loss of

the 17-ethyl substituent. The latter ion is of little diagnostic

value since it coincides in mass with ions formed by loss of methyl

groups from natural steroids. The ion of m/e 85, expected to arise
192 281from the 17-ethyl-17-hydroxy group, * was prominent only in the 

spectra of the 3-ketones. Spectra of the TMS ethers were also recorded. 

Again, molecular ions and relatively intense ions at [l/l-2y]+ were 

observed. However, highly cnaracteristic ions of m/e 144 and m/e 

157 were observed in all of these spectra. (Scheme 17 )• The spectra 

of stereoisomers, both free sterols and TMS ethers, were veiy similar.

It was desirable, therefore, to carry out GC-MS using single or 

multiple ion detection at characteristic m/e values, in an attempt to 

locate possible metabolites. Monitoring of free sterols at m/e 302,

304, and 30b would be expected to indicate the presence of, respectively, 

Wilevar and its dihydro and tetrahydro analogues. The presence of 

tetrahydro analogues only was indicated. On 07-1, a peak with 

retention index 2310 was observed for both hydrolysed glucosiduranate 

(Fig. 61) and sulphate fractions. On 07-1?, two peaks were observed 

(I = 2830, 2880) which indicated the presence of 5<- and -isomers. 

Because of the relatively low abundance of the molecular ions of the
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Table 9 Retention indices of Nilevar, reduction products, and TMS ethers

compound 0V-1 
free TMS

0V-1/ 
free TMS

XCIII Nilevar 2650 2//5 3060 3060
XCIV. 5°<-dihydro 2535 2660 2913 2905

XCV 5̂ -dihydro 2540 26 /0 2925 2920
XCVI . 3°^5*-tetrahydro 2515 2660 2643 2/40

XCVII 3°<, 5 j$-tetrahydro 2520 2650 2665 2/65

XCVIII 3/2,5oi-tetrahydro 2520 2/33 2653 2600

XCIX ' 3 ft, 5$-t et rahydro 2505 2/00 2663 2/65

Table 10.Retention indices of possible metabolites of Hilevar, and
TMS ethers.

extract 0V-
freea

1 h 
TMS 0V“17 h freea TMS

possible
identity

GrLU° 2310
2310

2660
2690

2630
2660 2763

3*55*< -diol 
3o(,5/2-diol

SULd 2320
2320

2655
2663

2650
2660 2/75

3043^-diol
3o(,5̂ -diol

a monitored at m/e 306•

b monitored at m/e 144/157* 
c giucosiduronate fraction, 
d sulphate fraction.



-166-

Soherae 1/

OTMS

I I I  t R

R SZ®

H lllbj

CH^ 130

C2H5 ^
C=CH 14U

ChC.CH3 154

CH2.CH=CH2 15b

OTMS

m iR

m/e

129

143

157

133
16/

169



~/< 
1*7

-1 6 7 -

Eo

1 ° ’l 0 ^ 0  o oO  C

.£ -o£ E

o o
•o'E .rc E
 ̂xj ̂  — ro

x> 00

Ec/>
CM
CD ra

Li. E

>O

<D O

CO

CD

o c O
^  ~  r-o oo 2

n c c
3 E E

to
2 o(D^

f3 < 
>  ’

o3 qj ■o o cn ̂5 jQ

>O

13 I-

P  DO ' 3 2M nj
iZ E

o



- 168-

free sterols, it was necessary to use the maximum electron multiplier 

voltage* Consequently, there was considerable interference from 

natural steroids (Fig, 61,}* More satisfactory results were obtained 

with the TMS ethers, monitoring at q/e 157 (Fig. 62) • This revealed 

the presence of possible metabolites of retention index (on OV-1)

2b60 and 2b90, corresponding to the 3°t>b<*- and 3o<>bj#-diols. Their 

identity was confirmed by monitoring at m/e I44 and 157 and by 
individual addition of reference compounds which gave coincident 

peaks. The retention index data obtained by single and multiple ion 

monitoring in the search for possible tetrahydro metabolites of 

flilevar are summarized in Table 10 Because of their low concentration, 

these possible metabolites did not yield satisfactory mass spectra.

The possibilities of a preliminary fractionation by TLC have since 

been explored (by C.K.Y.S. Madani).

During the course of this investigation, evidence was obtained

for the presence of possible triol metabolites. In particular, one of

these appeared to possess a hydroxyl group on the ethyl substituent:

the TMS ether gave a spectrum with ions at m/e 24b snd 103. The

former ion is analogous to that of m/e 157 in the spectra of the diols,
but with an additional trimethylsilyloxy moiety; the latter ion is

cnaracteristic of TMS ethers of primary alcohols ̂ 33»231

appears in the spectra of TMS ethers of sterols with vicinal hydroxyl 
22 /groups. • Fig. 63 shows chromatograms obtained by monitoring at 

m/e 24b of TMS ethers from the hydrolysed sulphate fractions of urine,
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30 min

I

10 20 30 min

Figure 6 3  S im ultaneous single ion (m/e 245) and T IC  chro­
m atogram s of TM S  derivatives of hydrolyzed su lfa te  fraction s  
of urine both before (A) and a fte r (B) ad m in is tra tio n  of 
N ilevar; C onditions: 10 f t  OV-1, 150-250° a t 3 ° /m in .
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both before and after administration of Nilevar. It should be noted 

that ions of m/e 2At? are present in the spectra of etiochoianolone 

and androsterone (major components of the urine extracts).

This study has indicated the potential of GC-AlS in the field of

drug metabolism studies. In particular, it may be possible to”screenM

urine extracts for possible metabolites when relatively small

quantities of the drug have been administered. Alternatively,

relatively small volumes of urine, collected after administration of

a larger dose, may be examined. It has been shown that quantitative

GLC can be performed by single ion monitoring in the 5U - 1000 pg 
2^2range. A dynamic peak matching device which, it is claimed, 

permits determination of molecular formulae of submicrogram samples
p u  7

during G-C-MS runs, has recently been described.
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THE MASS SPECTRA 0? SQ 'r] CORTICOSTEROID 30R0UATSS*

In the course of our recent studies on the analytical utility
285-293of boronate derivatives ^ we have obtained mass spectra of a

large number of methyl, n-butyl, t-butyl, phenyl, and cyclohexyl 

boronates of various classes of corticosteroid. These derivatives 

possess good gas chromatographic properties2bb>2^2 and the raass spectral 

fragmentations are usefully characteristic of the structure of the 

side-chain of the parent s t e r o i d . ^ * " ^ # T h i s  latter aspect is 

now discussed m  more detail.

Line diagrams of low-resolution mass spectra of representative 

corticosteroid boronates are shown in Pigs. b4-/3. Selected data for 

other compounds discussed are given in Tables 11-lb. Accurate mass 

measurements substantiating the elemental compositions of many of 

the ions discussed in the text are presented in Table lb. Tabulated 

mass spectral data (low-resolution) have been submitted to the Mass 

Spectrometry Data Centre.

Boronates of 17<X>21-dihydro3cy-2U-ketones

In a preliminary survey of n-butyl and phenyl boronates it was 

noted that the mass spectra gave prominent molecular ions, and ions at 

£m -15J+. Derivatives containing free hydroxyl groups yielded ions also 

at ^M-lsJ*. There were no other noteworthy ions containing boron in

the higher mass range. The base peaks were due to "nuclear" fragments
♦ ....  _-
This work was carried out in collaboration with Dr. D.J. Harvey, now 
at the Institute for Lipid Research, Baylor College of Medicine, 
Houston, Texas, U.S.A.**
High-resolution mass spectrometry was carried out on a CEO 2/-110B 
instrument fitted with a gas chromatographic inlet system?-^
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corap rising rings A-C and part of ring D.

The mass spectra (Pigs, b4,bh) of the methyl and t-butyl boronate 

derivatives of Substance S (C) are characteristic of boronates of

steroidal 17o{,21-dihydroxy~20-ketones (”dihydroxyacetones”). The
* .molecular ions from compounds Ca-Ce are fairly abundant (34-74/<0-

All of these derivatives give rise to a base peak at m/e 244 evidently 

formed by scission of the C-13/17 and C-13/lb bonds (xxix). The

majority of the ions in the lower mass region of the spectra appear

to arise from fragmentation of this nuclear fragment. This is 

indicative of preferential charge residence on the steroid nucleus, 

whicn is consistent with the comparative paucity of characteristic

boron-containing ions. There is an ion (xxx) at m/e 124 typical of
ld9 194 195 r ”7+the steroidal 4-en-3-one structure ’ 9 but no ion at [_M-42j*

corresponding to the usual elimination of ketene from ring A of such

steroids.2^ ' 2y6

The introduction of a further ketonic function, as in boronates

of cortisone (Cl), results in greater stability of the molecular ion
194 297and nuclear fragment. As expected the presence of the 11-keto

function prevents the formation of an ion of m/e 124* An interesting 

feature of the spectra of tne cortisone boronates is the prominence of 

a nuclear fragment ion (m/e 257? possibly xxxi) containing one less

hydrogen atom than xxix. The stabilisation of the even-electron ion

* ' '
Throughout this section tne particular boronate types are indicated
by suffixes a to c : a = methyl boronate; b = t-butyl boronate;
c = n-butyl boronate; d = phenyl boronate; c = cyclohexyl boronate.
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by an 11-keto group may be rationalised on the basis of a structure

such as xxxii. Ions at £m-7o3* are formed by the usual ring A 
295fragmentation.

Molecular ions in the spectra of boronates of dihydro-S (CII) 

are less abundant than those of derivatives of C. The base peaks 

at m/e 24b are due to ions of type xxix. There are ions formed by 

loss of a t-butyl radical from Cllb (m/e 357 , 34%) and a cyclonexyl 

radical from Clle (m/e 357> 23%)• Such ions are insignificant in 

the spectra of Clla and Clld. The small degree of direct fragment­

ation of ring A of the molecular ion reflects the directing influence 

of the boronate function. Several ions can be discerned which show 

appropriate mass shifts with different substituents on the boron<atom 

suggesting that tney contain the boronate moie$y: their relative

abundances are given in Table 17- These ions appear at [l21>+Kp, 

suggesting that they are formed by scission of the C-13/1/ and 
C-14/15 bonds as in xxxiii.

The even-electron ion xxxiii is particularly abundant in the 

spectra of boronates of 5^-dihydrocortisone (0111) (m/e 239,2bO: 
ClIIa,55,100%; ClIIb,lUU,/U%; CIIIc,100,29%; Cllld, 1U0,30%; Clile,1UU,9U%).

The ease of elimination of water from the molecular ions of 

boronates of cortisol (CIV) is illustrated by the low abundance of 

Cm -15] + ions and high abundance of and [M-iy ,13^ ions. The

base peak (m/e 242) corresponds to an ion of type xxix from which one 

molecule of water has been eliminated. The even-electron fragment ion
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Table 17 Relative abundances of* boron-containing ions from
boronates of CXII

m/e 11*0 182 202 208

Methyl I6a 0 3 0

t-Butyl 2 iia 1 0

n-Butyl 0 i^a 0 0

Phenyl 0 0 l£a 0

Cyclohexyl 0 2 0 12'

a [125+R]-

Table 18 Relative abundances of boron-containing ions from
boronates of CIX

m/e 85 127

Methyl 22ta 3

t-Butyl 6 12*

n-Butyl 6 11J

a [ 7 0 ^ +
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(m/e 241) is present only in low abundance. The boronates of cortisol 

(CIV) and its 11#-isomer 11-epicortisol (CV) show some significant 

differences. Ions corresponding to tne elimination of the elements 

or water from the molecular ions, and from fragment ions of m/e 2b0, 

are more abundant in the spectra of CIVa (at ~[0 and 22.9 aV) than in 

the corresponding spectra of CVa. Also, the ion of m/e 124 

(formed with transfer of a hydrogen atom from C-ll) is less abundant 

in the spectra of tne llft-isomer.

Water is eliminated readily free the molecular ions of boronates

of tetrahydrocortisone (CVI). As might be expected, the presence of

the 11-keto function in the latter compound leads to predominant

formation of even-electron nuclear fragment ions (xxxi, m/e 243,10'J^):

ions of m/e 244 (xxix) are of relative intensity 33-35^> irrespective

of the nature of the substituent on the boron atom. Ring A/iJ

fragmentation gives rise to ions at £m-72J* (xxxiv) and [[M-II3J +
(xxxv). Analogous ions are formed from the 3-trimethylsilyl ether

of tetrahydrocortisone methyl boronate at £m -144]* and {/i-ldbj**
lbtl 299Ions xxxiv are well known ’ and those of type xxxv have been 

noted for 3-hydroxy steroids.

The base peak of the n-butyl boronate of tetrahydro-S (CVII) 

is due to the even-electron nuclear fragment (xxxi). The 3-substituent 

(keto- or 3=(-hydroxy-) appears to exert a strong influence on the 

fragmentation of ring D. Long-range influences have previously 

been encountered mn the study of steroid mass spectra^^ and



-200- OH

HO OH

OHHO

J im n O HHO,

H O OH

OH

jm m iO H

CVI

C V II

C V II I

C IX



-201-

intramolecular electrostatic interactions have Deen invoked, to
301explain similar effects in steroid chemistry.

On the other hand, the base peaks of the boronates of 

tetrahydrocortisol (CVIII) are due to the odd-electron nuclear 

fragments (.xxix): the ll|3-hydroxy function appears to exert a

greater influence on the fragmentation than the 11-keto moiety.
The molecular ions of the tetrahydrocortisol boronates are weak, 

bur there are fairly intense ions corresponding to successive 

eliminations of molecules of water and of methyl radicals.

Boronates of 17<̂ ,2U,21-triols
Present evidence suggests that tnese boronates are six-

292membered esters involving the 17- and 21-hydroxyl groups.
As already noted, many of them give rise to abundant molecular 

ions.

The mass spectra of the Dethyl and t-butyl boronates of 

17^,20<X,21-trihydroxypregn-4-en-3-one (ClX) are shown in IMgs. 

bb,b7. It can be seen that fragmentation of the boronate group 

of the triols is more varied than that of the dihydroxyacetones. 

There are abundant ions at [70+R]* (Table lb) and m/e 2b/, probably 
as xxxvi and xxxvii, respectively. Prominent ions of m/e 2b9 are 

due to complete loss of the 1/-substituent with hydrogen transfer 
from the steroid nucleus. A possible structure is xxxviii.

Boronates of the 20(5-isomer (CX) yield spectra similar to those
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of C1X, although ions produced by elimination of water are formed 
in lower relative abundance.

The presence of the 11-keto group in the boronates of cortolone 

(CXI) appears to stabilise fragment ions arising from eliminations 

in rings A and D. There are ions containing boron at 

(xxxv) (CXIa :m/e 277, 19ft; CXIb: m/e 319, 2dft; CXIc: m/e 319, 24/0 
and at [M-126jt (CXIa: m/e 264, 10ft; CXIb: m/e 306, 13ft; CXIc: m/e 

306, 10ft) corresponding to fragmentation of ring B as in xxxix. 
Further boron-containing ions appear at [l2b+Rj + (Table 19) and can 
be tentatively assigned structure xl.

The molecular ions of the boronates of 5o(-pregn8ne-3/2,ll/5,17</, 
20/#,21-pentol (CXII) are very Y/eak, although there axe well-defined 

ions arising from successive eliminations of v/ater. The base peak 

(m/e 271) arises from a fragment of type xxxviii by elimination of 
a molecule of v/ater. Further loss of water from this fragment ion 

is attested by the presence of a metastable ion (m/e 236.2; calc, 
for m /e 271— » m/e 253 : 236.19).

Boronates of 17oc.2U-diols
The principal fragmentations of several n-butyl boronates of 

this type have already been described.

The mass spectra of methyl and t-butyl boronates of 

5/6-pregnane-3<*,l/<*,20o4-triol (CXIII) are shown in Figs. 6b,b9.
There are intense ions ions at in the spectra of all the

boronates of CXIII studied. King A fragmentation leads to the
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Table 19 Relative abundances of boron-containing ions from boronates 
of CXI

m/e 141 183

Methyl 5
t-Butyl 0 l6a
n-Butyl 0 £a

a [l26+Rj

Table 20 Relative abundances of boron-containing ions from boronates 
of CXIII

m /e 124 166 186 192 125 167 187 193 111 153 173 179

Methyl S£a 9 2 1 7 9 0 i2 C 4 14 2
t-Butyl 11 3 1 8 11 0 14 24° 15 2
n-Butyl 13 & 0 0 12 6l b 9 0 23 28° 15 0

Phenyl 3 2 28a 0 1 0 0 2 0 1 f 0
Cyclohexyl 7 3 2 28a 3 2 5 i8b 8 0 10

a [109+rJ+ b [llOt-R]+ ° [96+Rj
+
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formation of ions at £M-7?J ’ (xxxiv). Loss of the 17-substituents
with hydrogen transfer as for the 17o(,20,21-triols (xxxviii) and

concomitant elimination of water gives rise to ions at m/e 255
(CXIIIa, 15^5 CXIIIb, 21/0; CXIIIc, 13& CXIIId, 19/; CXIIIe, 13/).
The presence of boron-containing ions at £i09+rJ* and [il0+fij+ (xii)

286has already been noted in the spectra of n-butyl and phenyl 

boronates. These are also present in the spectra of methyl, t-butyl, 

and cyclohexyl boronates (Table 20). There is evidence (Table 20) 
for the formation of boron-containing ions (xlii) at [9 6 + R ]* . These 

could arise by cleavage at C-13/17 and C-15/16 with hydrogen transfer 
to the nuclear fragment, but a more plausible mechanism is illustrated.

The spectra of boronates of the 3°417c^,20^-triol (CXTV) are 

closely similar to those of the 3oC,17°42(b6-triol (CXV). The slightly 
increased relative abundance of the ion observed for the

20(2 -isomer is an indication of the greater stability of the boronate 
moiety of that isomer. No molecular ion is observed in the spectrum 

of the 3-acetyl derivativesof the n-butyl boronate of the 20^-isomer, 
although there is an intense (69/) ion at £m-6oJ* due to loss of 
acetic acid.

Boronates of 5̂ -pregnane-3o^ll^,17*>20̂ ?-tetrol (CXV) give spectra 

analogous to those of the triol boronates. Additional ions arise from 

the possibility of elimination of two molecules of water.
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Boron ates of 20 ,21-diols

Boron-containing ions were not prominent in the spectra of the
286first compounds of this class that were studied.

The mass spectra of methyl end t-butyl boronates of 20^21- 

dihydroxypregn-4-en-3-one (CXVT) are shown in Figs. 70,71* Many of 
the fragmentations parallel those of androst-4-en-3-one and steroids 
of similar s t r u c t u r e . 194,195,294-297 b&se pQg^ appear at

m/e 124 (xxx). Ions of low intensity at [218+R.J* and ^217+Rj*

(Table 21) probably arise from related fissions of ring B with the

respective transfer of one or two hydrogen atoms, and charge retention
168on the larger fragment. Elimination of ketene from ring A produces

fairly abundant ions at [^M-42j*. A characteristic fission of the

C-17/20 bond results in the formation of abundant ions (xxxvi) at

0 +R]+ (Table 21). An additional fragmentation mode is apparent in

the mass spectrum of the cyclohexyl boronate. There is an ion at

m/e 341 (35^) due to loss of the cyclohexyl radical, but the ion at
13m/e 342 (15/0 appears to be too intense to represent C isotope, and

probably involves hydrogen transfer to the larger fragment, with loss

of cyclohexene. Such a hydrogen transfer has been observed in the
290spectrum of tricyclohexylboroxme.

The mass spectra of boronates of 5o<-pregnane-3o4ll^,20o(,21- 
tetrol (CXVIl) and 5&<-pregnane-3&<',ll^>20j&21“tetrol (CXVIIl) have been 

examined. In each case, there was no observed fragmentation of the 

boronate moiety, major fragment ions arising only from eliminations of
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Table 21 Relative abundances of boron-containing ions from boronates 
of CXVI

m/e 232 274 294 300 233 273 295 301 83 127 147 153

Methyl 6a 0 0 1 0 0 0 200 2 14 0
t-Butyl 0 t 1 1 0 1 0 6 3i° 11 3
n-Butyl 0 t 0 0 0 ib 0 0 2 i f 10 3
Phenyl 0 0 Ia 0 0 0 ib 0 0 0 i f 0
Cyclohexyl 0 0 1 _ _a 0 0 3 llb 0 0 22 i f

a jj217+R|* b [218+rJ+ c [ 70+Rj+
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v/ater and fragmentation of ring D. There is a marked tendency for 
more pronounced losses of water from the 203-isomer.

Boronates of 20,21-ketols
17It is now believed that these are formed with a A -20,21-boronate 

292structure.

The mass spectra of methyl and t-butyl derivatives of 

21-hydroxy-5X-pregnane-3,20-dione (CXIX) are shown in Figs. 72,73*
The spectra are dominated by ions at (Table 15, base peaks)
formed by fission of the bonds C-13/17 and C-I5/16. The presence of 

an abundant ion at m/e 110 in the t-butyl boronate spectrum was first 
noted during a series of measurements in which methyl boronates had 

been included. It seemed possible that this ion might have been due 
to methyl boronate formed by transesterification in the column.

However, the ion was regularly observed in later experiments from which 

methyl boronates were excluded. Presumably it arises via rearrangement 

of the t-butyl group. The ions at [jL09+R]* 81,0 probably formed by 
fission of the bonds C-13/17 and C-14/15* There is little further 
fragmentation.

The methyl boronate of 21-hydrcxypregn-4-ene-3,20-dione (CXX) 

gives a similar spectrum, whereas the t-butyl boronate undergoes 
much more fragmentation, producing an ion due to loss of the t-butyl 

radical at m/e 339 in high abundance (91/0*

Fragmentation of ring A of the boronates of 3<*>21-dihydroxy-
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5^-pregnan-20-one (CXXl) produce ions of low abundance at 

(xxxiv) and £m~73ĵ + which are completely absent from the spectra of 
boronates of 3(^21-dihydroxypregn5-en-20-one (CXXIl).

The various boronates of each class of corticosteroid undergo 
characteristic fragmentations : the nature of the boron-substituent

has little effect on these. Dihydroxyacetone derivatives generally 

give rise to stable molecular ions, together with intense nuclear 

fragments formed by elimination of C-16, C-17 and attached groups.

Ther is little observed fragmentation of the boronate moiety.

20,21-ketol boronates produce characteristic ions at [95+&J**

Derivatives of 17&(,20,21-tr±ols and 20,21-diols also, in most cases, 
give stable molecular ions and abundant nuclear fragments. The boronate 

moiety produces boron-containing ions at [jO+Bjl *. 17o<,20-Diol

derivatives undergo extensive fragmentation, producing many abundant 

ions of low mass. Additional hydroxyl groups undergo elimination, 

giving rise to ions at often as the base peaks. The

quantitative differences between 2QX- and 20^-hydroxy derivatives are 
insufficient for a priori identification of 11 unknown" substances.

The extensive data obtained in this investigation have fully
286 292substantiated earlier reports ’ on the characteristic features 

of the mass spectra of corticosteroid boronates. In particular, clear - 

and often intense - molecular ions are invariably observed, except for 

the single example of a pentol t-butyl boronate (CXIIb) : in this case,
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Y/ell-defined ions at [m -IQ]* and are present. In addition to
their effect in stabilising the molecular ions, boronate groupings 

direct further fragmentation, yielding ions characteristic of the 
parent corticosteroids. In most instances, the fragment produced from 
the steroid nucleus retains the positive charge. However, ions 

essentially comprising the boronate moieties are present in all the 

spectra: the individual m/e values are determined by the t^pes of
side-chain (and by the substituent on boron). In the spectra of the

20,21-ketol boronates, such ions form the base peaks.
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THB MASS SPECTRA OP SOME 1,3,2-0XAZABQ-l0LIDirre3*

The behaviour of many five-raembered heterocyclio ring systems
upon electron impact is now well documented..302-310 ma3S spectra

^11-^1^ ^1^ of several boroxines, J borazoles, end diazaboretanes

have also been reported, but no detailed study of the mass spectra
of oxazaborolidine3 had been published at the outset of this work.

This section deals with the mass spectra of a series of alkylphenyl-
pO —t

1,3,2-oxazaborolidines prepared during a recent survey of the use 

of cyclic boronate esters as derivatives for GLC and GC-MS. Represent­
ative spectra are shown in Pigs. 74-82. The characteristic fragment­

ations are an aid to the elucidation of the identity of the substituents
289m  the 1,3,2-oxazaborolidine ring.

Use has been made of a “substituent shift” technique in the 

interpretation of the relevant ionic decompositions, and the elemental 

composition of several ions has been confirmed by high resolution mass 

measurement. The principal features of the mass spectra are discussed 
in the following paragraphs.

Ions retaining the oxazaborolidine ring and 2-substituent

In each spectrum, there is a relatively intense molecular ion (xliii). 

This is a useful feature of these cyclic boronate derivatives, particularly 
for G-C-MS, since it gives their molecular weights directly. The [n-aj+

The synthetic work for this and the following section of the thesis 
was carried out by G-.M. Anthony.** Kindly carried out by Dr. A. McCormick, AWRS, Aldermaston, Berks.
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Fig.75 Mass spectrum of 2-H-butyl-5-phenyl-l ,3,2-oxazaborolidine.
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F ig .7 6  Mass spectrum o f 2 ,5-diphcnyI-i,3,2-oxazaborolidine.



Re
la

tiv
e 

In
te

ns
ity

-218-
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‘B— NH

5 0  100 150 2 0 0  2 50

Fio. 7 7 Mass spectrum of 2,4-dimclhyI-5-phenyl-lf3,2'Oxazaborolidine.

NH

10050 150 200 250

Fig.7 8  Mass spectrum of 2-rt-butyl-4-mctIiyl-5-phenyl-l ,3,2-oxazaborolidine.

ni/e

F ig .7 9  Mass spectrum of 4-mcthyl-2,5-diphenyI-l,3,2-oxazaborolidine.
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'Ji A-11 I.!
50 100 150 2 0 0  2 5 0

F ig . 8 0 Mass spectrum of 2,3,4-trimethyI-5-phenyl-l ,3,2-oxazaborolidine.

150 200 25010050

F ig .81 Mass spectrum of 2-/i-butyl-3,4-dimethyl-5-phenyl-l,3,2-oxazaboroIidine.

50

B  N'

T

100 150

m/e
200 250

F ig .82 Mass spectrum of 3 ,4-dimcthyI-2,5-diphenyl-1,3,2-oxazaborolidine.
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ion gives an intense peak, often the base peak, in the spectrum of 
each of the samples under investigation. Its origin can be inferred 

from a comparison of the spectra of differently substituted compounds : 

for example, 2,5-diphenyl-l,3,2-oxazaborolidine (CXXIII, Fig. 76) and
4-methyl-2,5-diphenyl-l,3,2-oxazaborolidine (norephedrine phenylboronate, 

CXXJV, Fig. 79 f see Table 22). Its formation can be represented as in 
xliv— *xlv. The alternative loss of a hj^drogen atom gives rise to a 

moderately intense ion at [M-ir (probably as xlvi) even when there is 
a methyl substituent in the 4-position.

Fragmentation involving loss or degradation of the 2-substituent

It can be seen from Figs. 74-82 and Table 22 that there is a 

tendency to lose the 2-substituent from the 1,3,2-oxazaborolidine 

ring (as in xliii —> xlvii) although this is less pronounced than the 

formation of the ion. There is also evidence for the fragment­

ation of the 2-butyl substituent.

The peak at m/e 146 in the spectrum (Fig. 74) of 2-methyl-5-phenyl-
1.3.2-oxazaborolidine (CXXV) is presumably formed from the molecular ion 

by loss of the substituent methyl radical. This fragmentation is 

obscured in the spectra (Figs. 77 and 80) of 2,4-dimethyl-5-phenyl-
1.3.2-oxazaborolidine (norephedrine methylboronate, CXXVl) and 2,3,4- 

trimethyl-5-phenyl-1,3,2-oxazaborolidine (ephedrine methylboronate, 

CXXVIl) by the predominant loss of the 4-methyl substituents.

Peaks due to the £m-37]+ ions in the spectra of 2-n-butyl-5- 

phenyl-l,3,2-oxazaborolidine (CXXVTII, Fig, 73), 2-n-butyl-4-methyl-



-222-

Table 22 Substituent shift correlations for the spectra represented
in Figs. 74-82.

Fig. Sample M* 0-1] + [M-Rf Cii7+a’l + [ir
74 CXXV 161 160 ' 160 146 118 152
75 CXXVTII 203 202 202 146 118 174
76 CXXIII 223 222 222 146 118 194
77 CXXVI 175 174 160 160 118 132
78 exxix 217 216 202 160 118 174
79 cxxrv 237 236 222 160 118 194
80 cxxvii 189 188 174 174 132 132
81 cxxx 231 230 216 174 132 174
82 CXXXI 231 250 236 174 132 194

Table 23 Accurate mass measurements
measured possible calculated intensii

Sample peak mass formula mass ratio
CXXX 174 174.1090

c10V n°h
h 174.1090 singlet

117 117.0704 °9H9 117.0704 2
117.0577 w 117.0578 2.9
117.0511 W 0* 117.0512 1

CXXXI 117 117.0704 C9H9++ 117.0704 1
117.0577 w 117.0578 4

CXXIII 90 90.0471 C7V 90.0470 singlet
89 89.0392 C7Ii5* 89.0391 2

89.0560 W 89.0563 1
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5-phenyl-l,3,2-oxazaborolidine (norephedrine n-butylboronate, CXXIX, 

Fig. 78) and 2-n~butyl-3,4-dimethyl-5-phenyl-1,3,2-oxazaborolidine 

(ephedrine n-butylboronate, CXXX, Fig. 8l) are present at m/e 146, 160, 

and 174, respectively. In the last instance (m/e 174), accurate mass 
measurement confirmed the elemental composition expected for structure 

xlvii (Table 23)- The corresponding peaks in the spectra of the

2-phenyl derivatives are less intense, presumably because of the 

increased stability afforded b̂ j the charge delocalisation over an 

extra aromatic ring.

The 2-n-butyl derivatives apparently fragment to form ions 

and. £h -421'. For example, there are peaks at m/e 188 and 175 in the 

spectrum of CXXIX, but no corresponding peaks in the spectra of 

CXXVT (at m/e 146 and 133) and CXXIV ( at m/e 208 and 195)* Two simple 
routes, both involving 4-membered cyclic intermediates, can be envis­

aged for the formation of [M-29]+ ions (Schemes 18,19)- The [M-42]* 

ion, on the other hand, is more likely to be formed via a six membered 
cyclic intermediate, with the elimination of a neutral propylene 

molecule (Scheme 20).

The 2-phenyl substituent does not appear to undergo extensive 

fragmentation, but it is of interest to note a possible incorporation 

of the boron atom into a tropylium-like ion (xlviii). High-resolution 

mass measurement has shown (Table 23) that the peak in the spectrum of 

CXXIII at m/e 89 is due, in part, to the ion C^H^B+. Kotz at al. have
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316suggested that such ions may have a linear structure.

Fragmentations of the l,3«2-oxazaboroIidine ring
A study of the observed substituent shifts indicates that the 

ring undergoes extensive fragmentation, directed to some extent by the 

nature of the substituents. One of the most significant peaks in the 

low-resolution spectra is that at fn/e 117• this was further investig­

ated by high-resolution mass measurement (Table 23). For CXXX it was 

found that the peak at m/e 117 was atriplet, the components of which
were shown unequivocally to have the elemental compositions f

CgH^N*, and Ĉ Ĥ -BO . The nitrogen-containing species nay be of the 

phenylazirine type (xlix) and is likely to be produced via the ions 

xlv and 1 (Scheme 2]). Ions corresponding to 1 were observed, at ra/e 

118 and 132, for compounds with 3~substituent H and Me, respectively 

(Table 22). Ion xlix is similar to the thiiren species postulated in 
the spectrum of thiophene.'^,̂ ‘̂  The ion C_,H^B0+ is probably formed 

in a similar way, and may be tentatively assigned the phenyloxaboriren 

structure (li). Ions retaining the 2-substituent and ascribable to the 

species lii (117+RM, Table 22) are prominent in the spectra (Figs. 74 
to 82).

Alternatively, acyclic structures for both nitrogen- and boron- 

containing species may be postulated. Similarly, the i°n can be

satisfactorily rationalised from the 4-methyl-l,3,2-oxazaborolidines, 

as either a phenylcyclopropanyl or a phenylpropenyl species.
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Scheme 21
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Hydrocarbon fragments

The peak at m/e 91 in all of the spectra is ascribed mainly to
the tropylium ion formed by incorporation of the adjacent carbon atom

into the 5-phenyl substituent, with hydrogen transfer probably from C-4*
319Similar ions have been observed in the spectra of phenylboronates ’

I----------- 1
and a variety of compounds of the type (CH^^.Y.BPh.X where X and Y 
are 0 or S.'^

The abundant fragments at m/e 89 and 90 have been shbvra by high- 

resolution mass measurement to be mainly of the hydrocarbon type
"ZOl(Table 23). Similar peaks are not observed in the spectrum of 

toluene, so it can be assumed that they do not arise from fragmentation 

of the tropylium ion, but rather from further breakdown of other 

fragment ions. Structures liii and liv have been postulated for ions 

of m/e 90 and 89 observed, for example, in the spectra of benzofuran
700 70 7 7pK YOC

derivatives , coumarin, and furanocoumarins. ’

Metastable peaks
Metastable transitions were observed for all of the fragmentations

proposed in this section, either for the 5-phenyl derivatives described
291here, or for other corresponding 5-aryl derivatives.



THE USE OP n-BUTYL BORQNATE DERIVATIVES IN THECHARACTERISATION OF 
CATECIlOLAMINES AND RELATED p-KYQRCXYAJilNES BY G-C-I.IS

Difficulties are encountered in the gas chromatographic analysis 
of biological amines because of their low thermal stability. Satis­
factory results are obtainable for certain amines by coating the

326-329supoort with potassium hydroxide or by using high percentages
330of stationary phase* Particular difficulty is, however, attached

to the analysis of /3-hydroxy-/$-phenylethylamines, both with and

without nuclear hydroxyl groups. In such cases, it is necessary to
331employ suitable derivatives. Advocated procedures include Schiff’s

base formation^^ trimethylsilylation of hydroxyl groups with
333-335conversion of the amine to a Schiff's base or oxazolidine, 

trimethylsilylation of hydroxyl groups and primary amino groups,3 3 6 ,3 3 1

trimethylsilylation of hydroxyl groups with acetylation on the
338 331nitrogen atom, and acetylation of hydroxyl and amino groups.

Detection of catecholamines in very small quantities by electron-
339capture GLC is feasible if they are converted to trifluoroacetates 

or if hydroxyl groups are trimethylsilylated and N-heptafluorobutyryl
7 jQ 71 ft

derivatives formed. Moffat and Homing have recently reported 

satisfactory results obtained using N-pentsfluorobenzylidene-£-TMS 

derivatives.

The mass spectra of various phenylethylamines have been studied,^^,̂ f̂  
but they are of limited analytical utility because the molecular ions

are, in general, of low abundance. In the present work, various
291cyclic boronates were evaluated for use as derivatives for GLC and GC-MS,
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The n-butylboronates were prepared (by G.M. Anthony) by treatment 
of the jS-hydroxyamine (l mg), in the form of its free base, hydro­

chloride, sulphate, or tartrate, ?d.th n-butylboronic acid (1-1.5 
molar equivalents) in pyridine (l ml) which had been dried and distilled 

over sodium hydroxide. The free base could be conveniently prepared 

from the hydrochloride by exposing the pyridine solution of the 

hydroxyamine salt to ammonia vapour and separating the precipitated 

ammonium chloride before derivative formation. For hydroxyamines, 
such as isoprenaline sulphate, which were not sufficiently soluble in 

pyridine, a suitable reaction solvent was dimethylformamide which had 

been dried by azeotropic distillation with benzene and further distilled 

over anhydrous sodium sulphate.

In most cases, aliquots of the reaction mixture were injected 
directly onto the GLC column. In the reactions involving octopamine 

and 4-deoxynoradrenaline, cyclic derivatives appeared to be formed in 

low yield, and vacuum sublimation at 250°/0.01 mm Hg was used to 

separate the derivative (in its free-base form) from non-volatile 
material.

oQ*7
The GLC properties of the boronates of /^-hydroxy amines,

286 2931,2- and 1,3-diols and a variety of other compounds have been

examined previously in the Chemistry Department of Glasgow Unviersity.

In the series of ^-hydroxy-^arylethylemines studied, satisfactory

peaks vjere generally obtained except for derivatives containing free

phenolic groups. Retention indices are listed in Table 22f.
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Table 24 Retention indices of n-butylboronates of ^-hydroxy-^- 
arylethylcmines on l°/o 0V-17

compound temp. (°C) I
c x x r a i 140 1800
CXXIX 140 1775
CXXXII 140 1775
CXXXIII 140 1780
CXXX 140 1795
CXXXIV 170 2220
cxxxv 170 2200
CXXXVI 170 2183
CXXXVII 170 2170
CXXXVTII 190 2315
CXXXIX 190 2270
CXL 190 2480
CXLI 190 2440
CXLII 190 2430
CXLIII 190 2310

Table 25 The effect of different groups on the boron atom in
resolving the diastereoisoraers ephedrine and i|»-ephedrine 
as their boronate derivatives by GLC

temp.
(°c )

retention
ephedrine

index (I) 
i|j-ephedrine I

Methyl 90 1515 1510 5
n-Butyl 140 1795 1780 15
t-Butyl 130 1680 1670 10
Cyclohexyl 150 2080 2065 15
Phenyl 170 2260 2240 20
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(ir-Hydroxyp henyl e t hyl amine
Norpseudoephedrine
Phenylpropanolamine
Ps eudoephedrine
Ephedrine
Octop amine
4-De oxynoradrenaline
Synephrine
Phenylephrine
Normet anephrine
Metanephrine
Noradrenaline
Adrenaline
Isoprenaline
3 ,4-Dihydroxynorephedrine

*1 R2 R3 \H H H H cxxviii
Me H H H CXXIX
Me H H H CXXXII
Me Me H H CXXXIII
Me Me H H cxxx
H H H OH cxxxrv
H H OH H C XXXV
H Me H OH CXXXVI
H Me OH H CXXXYII
H H OH OH CXXXVIII
H Me GMe OH CXXXIX
H H Bu11.B0? CXI
H Me.

Pr1
it 2 CXLI

H it CXLIII
Me H ii CXLII



Previously reported methods for distinguishing between 

diastereoisomers of (-)-ephedrine (lP,2j3 configuration) and

( + )-'J'-ephedrine (1Ŝ ,2S_ configuration) have been based on chemical 

conversion of the isomers, by reaction with acetone, to the 

corresponding oxazolidines. Although these tv/o hydroxyamines, as 

their boronates, cannot be distinguished by mass spectrometry, we 

have obtained separation of the n-butylboronates by G-LC with a 

moderately polar column. The difference in retention behaviour was 

enhanced by using boronates with substituents bulkier than n-Bu on 

the boron atom. This is illustrated in table 25*

The mass spectra of a series of 1,3,2-oxazaborolidines have been 

discussed in the previous section. Although the relative intensities 

of some fragment ions are influenced by the nature of the substituent 

on the boron atom, the fragmentations of the methyl-, n-butyl-, 

cyclohexyl-, and phenylboronates studied are, in general,rather 

similar. Proposed fragmentations characteristic of n-butyl boronates 

are shown in Pig 83, and relative abundances of ions are given in 
Table 26. It can be seen that molecular ions are relatively abundant 

and, therefore, molecular weights can be determined with ease. The 

masses of the substituents at C-4 can be inferred from the m/e value

ions indicate the numbers of boronate groups incorporated in the 

molecule and hence the number of suitable receptor moieties in the 

parent molecules. The formation of pyroboronates would, of course,

of fragment ions of type lvii.



-233-

1̂ 1 >< x  •;



- 234-

Table 26 Mass spectral breakdoTm of n-butylboronates of 
^-hydroxy-^-arylethylemines

compound M* m/e of major fragment ions a
cxxviii 203

(21%)
161 91 90 202 120 118 89 146 117 104

CXXIX 217
(33%)

202 91 90 160 118 216 117 175 89 188
CXXXII 217

(20%)
202 91 90 118 160 117 89 216 175 132

CXXXIII 231
(9%)

216 91 132 117 90 89 230 118 105 174
cxxx 231

(10%)
216 91 132 117 90 230 174 89 159 118

cxxxrv 219
(100%)

107 218 134 177 133 105 162 136 106 135
cxxxv 219

(100%)
107 218 134 177 133 105 162 136 106 135

CXXXYI 233
(74%)

191 232 107 130 148 106 133 120 105 176
CXXVII 233

(84%)
191 232 107 149 148 120 133 150 134 105

CXXVIII 249
(100%) 137 248 219 218 163 232 135 166 136 150

CXXIX 263
(100%)

262 137 180 179 221 163 I 64 246 146 136
CXL 301

(84%)
300 189 217 216 218 215 188 244 259 272

CXLI 315
(71%)

273 314 231 232 189 230 188 258 202 215
CXLII 315

(46%)
300 189 314 188 216 215 230 273 258 231

ain order of relative abundance.
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complicate matters but these can be readily detected by their gas 

chromatographic behaviour and mass spectra. The mass of the N-sub- 

stituent is indieated by the difference in m/e of ions lviii and lix,

although it should be noted (see below) that the N-isopropyl

derivative gives rise to a special fragmentation.

In the compounds studied, the substituents on the benzene ring

are retained in fragments of type lix, where the hydroxyamine side- 

chains are reduced to a common moiety (C^H^N), and of types lv, lva, 

and lvb, which are hydrocarbon fragments. These relatively prominent 

ions readily indicate the combined molecular weights of the substituents
■21 O

on the benzene ring (cf. Reisch et al. ). Certain other fragments 

arise from the breakdown of hydroxyl and methoxyl substituents on the 

benzene ring. Thus synephrine gives an ion at m/e 216 due to loss of 

OH*. Metanephrine gives a similar ion at m/e 246 and also one at 

m/e 232 due to loss of OMe*.

As noted above, the spectra of n-butylboronates contain, sometimes 

as major ions, fragments dependent on the presence of the n-butyl 

substituent. Thus, the ion of type lxiv i3. the base peak in the 

spectra of (2~hydroxyphenylethiamine n-butylboronate, synephrine 

n-butylboronate, and adrenaline bis-n-butylboronate. When this 

fragment is predominant, the two daughter ions lxii and lxiii can also 

be observed. Fragment ion lv appears to arise by loss of an ethyl 

radical frpm the butyl side-chain.

Representative results are depicted in Fig. 84, in which the 

mass spectra of 3,4-dihydroxynorephedrine bis-n-butylboronate and
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synephrine n-butylboronate are given and the fragment types indicated.

Isopreneline n-butylboronate gave only two major fragments. The 

first (m/e 328) is presumably due to loss of Me* from the isopropyl 

group on the nitrogen atom. The other predominant peak (m/e 244) 

is most likely due to further loss of n-BuBO (Fig. 83). This 

transition is verified by a metastable peak at m/e 181.8.

Y/ithin the group of compounds studied, substituents in the 

benzene ring appear to have little effect on fragmentation, which is 

accordingly insensitive to positional isomerism in the ring. 

Consequently, n-butylboronates of octopamine and 4-deoxynoradrenaline, 

which have a free phenolic group at the para- and meta-positinn 

respectively, cannot be effectively distinguished by their mass spectra. 

Their retention times are, however, different (Table 24)*

It may be concluded that qualitative analysis of catecholamines 

and related ^-hydroxyamines after reaction with n-butylboronic acid 

is possible by the combined GC-MS technique. The boronic acid reacts 

under mild conditions both with the ^-hydroxyamine group to form a

1.3.2-oxazaborolidine ring and with the catechol grouping to form a

1.3.2-dioxaborole ring. Mass spectrometry gives the molecular weight, 

indicates the mass of substituents at positions 2 and 4 of the 

oxazaborolidine ring, and gives the combined molecular weights of 

substituents on the benzene ring. Diastereoisomers on the oxazabor­

olidine ring and positional isomers on the benzene ring can be 

distinguished by GLC by use of a moderately polar stationary phase.
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The reaction of n-butylborasdc acid Ydth /S-hydroxy amines as described 

above is not complete, but occurs without a catalyst. The selectivity 

of the reagent affords a clear distinction by G-LC between catecholamines 

and their methylated analogues (e£. adrenaline and metanephrine), and 

between compounds with and without a hydroxyamine grouping.
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GAS CKflQMATOSilAPHY-MASS SPECTROMETRY 0? SOME BOdOXINES.

343 3R3The mass spectra of boroxine, fluoroboroxine, difluoro-

b o r o x i n e t r i m e t h y l b o r o x i n e ^ ^  have been reported. Gas

chromatographic and mass spectrometric data are described below for

triphenylboroxine (CXLIV), tricyclohexylboroxine (CXLV), tri-t-

butylboroxine (CXLVl), and tri-n~butylbofoxine (CXLVH).^^ These

compounds are observed as by-products when an excess of the boronic

acid .is used in the preparation of cĵ clic boronates of such compounds
28c 287 289as diols J and hydro:cyamines. ’ The value of such compounds as

derivatives for the characterisation of steroidal diols and related
285-289compounds by gas chromatography and GC-MS has been indicated

in earlier sections (pp. 171-23$.

The substituted boroxines were produced by thermal dehydration

and trimerisation of the corresponding boronic acids. This was

conveniently carried out in a stream of nitrogen or helium in the

"flash heater" of a gas chromatograph. The products were studied

directly by GLC or GC-MS. Commercial triphenylboroxine gave GLC and

MS behaviour identical to that of the dehydration product of
*

Preliminary gas chromatography was carried out by Dr. D.J. Harvey.
t-Butylboroniq acid was prepared by a variation of the method of 
Snyder et si. ,, in which a fractionating column was used (cf.
McCueker et al. ) to reduce losses of product during evaporation 

of the ether extract. n-Butyl- and cyclohexylboronic acid were 
obtained from Alfa Inorganic Inc., Beverly, Mass., and phenylboronic 
acid from Aldrich Chemical Co. Inc., Milwaukee, Wis. Triphenylboroxine 
was obtained from K & K Laboratories, Inc., Plainview, N.Y.
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phenylboronic acid. &LC data are shown in Table 27, and mass 

spectral line diagrams in Fig. 86.

Fragmentations of the boroxine ring

A number of mass spectral fragmentations are common to all the 

substituted boroxines studied.

The intensity of the molecular ion in each case mainly reflects

the stability (tovfards fragmentation) of the substituent ibn the boron

atom: triphenylboroxine gives the molecular ions as the base peak,

whereas tri-t-butylboroxine gives the molecular ion of only 0.4/o of the

intensity of the base peak. In the latter case, the base peak arises

from a fragmentation directed by a t-butyl substituent. It could be

considered that the stability of the molecular ion of triphenyl-

boroxine might reflect some degree of conjugation between the phenyl

and boroxine rings. Evidence from calculations of electronic structures
347and from spectroscopic measurements, however, indicates that phenyl

substituents have little effect on electron distribution in unionised 

boroxine.

There is direct evidence for the loss of one substituent in each 

case, with the formation of an ion as illustrated in scheme 22. This 

ion may undergo an electron rearrangement analogous to a Mretro-Diels-

Alder" fragmentation to give an acyclic ion. Similar fragmentations
. 343,344 311are observed for triflouroboroxme and trimethylboroxine.

Skeletal rearrangements of the molecular ion, with the possible



Table 27 &as chromatographic behaviour of boroxines.

Triphenylboroxine 
Tricyclohoxylboroxine 
Tri-t-butylboroxine 
Tri-n-butylboroxine

OV-1 OV-17
I Temp. I Temp
2410 180 2755 200
2175 150 2295 150
1140 50 1075 50
1460 100 1485 85
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formation of a radical-ion containing a four-membered ring ia also 

appareht. This is analogous to the elimination of the RBO group
~7from substituted oxazaborolidines.' A further substituent may be 

lost, as shown in Scheme 23.

Radical ions RBQ* may be formed by two routes, dirctly from 

the molecular ion or via the dimeric radical ion(Scheme 24). Doubly- 

charged dimeric radical-ions could also give rise to pealcs of similar 

m/e. Their formation is unlikely, hovrever, in view of the relatively 

low pressure in the ion source; moreover, there was no indication of 

the presence of doubly-charged ions of odd mass.

The major ion from trifluoroboroxine corresponds to a loss of BO^ 

from the molecular ion. This was postulated as arising from a ring 

opening and migration of a fluorine atom.^1- There is no evidence for 

any analogous fragmentations in the spectra of the boroxines described 

here, although ions are produced which could be attributed to losses 

of BOg or HBO^ from certain fragment ions.

Other fragmentations

In contrast to the spectrum of triphenylboroxine, the typical ions 

arising from the fragmentation of the boroxine ring of tricyclohexyl- 

boroxine are present in low abundance. The base peak apparently results 

from the scission of a boron-carbon bond acoorapanied by hydrogen 

transfer - probably from the cyclohexyl ring to the boron atom - with 

the formation of a cyclohexenyl radical-ion (m/e 82). This is further 

confirmed by the striking similarity of the low mass portion of the mass
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7 1 Qspectrum to that of cyclohexene itself with characteristic ions at 

^7, 54, 41, and 39* Similar fragmentations are observed for 

’kri“i'~hutylboroxine and tri-n-butylboroxine, giving intense peaks at 
10/056. The base peak of the latter compound, at ra/e 55, apparently 

ensues from a similar fission accompanied by elimination or transfer 

of two atoms of hydrogen. Isotope ratio measurements on ion3 of 
m/e 54 and 55 in this spectrum confirm the absnce of boron in the ion 
giving rise to the base peak.

Other ion characteristic of the substituents are observed, such 

as [M-15j+ from the tributylboroxines and (M-2SfJ+, [m-42^*, and £m»43J + 
from tri-n-butylboroxine. Scheme 25 summarises the principal fragment­
ations of triphenylboroxine.

Since completion and publication of the work described in this 

section, a further paper^’̂ containing details of the mass spectrum 

of triphenylboroxine has appeared. The results therein are similar to 

those shown in Scheme 22, but are given without mechanistic details. 

This paper also included discussion of the mass spectrum of 

triferrocenylboroxine.
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THE J-.IASS SPECTRA CF. 0-I.STIIYL0XII.I5S OF SOHE 

A LI. PH/P.11C ALDEHYDES AITD KETOTTES .*

O-Methyloxime derivatives have been used (see below) as an aid to

the identification, by GC-MS, of aliphatic aldehydes of cuticular leaf 
350waxes and the aldehydes and dialdehydes produced by cleavage of

ozonides formed from aliphatic dienes extracted from the green alga
351Botryococcus braunii. The realisation of the utility of these

derivatives in the gas chromatographic and mass spectrometric

characterisation of such compounds, and of steroid ketones >120,124>
352-353 354 355-356terpenoid ketones, and prostaglandins prompted a

closer examination of the mass spectra of 0,-methyloximes•

The mass spectral fragmentations of aliphatic ketones are fairly
357-358 359well understood, whereas those of aliphatic aldehydes appear

360-363to be rather more complex* The mass spectra of several

unsubstituted oximes have been d i s c u s s e d . ^   ̂ An attempt is now 

made to rationalise the mass spectral fragmentations of the 0_-methyloxime 

derivatives by comparison v/ith these reports.

* Preparative work and preliminary gas chromatography was carried 

out by Dr. B.A. Knights (Department of Botany).
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Line diagrams representing low-resolution mass spectra of 

0-methyloximes of various aldehydes and ketones (CXLVIII-CLXIIl) are 

shown in Figures 87 to 101* A molecular ion is present in each case, 

although it is of lower abundance for the samples of higher molecular 

weight.

Ions arising from simple cleavage. Ions, the formation of which may

be formally ascribed to simple cleavage with charge retention either on

the nitrogen-containing fragment or on the hydrocarbon fragment, are

listed in Table 28, a-Cleavage leads to the production of abundant

ions only from molecular ions of relatively low mass, particularly from

the branched-chain molecules. For example, a-cleavage of CLIII gives

rise to ions of m/e. 43 (lOO^o) and 100 (32/) , whereas a-cleavage of

CLXIII produces no hydrocarbon fragment, and the ion (m/e 72, Vfo)

corresponding in mass to the nitrogen-containing species is of very

low abundance. Similarly, (3-cleavage produces abundant ions only from

the branched-chain samples of low molecular weight, y-Cleavage has been

observed to account for ions of relatively high abundance in the mass
359spectra of aldoximes and ketoximes. This process appears to be

paralleled in the fragmentation of ID-methyloximes, particularly for the

production of nitrogen-containing ions. The mechanism of such

fragmentations has been discussed^^ and, although no definite conclusions

were reached, it seemed likely that a cyclic fragment ion was produced.

The equivalent mechanism for y-cleavage of the jO-me thy 1 oximes is

Ixv— ^lxvi/lxvii (Scheme 26). An alternative mechanism involving
365reciprocal hydrogen transfer has been suggested and substantiated by 

deuterium labelling for di-n-hexyl and di-n-heptyl ketoximes. However, 

ft does not, for example, account for the [I.I-15] ion from CXLVIII,

Tons are produced, the formation of which may be formally ascribed to 

cleavages more remote from the (H-methyloxime moiety, although there is 

0̂ direct evidence for their formation from the molecuar ion.
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Table. 28. Peeks corresponding to ionn produced by simple cleavage
(relative abundances in parenthesis). Nitrogen-containing 
fragment ions are of even mass.

Sample

-Fission

-Fission

-Fission

£ -Fission 

Sample 

o( -Fission

(£-Fission

^-Fission 

S-Fission

CXLVjii c x u x  c l . cli CLU CLIII CUV CLV

100 (2) 100(2Zf) 100(37) 86(13) 114(15) 100(32) 128 (1) 142 (4) 
52(15) 72 (5) 72(14) 29(32) 72 (7) 43(100) 72 (4) 72 (4)
43(33) 43(16) 43(34) 57(19) 71 (l) 85 (l)

15 (8) 15(l5) 15 (9) 15 (6) 15 (6)
72 (2) 114 (2) 114 (2) 100 (4) 128 (l) 128(32) 142 (1) 156 (1)
29(23) 86 {-) 100(37) 15 (7) 134(15) 15 (5) 86 (l) 86 (2)

29 (9) 15(13) 100 (-) 142 (1) 57(16) 71 (1)
29(19) 86 (l)
15 (9) 57(16)

85(25) 100(24) 114 (2) 114 (3) 128 (1) 142 (2) 100(27) 100(24)
15(10) 15 (8) 114(15) 43(19) 57(17)

15 (9)

100 (2) 114 (2) - - 128 (1) - 114 (8) 114(18)
29(19) 43(30)

CLVI CI.VII CLVIII CLIX CLX CLXI CLXII

142 (1) 184(0.1) 170(0.6 ) 212(0.1) 212(0.6 ) 240(0.1) 296(0.5.)
72 (4) 58 (2) 72 (3) 58 (1) 72 (1) 58 (l) 72 (l)
85 (-) 127 (-) 113 (-) 155 (-) 155 (-) 183 (-) 239 (-)
15 (4) 15 (5) 15 (2) 15 (-)

156 (1) 72 (-) 184(0.1) 72 (-) 226(0.1) 72 (-) 310(0.3)
86 (l) 113 (-) 86 (-) 141(0.1) 86 (-) 169 (-) 86 (-)
71 (l) 99 (-) 141 (-) 225(0.1)
100(29) 86 (15) 100 (28) 86 (16) 100 (24) 86 (15) 100 (13) 
57(15) 99 (-) 85 (-) 127 (-) 127 (-) 155 (-) 211(0.1)

114 (9) 100 (2) 114(4.3) 100 (2) 114(3.7) 100 (2) 114 (2)
43(19) 85 (-) 71 (1) 113(0.1) 113(0.1) 141 (-) 197(0.1)
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Cleavage of the nitrogen-oxygen bond gives rise to ions (Tahle 29) of 

m/e 31 (lxviii) and []:I-3l] + (lxix). It is possible thot the latter 

ions undergo further degradation by fragmentation of their hydrocarbon 

subs tituents.

Ions arising from rearrangement. An abundant ion (lxx) in many of 

the spectra appears (Table 29) at [2 7 + R]+ , where R is the smaller 

substituent attached to the O-metbyloxime moiety. The formation of 

a similar ion, observed in the spectra of ketoximes,^^ has been 

ascribed to further degradation of lxix. The corresponding mechanism 

for 0,-methyloximes is lxix— »lxx (Scheme 27). An ion (lxxi) analogous 

to the McLafferty rearrangement product provides the base peak in many 

of the spectra, particularly those of longer chain length (Table 29),

A smilar fragment ion was observed in the spectra of aldoximes and
"zCa

ketoximes and it was postulated that it underwent further degradation

to form an ion of m/e 41* A similar mechanism (lxxi— >lxxii, Scheme 

28) appears to operate in the case of the Ogmethyloximes (Table 2 9).

Fragmentation mechanisms invoking tautomerlsation. Tautomerisation

has been suggested as a factor contributing to the formation of several
362fragment ions of aldehydes, and has been discussed in connection

with the fragmentation of aldoximes and ketoximes. It is possible

that it is implicated in the fragmentations of O-methyloximes. The

ion [LI-46]+ would arise from simple cleavage of the enamine

tautomer (lxxv , Scheme 29). A similar fragmentation, with hydrogen

transfer to the nitrogen-containing moiety, gives rise to an ion [il-47]t

A further mode of tautomer fragmentation would produce ions

(lxxvi) [6 7 + R + 14n]t This type of mechanism (Scheme 30) accounts
362for many abundant fragment ions of aldehydes, but does not appear 

to be of importance in the fragmentation of ^-methyloximes.
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Table 2

Sample

lxviii

lxix

lxx

lxxii

lxxiii

lxxv

Sample

lxviii

lxix

lxx

lxxii

lxxiii

lxxv

Peaks corresponding to selected fragment ions (relative 
abundances in parenthesis)

CXLVTII CXLIX CL CLI CLII CLIII CLIV CLV

31(11) 31 (2) 31 (5) 31 (3) 31 (3) 31 (3) 31 (2) 31 (2)
70 (4) 84- (3) 84.(18) 84- (5) 98 (3 ; 112(15.) 112 (1) 126 (3)
28(38) 42(100)42(100) 56(100)42(100) 70(49) 42(100) 42(83)
73(100) 87(46) 87(41 )*101 (-)*87(68) 115(22)'' 87(97) 87(100)
41(52) 41(33) 41(34) 41(12) 41(40) 41(54) 41(32) 41(36)
55(12) 69 (4) 69 (8) 69 (2) 83 (6) 97 (2) 97 (5) 111 (4)

CLV CLVI CLVI1 CLVIII CLIX CLX CLXI CLXII

31 (2) 31 (1) 31 (1) 31 (1) 31 (-) 31 (-) 31 (-) 31 (-)
126 (3) 126 (1) 154(1.4)154(1.5)182(2.8)196(1.6)210(3.1)280(1.0) 
42(83) 42(73) 28(11) 42(95) 28 (9) 42(57) 28 (5) 42(23)
87(100) 87(100) 73(100) 87(100) 73(100) 87(100) 73(100) 87(100)

41(36) 41(28) 41(20) 41(45) 41(18) 41(34) 41(11) 41(21)

111 (4) 111(4) 139(0.1)139(0.8)167(0.1)181(0.6)195(0.1)265(0.6)
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previously proposed fragmentation pathways. Many of these have been 

substantiated by high-resolution and isotopic-labelling studies and 

agree well with our present knowledge of mass spectral fragmentation.

The mechanisms requiring tautomerisation of the molecular ion, however, 

involve cleavage of a single bond adjacent to a double bond, whereas 

allylic cleavage is normally favoured. Also, it is observed that CL 

eliminates a fragment equal in mass to that produced by McLafferty 

rearrangement of CXLIX: CLIII eliminates two such fragments. Neither

CL nor CLIII contains the requisite y-hydrogen atom for the McLafferty 

rearrangement and so an alternative or additional fragmentation mode 

may be operative. The fragment of 28 mass units eliminated from III 

could be CO or CNHg. Of these, seems to be the most likely

(this is to be checked by high-resolution mass measurement), particularly 

since the spectra of CXLIX and CL are so similar and CLIII appears to 

lose two such fragments. A possible mechanism for this fragmentation 

is lxxvii— ^Ixxviii— >lxxix (Scheme 3l). The second such elimination 

from CLIII can be represented as Ixxix— ->lxxx— ^lxxxi (Scheme 32).

The postulated fragmentation of the cyclopropane ring is analogous to
■7 /T C.

that proposed by Weinberg ejb al. An alternative mode of fragmentation

of Ixxviii may produce an ion [58 + R]t (lxxxii), Scheme 33. Such an

ion is observed in moderate abundance in the spectra of CXLVIII and

CLIII, but is almost or completely absent from the other spectra.

It is also possible that ions arising from scission of the carbon-

nitrogen bond may be formed via mechanisms involving intermediate ring

formation rather than oxime-enamine tautomerisation. Deuterium
365labelling studies on di-n-hexyl and di-n-heptyl ketoximes, however,

>

suggest that this mechanism cannot be extended to these compounds unless 

specific reciprocal hydrogen transfer takes place. This is not
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3 6 / - 3 6 5impossible , T but the fact that ions of type Ixxix are only

observed in the spectra of CXLVTII-CLIII indicates that this type 

of mechanism may be restricted to compounds of relatively low 

molecular weight. In any case, it is not suggested that this 

mechanism should supplant that of the "conventional11 LIcLafferty 

rearrangement or those postulating the existence of an ionised cyclo-
, , . . 560,561,367butane intermediate. 7

!
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II YD R 0 C A KB Oil S FRQT.l TTB  GREEK Y OR!,: OF THE 

FRESB/ATER ALGA BOTRYOCOCCITS B BAUD'11*

Botryococcus braunii (Kutz.) is a freshwater green colonial alga

of widespread occurrence, which is known to occur in at least two

physiologically distinct forms. The first of these is a green

exponentially growing stage of limited abundance and the second is a

brown resting stage which often arises as massive rust-coloured algal
378blooms on the surface of lakes. From paleobotanical studies it

379has been suggested that B. braunii may be the causal organism of

the boghead coals (e.g. Torbanite), Coorongite, and also oil shales 

of the tertiary period'*^ and a number of investigations of these 

theories have been undertaken (for brief reviews see Refs. 381-382).

It has been shown in the brown resting stage that 70 per cent of the 

dry weight of B. braunii may be accounted for by two isomeric hydro­

carbons, botryococcene and isobotryococcene, which occur in a 9*1 ratio 

In the green exponential form, hov/ever, it has been found that only

about 20 per cent of the dry weight of the alga could be accounted for 
383-384as hydrocarbons and also that less than 5 per cent of these

hydrocarbons was botryococcene or its isomer. In fact, three

homologous series of hydrocarbons were demons trated by GLC and the

dominant "A" series with five members was found by mass spectrometry

to have the general formula cnH2n-2* The next mos‘t“abundant series

with four members was shown to have the formula ^n^2n-4* These

results were similar to those found for what was described as the

"golden brown alga B. braunii", when six compounds of the general

formula C  ̂ and one of the formula C H were described, n 2n-2 n ^n~4

* Growth of the alga, extraction of, and chemical transformation of, 
the hydrocarbons, and preliminary gas chromatography were carried 
out by Dr. A.C. Brown, Dr. E. Conway and Dr. B.A. Knights (Dept, of 
Botany).

382
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351In the present work, locations of the positions; of the two

double bonds ox the "A" series hydrocarbons of the green stage of

B, braunii have been determined. Hydrocarbons were isolated by

acetone extraction of the dried alga and separated by chromatography 
383on alumina, I.r, spectroscopy of these hydrocarbons indica_ted

the presence of a vinyl group (1630, 990 and 908 cm”1) and a cis

disubstituted double bond (720 cm 1), Gas-liquid chromatography

(GLC) indicated that the mixture contained three components (>90

per cent of the total fraction) and, by inspection of the data

(Table 33)? thes e v/ere found to be members of the previously 
383decribed MA M series of hydrocarbons, and to correspond to those 

compounds v/hich had been shown by GC-MS to have the formulae

C27H52 (peak 1)» °29H56 (peak 2) and C3iH6o (peak 5).
Ozonolysis of the hydrocarbon fraction was attempted using a 

385Supelco microozonizer and the method described by Beroza and
•7 o (L

Bierl. Under the prescribed conditions, no reaction products

could be detected using GLC, in spite of a positive reaction to 

ozone from the indicator solution. In addition, it was found that 

triphenylphosphine and triphenylphosphine oxide could be detected in 

GLC traces and it was thought that in this case these compounds might 

interfere with the analysis by GLC of possible products of ozonolysis, 

Ozonolysis was therefore attempted by adapting the method of Munavalli 

and Ourisson^^ for use with the microozonizer. Using a flame 

ionization detector, tetracyanoethylene, which was incorporated into 

the reaction mixture to decompose ozonides, could not be detected 

under the conditions for GLC used in this work. Reaction with ozone 

was continued until hydrocarbons could no longer be detected by GLC. 

The aldehyde fraction so formed showed carbonyl absorption (1720 cm”1) 

but no double bond absorption in the i.r. GLC (Table 33) indicated 

three products derived from the three corresponding hydrocarbons.
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Using GO-MS, mass spectra (tbs most significant and the eight most 

abundant ions in these spectra are listed in Table 35) were obtained 

for peaks 2 and 3 and it was clear from inspection of these data that 

these two compounds v/ere homologous, differing in, mass by 28 units 

(i.e. C^H ). Fragmentations for the loss of water, [l.I-18]t,

[M-36]T» ethylene, [M-28]t, and ethylene plus water, from

these compounds were observed, similar to those observed by Gilpin
359and McLafferty for mass spectra of aldehydes. The ion arising by 

loss of hydrogen, [M-l]+ , formed via a-cleavage was not significant 

in the present work, and the corresponding ion at m/e 29 was only of

medium intensity. The ions for [M-43]+ and [M-44]t probably arise
V o -P- • 559,588by (3-fission processes. 7

The aldehyde fraction was converted to the corresponding 0-
124methyloxime derivatives and were thought to be derived by loss of

fragments including methoxyl and methyl radicals, and methanol. The 

base peak of these spectra at m/e 75 and the ion observed at [M-72]t 

for each compound were probably formed by (3-cleavage reactions. The 

ion at m/e 75 from O-methyloximes appears to be equivalent to the ion
7 ( i  A

found by Goldsmith et al. to occur at n/jc 39 for the oxime derivatives 

of butyraldehyde and valeraldehyde, The same group also described an 

ion at m/e_ 72 from these compounds and an equivalent ion at m/e^ 86 

was noted for the O-methyloximes in the present work.

Oxidation of the aldehyde fraction produced an acid fraction from 

which methyl esters were prepared. Analysis by GLC (Table 33) 

demonstrated the presence of three compounds in this fraction,

GC-MS analysis indicated the presence of two carboxylic acid methyl 

ester groups and confirmed that the original fraction was composed of 

dialdehydes. The McLafferty rearrangements^0 produced the ion at 

Si/®. 74 j in agreement with previous v/ork on the mass spectra of methyl 

e s t e r s . T h e  spectra were similar to those reported in the 

literature for a,u>-dicarboxylic acid methyl esters.581,390
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A second ozonolysis experiment using a shorter reaction time was 

ca.rried out, GLC analysis indicated the presence of unreacted 

hydrocarbons together with three main aldehyde products, Retention 

data, for these aldehydes are listed in Table 34. # In addition, a 

single, low molecular weight aldehyde was detected when using 

temperature programmed GLC, This compound was not detected in the 

previously described ozonolysis experiment.

Analysis by GC-MS (see Table 36) of the aldehyde and O-methyl- 

oxime fractions indicated that the three main components of the partial 

ozonolysis experiment were monoaldehydes containing one double bond.

The molecular weights and GLC data, when compared with the dialdehyde 

series, were consistent with the double bond present in the mono­

aldehydes being the vinyl group. The low molecular weight aldehyde

afforded a mass spectrum similar to that recorded by Gilpin and
359McLafferty for n-nonanal. The data for the corresponding 0-

methyloxime were also in agreement with this compound’s being n- 

nonanal, the mass spectrum being similar to that obtained from the 

O-methyloxime of an authentic sample of n-decanal.
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Jj6.

*ss spectral data for partial ozonolysis products from hydrocarbons of B. braunii

Aldehyde fraction

Ivl I vl—18 I .>29 1.1-43 1.1-44 Eiaht most abunde r ■■ ■■■ ■■■■■ ----  ■" ■■nt ions

il Ion 266 248 237 223 222 55 41 43 57 69 83 29 67
Abundance 11 9 7 10 0s 1000 810 800 710 680 500 460 460

ik 2 I on 294 276 265 251 250 55 41 43 69 57 83 81 67
Abundance 18 12 7 8 7 1000 760 610 560 530 430 370 340

i )  Ion 322 304 293 279 278 55 41 43 69 57 83 29 67
Abundance 14 8 4 6 5 1000 800 640 540 500 390 320 310

0-■Methyloxime fraction

M M-15 I.1-31 M-41 M-43 Eight mos t abunda nt ions

ik 1 Ion 295 280 264 254 252 73 55 43 41 59 69 83 86
Abundance 15 4 60 4 6 1000 390 360 340 280 240 200 150

jk 2 Ion 323 308 292 282 280 73 55 41 43 86 69 57 29
Abundance 54 7 103 8 7 1000 380 370 335 210 180 140 130

ik 3 Ion 351 336 320 310 308 73 55 43 41 69. 86 57 83
Abundance 26 6 86 5 6 1000 350 300 290 170 160 140 115

1
Lower molecular weight compound detected by temperature programmed GLC

Aldehyde

M M-l I 1-18 M-28 M -44 Eight mos t abundant ions

i 142 141 124 114 98 57 41 43 29 44 56 55 27
®dance 2 4 40 50 270 10001000 040 770 660 6 00 570 550
Mature value • 5 4 70 90 400 1000 700 680 360 560 630 500 260

!

O-Methyloxime

M M -2 9 I1-31 m -43 Eight most abundant ions 
r —  ■ ------

I
A 171 142 140 128 73 43 41 86 29 28 27 55
Nance
t

10 8 13 12 1000 330 320 200 190 180 140 140
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XQ7
Previously, it had been shown ' that the principal series of

hydrocarbons from the green exponentially growing stage of Botryococ

braunii had the empirical formula . Further, for the three

main members of this series, it was found that n was 27, 29 and 51

with the order of relative abundance being C„rtHr , > C „.° 29 56 31 60 2 ( p2
Since the i.r, data showed the presence of a vinyl group and a cis- 

disubstituted double bond, it is possible to write a general formula 

(i) for these three hydrocarbons, as shown in Scheme 34. From the 

complete

  CH0= C H — (CH„) — C H =CE— (CH0) — CH, (i)2 v 27x v 2 ' y  3

GLC: Peak 1 M.W. $7^ x + y *= 22
Peak 2 M.W. 404s x + y = 24
Peak 3 M.W, 432: x + y = 26

Ozonolysis 
 1
[CH==0]* + 0 = C H —  (CH2) —  CH=0 + [0= CH— (CHg) — CH^]* (ii)

Peak 1 [M.W. 268]: x = 1 5
Peak 2 M.W. 296 : x = 17
Peak 3 M.W. 324 : x = 19

Partial ozonolysis
f

CH. CH— (CH2)X— CH=0 + 0 = C H — (CH2) — CHj (iii)

Peak 1 M.W. 266: x = 15 M.W. 142: y = 7
Peak 2 15.V7. 294: x = 17
Peak 5 M.W. 522: x = 19

CH^= C H -  ( CH2 ) 15—  C H =  CH—  ( CH2 ) —  CHj ( iv )
CH =  CH—  ( CH2 ) 17-  CH— CH ( CH2 ) CH?
CH2=  CH— ( CH2 )19-  CH= CH— ( CH2 ) ? -CHj

*Not observed.

SCHEME.34
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ozonolysis experiment, three dialdehydes were produced in the cane 

relative proportions as were found for the three parent hydrocarbons• 

The mass spectral data in Table 35 showed that the formulae for these 

three aldehydes may be expressed as indicated (ii) and that X = 15,

17 and 19 for GLC peaks (l), (2) and (3) respectively. Thus, it 

would be expected that Y = 7 for all three hydrocarbons, although the 

presumed aldehyde n-nonanal could not be detected in this reaction 

mixture using GLC. Partial ozonolysis was found to produce four 

monoaldehydes, together with small amounts of the dialdehydes and some 

unreacted hydrocarbon. Three of these monoaldehydes were closely 

related to the dialdehydes (ii) and had the structures (iii). The 

fourth aldehyde, a more mobile substance on GLC, had the correct 

molecular weight (142 as the aldehyde and 171 as the O-methyloxime) 

for n-nonanal and thereby confirmed that y = 7* Thus the formulae 

for the three hydrocarbons represented by (i) are as shown in (iv). 

This method of analysis does not rigorously exclude the possibility 

of a branched-chain structure. Since fragmentation is most likely
39I-392to occur at highly branched carbon atoms, irregularities in

the relative abundances of fragmentations, due to C-C fission of long-

chain molecules, would not be expected to occur in unbranched

molecules. No such irregularities were observed in the spectra

recorded. Further, the similarity betv/een the mass spectra from the
390methyl esters and those recorded by Ryhage and Stenhagen for a,co-

dicarboxylic acid methyl esters lends additional support for the view

that these hydrocarbons from B. braunii are the unbranched,

' diunsaturated compounds heptacosa-1,18-diene, nonacosa-l,20-diene

and hentriaconta-1,22-diene.

The presence of a terminal double bond (i.e. a vinyl group) in

long-chain hydrocarbons of freshwater green algae has been previously
394-reported for unnamed species of Scenedesmus and Chlorella. The
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cijwli substituted double bond in each of the hydrocarbons of B . braunii 

is located at the same position v/ith respect to the terminal methyl 

group of the carbon chain a.s the double bond of oleic acid. This is 

consistent with the current theories on hydrocarbon biosynthesis via 

decarboxylation of the corresponding fatty a c i d ^ ' ^ ^  and suggests 

that, in B . braunii at least, decarboxylation of an a, (3-unsaturated 

fatty acid may occur to produce the vinyl group. Oleic acid has been 

demonstrated as a major component of the fatty acid fraction of the
~2 O A

green stage of B. braunii ^ but no evidence can be advanced to support 

the occurrence of long-chain a,(3-unsaturated fatty acids in this
397organism, although such compounds have been isolated from pollen. '
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CUTIOUPAR LEAF DRAGS :

CNENOPODIUil A hi.UN L. AND LOLIiJL: FNPGG'G L.*

Plant v;axes have been the subject of increasing study in recent 
568-369years. Investigations have included the isolation of novel

368—371 270compounds and detailed studies of biosynthesis, ' A recent
373report described the occurrence of long chain n-aldehydes in 

cabbage, apple and broccoli waxes and showed that reexamination of 

previously studied waxes can demonstrate the presence of unexpected 

lipid classes. As part of a study of the penetration of herbicides 

into leaves (by the Liverpool group*), the less familiar waxes of two 

plant species have been examined: the monocotyledon Lolium Perenne L,

(perennial rye grass) and the di-cotyledon Chenopodium Album L.

(fat hen).^^

The separation of Lolium perenne L, wax by column chromatography
374was described in a preliminary communication by Hamilton and Power.

In the present work, better resolution of the more polar lipids was 

obtained by TLC, which resulted in separation of the wax into five 

discrete fractions (Table 30). Fractions I and II contained the 

hydrocarbons and esters, respectively. Fraction III, which was not 

separated from Fraction II by column chromatography, gave a yellow 

colour when treated with 2,4-dinitrophenyl hydrazine reagent. The 

composition of this fraction from L. perenne and C . album is described 

here.

* Preliminary practical work was carried out by Dr. R.J. Hamilton, 

Miss J.E. Allebone and Mr. D.M. Power (Liverpool Regional College 

of Technology) and Dr. B.A, Knights.
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Experimental

Fraction III: L. ucrerme

Erection III was present to the extent of 9.1$ by weight of the

total r/ax. The presence of aldehydes was indicated by infrared

spectroscopy (carbonyl absorption at 1725 cm and nuclear magnetic

resonance (NMR) spectroscopy (triplet at 0.5 :CH0 and doublet at 7.7 :

CH^CHO). The absence of ethylenic and acetylenic unsaturation was

confirmed by NMR and silver nitrate TLC.

Analysis by GLC indicated the presence of three major and six

minor components whose retention data (Table 51) corresponded to the
375values for authentic n-aldehydes, both synthetic and extracted

576from grape fruit wax, The components of Fraction III were reduced

to the corresponding alcohols, which were analysed by GLC both free 

and as their acetate and trimethylsilyl ethers. These results 

(Table 51) confirmed the identity of the major components as n ' ~ ^ 2 S 7 

n-C^Q and n-C^Q aldehydes with the minor components as homologues.

Fraction III wax material was treated in ethanol solution with 

excess sodium borohydride at 50° for 1 hour. After acidification 

(HCl) the mixture was extracted with ether, the ethereal solution 

dried (ivIgSÔ ) and solvent removed under vacuum. The reduced material 

was purified by TLC.

The free aldehydes, their O-methyloximes, and the acetates and 

TMS ethers of the alcohols obtained by reduction of the aldehydes 

were examined by GLC and GC-MS. Results are summarised in Table 51. 

All of the mass spectra were consistent with the structures indicated.

Fraction lilt C. album

Fraction III was present to the extent of 10.6$ by weight of the 

total wax. Infrared and NMR spectroscopy gave similar results to 

those obtained for L. perenne, indicating the presence of aldehydes. 

However, absorption in the infrared at 1738 cm and 1250 cm
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suggested the presence of an acetate group. The fraction from C. 

album was analysed by GLC and proved to be more complex than that 

from L* perenne. The retention data (Table 32) suggested that two 

homologous series of compounds were present. The first series 

(80.8/ of the total) cont ained thirteen members (peaks 1, 2, 3, 8,

7, 9, 10, 12, 13, 18, 16, 18 and 20) with peak 13 predominating, and 

the second series consisted of six members (peaks 3, 8, 11, 1 4, 17 

and 19)» Members of the principal series had identical retention 

data to the aldehydes in the corresponding L. perenne fraction. GLC 

retention data for the other series corresponded with that obtained 

for authentic acetates of n-alcohols.

Spectra were obtained for peaks 11, 12, 14, 15, 17 and 18.

Peaks 12, 15 and 18 gave spectra identical to those of n-hexacosanal, 

n-octacosanal and n-tricontanal. Peaks 11, 14 and 17 gave molecular 

ions at m/e. 398, 424 and 452 and major fragment ions at m/e 338, 384 

and 392, respectively. These data are consistent with the formulation 

of peaks 11, 14 and 17 as acetates.

The components of Fraction III, after treatment with 0-methyl- 

hydroxylamine were re-examined by GC-MS. Peaks 11, 14 and 17 were 

unchanged, again giving typical acetate fragmentations. The aldehydes 

(peaks 12, 15 and 18) formed the expected O-methyloximes.

It has been shown that surface waxes of Lolium perenne L, contain

a mixture of nine aldehydes with chain lengths n-C^^-n-C^^ and that

n-hexacosanal is the major component. Similarly, Chenopodium album

L, wax contains thirteen aldehydes, with n-octacosanal as the principal

component. Reports of the occurrence of n-aldehydes in plant waxes

are becoming more f r e q u e n t ^ ^ a n d  it has been suggested^^ that

the use of alumina in the past, for the chromatographic separation of
377waxes, has led to destruction of the aldehydes, Kolattakudy'' 

recently demonstrated that administration of ^C-labelled precursors
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T a b l e  32
G L C  data for C. album and L. perenne waxes

C. album fraction I C. album fraction III L . perenne fraction HI
alkanes (a) aldehydes arid acetates (b) aldehydes (c)

Chain Area Peak. I length % No. I

2200 nC22 0.6 1 2170
2300 nC23 1.0 2 2280
2400 nC24 0.5 3 2380
2500 nC25 2.7 4 2500
2600 nC2G 0.5 5 2540
2700 nC27 14.2 6 2580
2800 nC28 1.4 7 2680
2900 nC2o 64.6 8 2730
3000 nC3o 1.1 9 2760
3100 nC3i 12.8 10 2870

11 2930
12 2960
13 3060
14 3120
15 3160
16 3260
17 3320
18 3360
19 3510
20 3560

100.0

Chain Area I Chain Area
length % length V/o

nC]8 0.3
nCiu 0.1
nC2o 0.1

0.1
nC2o Trace

nC.22 0.4
nC23 0.2

nC22 0.1
n C 24 2.9
nC25 0.6 2860 nCss 1.6

nC24 3.3
n C 2r, 13.6 2960 nC26 55.7
nC27 1.2 3060 nC2? 1.2

nC26 4.7
nC28 46.0 3160 nC28 22.3
nC29 0.3 3260 nC29 Trace

nC28 10.5
nC3o 14.6 3360 nC3o 15.8

nCso 0.6
nC32 0.3 3560 nCs2 1.7

3760 nCn4 1.5
3960 nC3c Trace

100.0 100.0

(a) 1 %  OV-17 at 230°; 5' column
(b ) 1 %  OV-17 at 240°; 5' column
(c) 1 %  O V - 17 at 260°; 5' column
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to the leaves of Brassica spp. resulted in the incorporation of the 

isotope into a fraction whose composition was unknown, Schmid and
• 373Bandi have shown that this fraction contained aldehydes and they 

drew attention to the fact that the major components of the alkane, 

ketone and secondary alcohol fractions of cabbage wax were C29
compounds, whereas n-triacontanal was the major aldehyde. Although 

no direct precursor/product relationship could be demonstrated, it 

was suggested that aldehydes might be implicated in alkane biosynthesis. 

The results presented here show no obvious biosynthetic correlation 

between aldehydes and n-alkanes. Thus the major aldehydes in 

L, perenne and C , album are n-hexacosanal and n-octacosanal respectively, 

whilst the major alkane in both species is n-nonacosane,

Furthermore, a similar situation has been reported for grape wax.

It is, therefore, possible that the apparent correspondence in chain 

length between the major components of the aldehyde and hydrocarbon 

fractions in cabbage and apple may be fortuitous.

In addition, the fraction from C. album was found to contain 

acetates of alcohols with even-numbered chain lengths n-C^-n-C^Q.

We believe that whilst acetates have not been reported in plant waxes, 

it is possible that they may be of much wider distribution than has 

been realised, since saponification has often been the first step in 

previous workers’ analysis.



V

AIR POLLUTION
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GC-US AKALYSI5 07 AIR POLLUTANTS :

A FEASIBILITY STUDY

A preliminary investigation has been carried out to explore the 

possibilities of carrying out snail scale analyses of organic constituents 

of particulate air pollution. The method used involved solvent 

extraction, TLC, GLC and GC-MS.

Experimental

A total of 10 g, of dust v/as collected from the filters of the 

air-conditioning units ("Airking Aries" Model; Stewart King Industries 

Ltd., Vfaterlooville, Hants.) in the GC-MS laboratory of this Department, 

j These units had only recently been installed and the filters had not

I previously been cleaned: consequently, they were relatively "clean".
i
i The dust v/as removed from the filters only by gentle tapping so as not

; to collect particles of filter material (about 10-20^ of the dust was

collected for study).
1 g. of the dust Y/as shaken v/ith 7*5 ml ether, allowed to stand

at room temperature for 0.5 hr, and centrifuged. The ether extract

j was concentrated to a volume of 0.5 ml under a stream of nitrogen,

| and applied to a TLC sheet (Chromar 1000). Six fractions were obtained

by development with n-heptane (Table 57)* The TLC sheet was cut up

and individual fractions were extracted with chloroform/methanol.

Yields are given in Table 57*
Fraction 1 was examined by GC and GC-MS and found to contain a

series of n-alkanes: C2QH^2 to with n - C ^ H ^  predominating,
398Aliphatic hydrocarbons have been identified in other dust samples^' 

during a study by Gelpi ejt al. on the ubiquity of hydrocarbons in 

nature,

Fraction 3 gave many peaks on GLC, with retention indices in the 

range 2000-3500. On examination by GC-MS, the majority of these
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copponents were found to give e x t r e m e l y  intense molecular ions, with

little additional fragmentation. T h e y  are probably polycyclic

aromatic hydrocarbons. There is considerable interest in polycyclic

aromatic hydrocarbons, because of their potential carcinogenic

properties, and various procedures have been devised for their 
300

identification, y They have been found in the atmosphere in some

large American cities/00 Sydney/"01 Merseyside/02 TTewcastle-on-

Tyne/0  ̂ and Naples/0^

In an attempt at characterising the suspected polycyclic aromatic

hydrocarbon substituents of the dust, several authentic samples

(CLXIV-CLXXV) (from the collection of Prof. Sir James Cook, by

courtesy of Prof. J.D. Loudon) were examined by TLC (Table 38), GLC

and G-C-MS (Figs. 102-113). multiple elution - TLC technique
405devised by Petrowitz afforded no better resolution than the 

conventional single elution method when chromar 1000 sheet was used.

Component 1-gave a mass spectrum with an intense ion (m/fL 215,

65 /) corresponding to methyl radical loss from the molecular ion 

(h /§. 230, 100/). This would indicate a structure such as 10- 

methylbenzanthrene (CLXXVl).

Component 2, with molecular ion at m/e 228 (lOO/), gave no 

significant fragment ions. It may be an isomer of chrysene (CLXX).

Component 3 provided a molecular ion at 242 (100/) which

indicates a molecular formula • N o  r e a s o n a b l e  multihexagonal

aromatic ring structure is possible for this compound/ 0

In the spectrum of component 4 , there is an ion of m/e 239 (35/) 

which may be formed by loss of HO* from the molecular ion (m/e 256,

100/). A possible structure for this component is 10-hydroxynaphtho-

[2'.7’:1.8]-anthrene (CLXXVIl).
Component 5 (molecular ion: m/e 252, 100/) has mass spectrum and 

retention index similar to those of perylene (CLXIV), 1 ,2-benzpyrene
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Perylene (CLXIV) C20H12
252 2680 0.40 O .64 0.78

1,2-Benzpyrene ( GLXV) °20H12
252 2680 0.46 0.68 0.78

5,4-3enzpyrene ( CLXVl) C20H12
252 2680 0.46 0 • 68 0.78

Coronene ( CLXVTl) C24H12

ooK
A 3310 0.44 0.68 0.76

1,2-Benzanthracene (CLXVIIl) cm
i—i
wCOi—I
o 228 2330 0.48 0.72 0.82

1,2-Benzonaphthacene ( CLXIX) C22H14
278 3010 0.34 0.54 0.66

Chrysene ( CLXX) CMi—1
wCOi—I
o 228 2350 O .46 0.68 0.80

1)2-Dimethylchrysene (CLXXl) °20Hl6
256 2580 0.42 0.66 0.78

1)2:5,6-Dibenzanthracene ( CLXXII) C22H14
278 3000 0.34 0.52 O .64

1)2:7,8-Dibenzof luorene ( CLXIIl) C21H14
266 2710 0.36 0.56 0.68

10-Methyl-l, 2-benzanthracene
(CLXIV) c 19H14

242 2480 0.44 0 .6 6 0.78

9jl0-Dime thyl-1 , 2: 5 *6- 
dibenzanthracene ( CLXXV)

°24H18
506 3200 0.34 0.52 0.66

A *= single elution 
® = double elution 
® = triple elution
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(CLXV) and 5 ,4-benzpyrone (CLXVl).

Component 6 gives an intense peak at m/e 252, but this may be the 

"tail" of component 5. In fact, it was observed that CLXIV-CLXVT 

"tail" rather badly on GLC. An intense ion is observed at m/e 263 

which may be ascribed to a molecular ion of composition 21 16
The mass spectrum of Component 7 (molecular ion; m/e 266, 100$) 

suggests a dibenzanthrene (e.g. CLXXVIII) or coeranthrene (CLXXIX) 

structure,

Fraction 5 gave two major peaks on GLC, but these could not be 

readily identified by GC-I.IS: ions of m/e greater than 400 were

observed and molecular ions were not distinct.

Conclusions

This brief study has shov/n that it is possible to analyse fairly 

small quantities of pollutants in a short time. It would thus be

suitable especially for comparative studies.

It has been demonstrated that the air conditioner filters contain 

appreciable quantities of n-alkanes and significant amounts of polycyclic 

aromatic hydrocarbons. This filter dust was chosen because it was a 

ready supply of material suitable for a preliminary feasibility study.

It is doubtful, however, whether dust collected in a chemistry laboratory 

is representative of city air pollution. Further investigations could 

be carried out on samples collected elsewhere, possibly with a portable 

vacuum cleaner fitted with a glass wool filter.

More efficient and selective extraction and "clean-up" procedures 

could be devised, Liberti ejt al.^^ carry out Soxhlet extraction 

with cyclohexane andremove polycyclic aromatic hydrocarbons with 

nitromethane. It was found that the authentic samples partially de­

composed during TLC, probably with formation of peroxides. Better 

results may be obtained in the absence of light. GLC was carried out 

using OV-1 as stationary phase, effecting separation mainly by molecular
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weight differences. Consequently, perylene and the benzpyrenes were 

not resolved. Using 0V-17, marginally different retention indices 

were observed for these isomers, hut they were not resolved in 

admixture. SE-52 has been suggested^^ as a more selective phase 

and the additional phenylsiloxane groupings present in OV-25 may be 

expected to improve distinctions between isomeric polycyclic aromatic 

hydrocarbons.

With improved extraction and separation methods, more sophisticated 

investigations could be carried out by GC-MS, In particular, components 

of selected molecular weights could be located by single ion monitoring. 

Fuller interpretation of the mass spectral data would be possible if 

a wider range of reference samples were examined.

I
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DATA-TJATTDLI1TG AID GC-MS

The iiia j or practical problem of GC-MS analysis is a consequence

of a factor contributing to the efficiency of the technique: vis.,

the rate at which data are produced. It is not unusual for hundreds

of spectra to be obtained in the course of one day, particularly if

complex natural product mixtures are being investigated. The

difficulties formerly encountered in assigning mass numbers to peaks

in the spectra have now largely been overcome. (For a brief discussion,

see the following section). There remains the onerous task of

converting the data to a form in which they can be readily utilised

(as tabulated ion abundances, or as line diagrams) and of correlation

and interpretation of the spectra. These procedures are efficiently

effected with the aid of a digital computer.

At the outset of this project, comparatively little work had been

done on computerised data handling systems for mass spectrometry.

Semi-automatic devices had been devised for measuring and drawing mass

spectra, and these were capable of adaptation to provide punched paper

tape for off-line computer p r o c e s s i n g . A n  alternative approach

involved recording of the data in analog form for processing by a

computer with an analog-to-digital converter (ADC),^^ or recording of

digitised data,^^’"^'^ It was, however, considered desirable to carry

out data acquisition and processing on-line and in real-time.

At this time, Hites and Biemann had published details of a data-

acquisition system which involved regularly repetitive scanning of
414spectra throughout chromatographic runs. Mass calibration was

performed by comparison of arrival times (at the detector) of ions in 

spectra of known and of unknown compounds. In such a system, much 

information which is largely redundant must be processed if spectra 

of only the components of mixtures under investigation are required,
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as is usually the case in GC-I.IS analysis. Moreover, large-scale 

computing lacilities are required for all but the briefest of GC-I.IS 

runs (Hites and Biemann used ah IBJ.I 1800 computer with a relatively 

large magnetic disc store). Ryhage and co-workers at the Karolinska 

Institutet in Stockholm were, at this time, investigating the feasibility 

of incorporating the LXB 9010 mass marker, which they had earlier 

developed, into a data-handling system in which only one intensity 

value per mass number would be recorded. As a result of initial 

discussions, with Dr. R. Ryhage, Dr. S. 7/ikstrom and Mr. S. Melkersson 

(January 1968), it was decided to adopt this system. (A generous 

grant from the Science Research Council provided for the purchase of 

a mass marker unit). A major factor which influenced this decision 

was the limited nature of on-line computing facilities available.

No dedicated computer was available for mass spectral data acquisition 

and processing, but we were offered the part-time use of a PDP-8 computer 

(linked directly to a KDF 9 computer) situated in the Computing 

Services Department (at that time, part of the Department of Computing 

Science). This led to the initiation of the required computer programs 

and to the installation of the necessary cables and interfacing components 

during 1968-70. Dr. R.N, Stillwell, a visiting worker on leave from 

Baylor College of Medicine, Houston, U.S.A. (July-September 1969) made 

a major contribution to the programs, while valuable advice and help 

was provided until September 1970 by Mr. A.D. Wilkinson of the 

Department of Computing Science.

Two output signals are produced by a gas chromatograph-mass 

spectrometer: mass spectra and TIC. The latter can be constructed from 

the former so, in general, only the mass spectral output need be 

measured. Spectra may be scanned from m/e_ 10 to 1,000 in 1 second,

but the scan rate is usually somewhat lower. High frequency electrical 

noise can be filtered from the signal via a capaciter.
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IToise o:f. 1 requency leys than 120 cps , associated with mechanical 

vioration ana the A.C. mains supply, cannot be removed without also 

damping the spectral record and is a factor limiting sensitivity. 

Although tabulations of spectra rarely contain significant ions of 

relative abundance less than a few percent of that of the base peak, 

it is desirable to record spectra with a dynamic range of about 10,000 

to take account of components of widely varying quantity throughout the 

chromatogram.

Any effective system of data handling should be capable of 

carrying out all or the majority of the operations which are normally 

performed manually, A comprehensive system would collect data 

concerning mass numbers, ion abundances, and metastable ions from 

spectra, together with their standardised retention times. The output 

should comprise "normalised" tabulations and line diagrams of individual 

spectra, with background spectra subtracted and facilities for scale 

expansion and/or contraction. It is also desirable to automate the 

"bookkeeping" aspect of GC-MS when large numbers of spectra are handled. 

Records of scan number, retention time (or retention index) and salient 

mass spectral data (e.g. base peaks or molecular ions) should be 

compiled to assist correlation of spectra, A degree of dialogue 

between the user and the system is desirable at this stage.

In designing the system for the Glasgow University GC-MS Unit, 

priority was given to development of an effective means of data 

acquisition with the available hardware with a view to later expansion 

if and when further facilities become available. The PDP-8 computer 

used was fitted with a single-channel ADC with no multiplexer.

Pulses from the mass marker were carried to the interrupt bus of the 

PDP-8. The scan start and stop were signalled to the computer by 

superimposing a potential of —10 V. on the analog channel? this line 

was at 0V. between scans, and the mass spectrum was added to the -10 V. 

signal during scans. These values were convenient since the analog
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output from the LKB 9000 v/ac v/ithin the ranf;e 0 to 10 V,, whereas the 

ADC 02i the PDP-8 accepted signals v/ithin the range -10 to 0 V,

It was not possible to obtain a grounded output directly from the 

LKB 9000, so an interface was constructed (based on a design kindly 

supplied by S. Ivlelkersson, with modifications suggested by J.A, Hardy) 

incorporating an active filter network of variable bandwidth. This 

interface also incorporated a relay, operated in turn by the "scan 

start” relay in the LKB 9000 control unit, which was used to apply 

-10 V. to the output during scans.

The PDP-8 was programmed to carry out an initial data reduction, 

and to place on file a set of ion abundances correlated with nominal 

mass numbers. A teletype unit was provided in the GC-MS laboratory 

to permit a degree of remote control over the PDP-8 during the data 

acquisition phase. It is envisaged that the system will be further 

developed so that subsequent data handling and output (on line printer, 

incremental plotter, and magnetic tape) could be performed by the 

KDF 9 or other lerge computer.

The viability of the system was demonstrated in September 19^9> 

but work was virtually suspended pending the appointment of a full-time 

programmer (Dr. J.A. Wilson) in October 1970. In the meantime, as a 

result of further discussions with Drs. Ryhage and Wikstrom, and 

Mr. G. Jalkemo (LKB Produkter AB), a more heavily shielded coaxial 

cable was installed between the LKB 9000 and PDP-8 in an attempt to 

reduce noise.

There is no provision in the present system for the recognition

of metastable ions or ions of non-integral m/e value. This could be

effected only with a more complex program and a computer with more 

core-storage.

Mass spectra are usually produced in hard copy and stored in

tabulated form and/or as line diagrams. This method is only wholly

suitable if relatively few spectra are involved: otherwise, information
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retrieval tends to be slow and inefficient, It has been suggested 

that spectra be stored on edge-punched c o r d s , b u t  rapid sorting 

is not possible with large numbers of cards. The use of IBM punched 

cards and a mechanical sorter^^ has been found to be impracticable 

Initial trials with optical coincidence systerns^417-418 whereby large 

numbers of partial spectra are stored on relatively few cards, appear 

to show promise.

With the increasing availability of large collections of reference

spectra, it is apparent that computer-assisted retrieval systems are

necessary. Various approaches have been discussed,419-421
422methods now employed appear to be quite satisfactory. Procedures

have been devised for computer-assisted characterization of spectra

which do not require full searches of reference s p e c t r a , a n d  a

recent innovation has been the application of computerized learning
425machines to the problem. Even though GC-MS usually provides

spectra of relatively "pure" components, computers can be used to
A 0  A O Hidentify components of mixtures from their mass spectra.
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PRRFLITGROT)!]CA LPT AS A. CALITH .*• TIQTT START>ARD FOR

LOT RHSOTITTIQIT !~A3R SPFQTRA

In low-resolution mass spectrometry, the integral mass of each 

peak has to be determined beyond doubt. Several automatic mass 

markers are commercially available, but each is designed for use 

only with a particular type of instrument, A more widely 

applicable method of mass calibration involves the simultaneous 

introduction of a reference standard into the spectrometer. The 

most commonly used reference standards are the perfluoroalkanes,428 

However, there is a predominance of ions of lo?/ mass in their spectra, 

and a relatively high partial pressure of standard must be employed 

if the peaks of higher m/^ are to be used for mass calibration. The 

detector, amplifier, and recorder will then be overloaded at the low 

mass end of the spectrum. Other compounds such as heptacosafluorotri-
>
n-butylamine and perfluoroalkyl-s-triazines have been us ed"^ *^9 >430

these suffer from the same disadvantage: the perfluoroalkyl substituents

readily undergo cleavage to form fragment ions of low mass.

In a search for more suitable markers, the mass spectrum of a

bicyclic fluorocarbon, commercial perfluorodecalin, was examined

(Fig. 114 Although the ion of m/e 6 9, which may be ascribed to

CF,+ , is the base peak, its relative contribution to the total 3
ionization is much less than for the standards previously employed 

because it cannot be produced by simple fragmentation. The mass 

range extends conveniently to m/e 462 (molecular ion), and peaks are 

well distributed throughout the spectrum. At high concentrations a 

peak is observed at m/e 481» due to an ion-molecule reaction in the 

ion source. Several metastable peaks are present, and these are an 

aid to the rapid location of fragment peaks. Perfluorodecalin is 

a liquid with sufficient volatility at room temperature to obviate
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thc need for a heated inlet system; it can be introduced from a 

cold reservoir fitted with a suitable valve and pumping line. It 

is chemically inert and can be pumped away from the spectrometer 

within seconds.

Perfluorodecalin is accordingly a suitable calibration standard

for use in mass spectrometry, particularly with low resolution

instruments which are extensively used for the mass range m/e 1-500.

Perfluorodecalin has been used in this department and elsewhere for

several years as a reference for accurate mass measurement by the

peak matching method, its advantages in this respect being essentially
4-32as outlined above.

EXPERIMENTAL

The perfluorodecalin was obtained from Ralph Emanuel Ltd, 

Middlesex, England.

The mass spectrum was obtained using an LKB 9000 mass spectrometer 

under the following conditions: electron energy, 70 eV; ion source

temperature, 270°C; accelerating voltage, 3.5 kV. The sample v/as 

introduced from a cold glass reservoir fitted in place of the gas 

chromatograph column.
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CONCLUSIONS.

The work described in this thesis was based on applications of the 

combined technique of GC-MS to a variety of topics in organic chemistry 

and biochemistry. The research included studies of the scope of the 

technique (based on model compounds) and applications to actual 

analytical problems.

Following the introduction, a section of the thesis was devoted 

to work on steroids. Results obtained with progesterone and 

testosterone analogues confirmed the value of GC-MS in distinguishing 

isomers. The use of TMS ether derivatives in GC-MS was well established, 

but the advantages of (chloromethyl)dimethylsilyl ethers as derivatives 

for GC-MS had been little explored. The utility of these derivatives 

was illustrated and discussed for the example of 17<X-alkyl-17j3-hydroxy 

steroids. Ths mass spectral fragmentations of TMS ether derivatives 

of androst-5-en-3(J-ol analogues and of other unsaturated 3(3-hydroxy 

steroids have been investigated. The results of this survey were 

applied to the characterisation of yeast sterols, sterols from a 

bacterium (Meth.yloooccus oapsulatus) grown on methane, steroidal drug 

metabolites, and a steroidal enzyrae-reduction product.

Corticosteroids cannot be examined directly t>y GC-MS because of 

the low thermal stability of the side chain. Earlier work had shown 

that their boronate derivatives are quite stable. The mass spectra 

(recorded by GC-MS) of representative corticosteroid boronates were 

discussed in respect of their use in structural assignments.

I



Similar difficulties ere encountered in the GC-MS of hydroxy 

amines because of their relatively high polarity and low thermal 

stability. The use of boronate derivatives in the characterisation 

of catecholamines and related (^-hydroxy amines by GC-MS was discussed, 

and a more detailed investigation of the mass spectral fragmentations 

of the derived 1,3,2-oxasaborolidines has been carried out.

O-methyloxime (MO) derivatives are of value in the analysis by 

GC-MS of aldehydes and ketones. Salient features of the spectra of 

MO derivatives of aliphatic aldehydes and ketones were enumerated.
t

Aldehydes from the cuticular leaf waxes of Chenopodium album L. and 

Lolium perenne L. have been identified by GC-MS of their MO derivatives. 

Unsaturated aliphatic hydrocarbons from the green form of the freshwater 

alga Botryoooccus braunii have been ozonised and cleaved to form 

aldehydes which were identified as their MO derivatives. The structures 

of the hydrocarbons were thus inferred.

An exploratory study of the use of GC-MS in the analysis of air 

pollutants was carried out. The gas chromatographic and mass 

spectroaetric properties of some polycyclic aromatic hydrocarbons were 

surveyed and a number of these compounds were tentatively identified 

in dust collected from air conditioner filters.

Perfluorodecalin was found to be a convenient mass calibration 

standard for low-resolution mass spectra. The need for, and problems 

associated with, computer-assisted data handling in GC-MS were discussed. 

The development of an on-line real-time data acquisition system has

been described.
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