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ANALYSIS OF LOW-PRESSURE GAS-PHASE PYROLYTIC REACTIONS BY MASS
SPECTROMETRIC TECHNIQUES,
Lars Carlsen

ABSTRACT

The report is divided into seven chapters: Chapter 1 gives a
short introduction to applications of pyrolysis techniques in
different areas of chemical research. Chapter 2 is devoted to
the application of mass spectrometric techniques for the analy-
sis of gas-phase reactions. The applicability of field ioniz-
ation and collision activation mass spectrometry is illustrated
by studies on isomerization reactions of carboxylic acid esters
and the thermal decomposition of 1,2-oxathiolane, The import-
ance of reference structures is discussed. Chapter 3 gives de-
tails on the sample/inlet systems applicable to the pyrolysis-
mass spectrometry system. Chapter 4 discusses the low-pressure
pyrolysis reaction, with special emphasis on reactors based on
the inductive heating principle. The temperature control of the
reactors is discussed in terms of a ‘'multitemperature' filament,
as the basis for the concept of Pulse Pyrolysis. The influence
of surface composition on the course of reaction is discussed,
advocating for the application of gold coated surfaces to mini-
mize surface-promoted reactions. Chapter 5 deals with low-pres-
sure gas-kinetics on the basis of an empirical ‘'effective
temperature' approach. Chapter 6 gives a short summary of the
main achievements, which are the basis for the present report
and Chapter 7 is the reference 'ist. A Danish summary and 18
appendices, consisting of previously published papers in the
period 1980-1986 are included as separate sections.

Rise May 1987
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And we all praise famous men -
Ancients of the College;
For they taught us common sense -
Tried to teach us common sense -
Truth and God's Own Common sense,
Which is more tha: knowledge!
(R. Kipling)
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The present report highlights applications of mass spectrometric
techniques in the analysis of low-pressure pyrolytic reactions,
based on work carried out at the Chemistry Department, Riso
National Laboratory. The Rise contributions to this field of
research started in 1979. The studies at Rise have all been
carried out in close collaboration with Helge Egsgaard. Other
collaborators have been Ernst Schaumann (Hamburg), David N.
Harpp (Montreal), Gordon H. Whitham (Oxford), Susanne Elbel
(Hamburg), and Elfinn Larsen, Palle Pagsberg, and Peter Bo

(Risa). \

The work was originally initiated in an attempt to extend a
study on the photolysis of thioketene S-oxides (L. Carlsen and
E. Schaumann, J.Chem.Soc. Faraday Trans. 1, 75 (1979) 2624) to
include also the thermal fragmentation patterns of these species.
v

The major part of the work summarized in the present report has
previously been published in the below mentioned 18 papers.
Reprints of these papers are included in this report as appen-
dices 1-18, For a more detailed description of the technique,
and especially the applications the appendices 1-7 and 8-18,
respectively, should be consulted. _(7145)%‘

™~
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1. INTRODUCTION

Pyrolysis, e.g. reactions initiated by high temperatures, is a
widely used technique within rather different areas of chem-
istry, ranging from pure physical chemistry over physical or-
ganic/inorganic chemistry, preparative organic/inorganic chem-
istry to characterization studies in geochemistry, food chem-
istry, polymer-, biological/medical-, and forensic sciences.

The application of pyrolysis in the chararterization studies
mentioned typically involves pyrolytic degradation of solid
material to gaseous products, which can be detected by gas
chromatography and/or mass spectrometry. The resulting chroma-
tograms, often named pyrograms, and mass-spectra are frequently
used as finger prints for these materials otherwise character-
izable only with diffculty, such as humic substances, coals,
bacterial samples, .kin-samples and paints. A series of detailed
reports of these applications of pyrolysis can be found in
recent reports on Analytical and Applied Pyrolysis (Voorhees,
1984, Schulten, 1985). Reports on these subjects are to be found
typically in J. Anal. Appl. Pyrolysis (published by Elsevier,
Amsterdam) .

Pyrolysis in preparative organic chemistry appears as an ef-
fective technique for generating a variety of species, which
cannot, or only with difficulty, be achieved by ordinary syn-
thetic procedures (Wiersum, 1984). Also the formation of reac-
tive species, which subsequently can be trapped and used as
reaction partners is of great importance. Available literature
up to the end of 1977 in this field has comprehensively been
compiled by Brown (1980) in his monograph 'Pyrolytic Methods in
Organic Chemistry’'.




Within the field of physical organic/inorganic chemistry py-
rolysis are often used as the technique for generating highly
reactive species in diluted gas-phase in order to study these
compounds spectroscopically. The analysis can be carried out
either directly on the gaseous reaction mixture (microwave
spectroscopy (Bak and Svanholt, 1983), photoelectron spectro-
scopy (Bock and Solouki, 1981), mass spectrometry (Holdiness,
1984)) or following trapping of the pyrolyzates on a cold KBr
or quartz plate, the product mixture being analyzed by low-
temperature infra-red or electronic absorption spectroscopy
(Mayo, 1972). The physical organic/inorganic chemistry appli-
cation of pyrolysis also covers the area of mechanistic studies
elucidating high~temperature-initiated reaction pathways such
as fragmentations, isomerizations, and rearrangements (Carlsen
and Egsgaard, 1980, Egsgaard, Larsen and Carlsen, 1982).

Whereas the former application, i.e. identification of a new
highly reactive species, 1is rather closely connected to the
above-mentioned preparative use, the latter, i.e. the mecha-
nistic studies, is on the borderline of pure physical chemi-
cal pyrolytic studies. Typically the latter deals with gas-
phase kinetics of well-known reactions, an area which has been
developed to a high degree of sophistication (Quack, 1984).
The complicated (at least from an organic chemists point of
view) machematics requires extensive use of computers.

An important factor in gas-phase pyrolysis studies is the mean
residence time, tpr, of the molecules in the pyrolysis reactor,
i.e. the hot zone. In order to avoid the occurrence of consecu-
tive reactions, i.e. repyrolysis of primary generated products,
it is desirable that tp, be as low as possible. Generally, the
term Flash Vacuum Pyrolysis (FVP) is used when the mean residence
time is less than 1 sec. (Seybold, 1977). However, in the case

of low-pressure pyrolysis, mean residence times several orders
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of magnitude lower are often used, typically in the range of
1-100 ms (dedaya, 1969). For the latter type of studies Golden,
Spokes and Benson (1973) introduced the term Very Low Pressure
Pyrolysis (VLPP). In these set-ups the reactors are typically
constructed in such a way that they fulfil the requirements for
a so-called Knudsen reactor, which means that the mean residence
time of the molecules in the reactor is a function of the reac-
tor geometry and -temperature alone. Thus, tyy is independent of

the internal pressure,

The present report focuses on the physical organic/inorganic
application of pyrolysis, advocating for the superiority of di-
rect analysis techniques, as mass spectrometry of low-pressure
gas-phase pyrolytic reactions. In the present context, low-
pressure pyrolysis refers to reactions carried out at high
temperature, in general above 750K, at pressures typically
below 10-3 torr, ensuring in practice that only unimolecular

reactions take place,

Schematically the experimental set-up can be illustrated as in

the block diagram Fig., 1-1.

O H H H

Sample Inlat Pyroiys's |Interface Anslysis Qutput
System Reactor

Figs 1-1. Block diagram for pyrolysis experiment.
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The aims with the present study have been to develop a pyrolysis
system based on mass spectrometry as detection system, as well
as to demonstrate its applicability to mechanistic problems

within organic chemistry.

These investigations have involved studies in the area of inlet
systems, reactor design and analysis techniques. One main
achievement has been the introduction of the inductive heating
principle for gas-phase pyrolytic studies, including the devel-
opment of the 'multi-temperature filament'. A second achievement
of major importance has been the unique application of field-
ionization mass spectrometry (FIMS) and collision activation
mass spectrometry (CAMS) to studies of gas-phase pyrolysis
reactions. Especially the avantageous application of stable
isotopes as 21, !3c, 180, and 3"S is strongly emphasized.

With regard to the applications new information obtained on
isomerization reactions of esters and mechanistic studies on
the thermal stability of the 1,2-oxathiolane system can be
regarded as being of major importance. These results, which
exemplify the versatility and capabilities of the pyrolysis -
mass spectrometry system, could most probably only with diffi-
culty, if at all, have been obtained applying different tech-

niques.

The gas-phase pyrolysis reactions may be carried out in a flow
system, which in general will be the most suitable. However,
the mass spectrometer used for the studies described in this
report, is equipped with a thermostatable gas inlet systenm,

which may be used for studies in a static system.

In Figs. 1-2 ani 1-3 flow charts summarize the course of an
analysis of a ‘w-pressure gas-phase pyrolytic reaction by mass

spectrometric techniques. In the following sections the single




parts of the pyrolysis system {(cf. Fig. 1-1) will be treated
in detail separately. However, to secure the understanding of
the fundamentals of the mass spectrometric techniques applied,
the analysis part will be treated first. A final section is
devoted to preliminary studies on gas kinetics.
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Fig. 1-3. Flow chart for dynamic low-pressure pyrolysis
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2. THE DETECTION SYSTEM

Usually three different detection systems are applied in the
direct analysis of low pressure pyrolytic reactions. These are
microwave spectroscopy, photoelectron spectroscopy, and mass
spectrometry. All three types of detection systems exhibit ad-
vantages as well as disadvantages. In the following the appli-
cability of mass spectrometry as detection system is summarized.

Often significant discrepancies can be observed studying pyrol-
ysis reactions applying different systems. A variety of factors
may account for these apparent controversies. Among others reac-
tor geometry and material, temperature distribution and transfer
time from reactor to analysis equipment can be mentioned as
possibly being responsible. A detailed discussion of these
problems is, however, outside the scope of the present study.

2.1, Mass Spectrometry

The application of mass spectrometric techniques in the study
of low pressure gas phase pyrolytic processes appears without

doubt as the more versatile course.

Mass spectrometry as detection system for pyrolysis studies has
been applied as early as 1948 (Madorski and Strauss, 1948) and
in connection with flash vacuum pyrolytic studies Hedaya (1969)
used mass spectrometry in the study of nickelocene pyrolysis.
The utility of mass spectrometry in gas phase kinetic studies
has been outlined by Golden, Spokes and Benson (1973), a feature
which will be dealt with in a proceeding section. In the field
of solid state pyrolysis the combination of Curie-point pyrol-
ysis units and mass spectrometers has been reported by several
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authors (cf. Meuzelaar et al., 1973, Meuzelaar et al., 1984,
Schmid and Simon, 1977; and references cited therein).

Recently we introduced the Curie-point pyrolysis principle for
gas phase reactions (Carlsen and Egsgaard, 1980), the method
being based on a direct combination of the pyrolysis unit and
the ion source of a mass spectrometer. The introduction of the
so~called soft ionization modes, as field ionization mass spec-
trometry (FIMS) (Jason and Parr, 1976, Beckey, 1971) as well as
MS-MS techniques as collision activation mass spectrometry
(CAMS) (Levsen and Beckey, 1974) has opened up a new dimension
in the analysis of low pressure pyrolytic reactions, which
advantageously has been used for the gas phase Curie point
pyrolysis-mass spectrometry technique (Carlsen and Egsgaard,
1980; Egsgaard, Larsen, and Carlsen 1982), the experimental
set-up being visualized in Fig. 2-1.

The advantageous pairing of the direct combination of the pyrol-
ysis unit with field ionization mass spectrometry, in contrast
to the classical electron impact mass spectrometry (EIMS) is to
be sought for in the principle of field ionization (Jason and
parr, 1976, Beckey, 1971). Since field ionization takes place
with no excess energy to the neutral molecule, excluding polar-
ization induced by the high electric field (Jason and Parr,
1976), this ionization mode gives rise to molecular ions - even
of highly unstable molecules - accompanied by very few, if any,
fragment ions, generally of low intensity (<1%) (Beckey, 1971).
Hence, the detection system offers the possibility of analyzing
even very complex reaction product mixtures. Electron impact
ionization, on the other hand, may result in complicated frag-
mentation patterns, which eventually may lead to confusion as
they are to be described as superpositions of EIMS spectra of
several, and often unknown, reaction products.




H
4 =
v<
O N—1
¢
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Fig. 2-1. Thermolysis unit ~ mass spectrometer set-up.
A, Thermolysis unit; B, EI/FI/FD ion source; C, entrance
slit; D, analyser tube; E, magnetic sector; F, intermedi-
ate focus slit; G, needle valve; H, electric sector; I,
collector slit; J, detector (SEM).
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The applicability of FIMS, in contrast to EIMS, as detection
system of pyrolysis studies is convincingly elucidated by the
spectra depicted in Fig. 2-2, showing the FIMS, 13 ev EIMS,
and 70 eV EIMS spectra, respectively, following pyrolysis of
3,3-dimethyl-2-isopropyl (thiobutanoic)acid O-trimethylsilyl
ester (I) (Carlsen et al., 1980) at 1043K (Carlsen and Egsgaard,
1980).

Without discussing the rather confusing complex product com-
position, which e.g. includes the three possible ketenes and
carbenes (Carlsen and Egsgaard, 1980), Fig. 2-2 visualizes the
difficulties associated with the use of EIMS, even low-voltage
EIMS, as a detection system. Apparently compound I, as well as
the pyrolysis product, strongly fragments under 70 eV EIMS
conditions. Thus, in several cases, in contrast to the FIMS
spectra, no molecular ions are observed. The low voltage EIMS
spectrum may seem even more confusing in the present case, as
it exhibits more pronounced molecular ions together with the
fragment ions originating from the more energetically favoured
fragmentation pathways. In other words, the latter spectrum to
a certain extent can be regarded as a superposition of the FIMS
and the 70 ev EIMS spectra.

A clear disadvantage using field ionization mass spectrometry
in the present context is the inability of this technique to
detect small inorganic fragments, which are often generated by
pyrolysis of organic molecules, due to very low FI sensitivi-
ties, as well as for ion source geometric reasons (Beckey, 1971).
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Although extremely valuable important primary information on
product compositions are obtained, obviously field ionization
mass spectrometry alone does not give the eventual answer as
to the identity of the single species, since only molecular
weights are determined. To elucidate the nature of the single
components further collision activation mass spectrometry
appears as a highly effective tool (Egsgaard, Larsen, and Carl-
sen, 1982).

Due to comparable internal energies of the fragmentating ions
generated by collision activation and electron impact as well
as their residence time in the field-free regions and the ion
source, respectively, CA and EI mass spectra resemble each
other to a certain extent (McLafferty et al., 1973a, McLafferty
et al., 1973b, Levsen and Schwarz, 1976). Hence, the fragmen-
tation pattern of single components in the pyrolysis mixture
can be obtained without interference from even large quantities
of other species. This means that valuable structural informa-
tion may be obtained by applying the fragmentation rules known

from electron impact mass spectrometry.

Much more important, however, is the possibility of comparing
CAMS spectra of single field ionized pyrolysis products with
those of possible authentic samples, whereby unequivocal veri-
fication can be obtained. To 1illustrate this procedure, the
gas phase pyrolytic decomposition of 1,2-oxathiolane (II) to
acrolein and allyl alcohol, formed, respectively, by HyS and S
extrusion from the intermediary mercaptopropanal may serve as
an example (Carlsen, Egsgaard, and Harpp, 1981; Egsgaard,
Larsen, and Carlsen, 1982; Carlsen and Egsgaard, 1984a).

S a a
<:(') ——> HSCH,CH,CHO — H,C=CH-CHO + H,C=CH-CH,0H
I




- 25 -

In Fig. 2-3 the partial collision activation mass spectra of the
field ionized C3HO pyrolysis product is visualized together
with those of three possible structures, i.e. propanal, oxetane,
and allyl alcohol, showing close resemblance between the latter
and the pyrolysis product. It is important to note that appli-
cation of EIMS combined with CAMS in this case leads to incor-
rect conclusions concerning the identity of the pyrolytically
formed C3HgO isomer, since the predominant fraction of m/z 58
observed in the EI mass spectrum appears to be an EI induced
fragment of the molecular ion m/z 90, exhibiting a different
ionic structure.

The major pyrolysis product, acrolein, was easily identified by
comparing the collision activation mass spectrum of the pyrolyt-
ically generated product with that of an authentic sample.

Despite the advocating of applying of field ionization mass
spectrometry combined with collision activation mass spectrome~
try, noted above, it is emphasized that in studies of isomeriz~
ations and rearrangements, where both the starting material as
well as the isomerized/rearranged product of necessity exhibit
the highest molecular weight of the reaction mixture, the CAMS
analysis can be carried out advantageously using electron impact
ionization, leading to a significantly increased signal-to-noise
ratio (Egsgaard, Larsen, and Carlsen, 1982).

The analysis of isomeric compounds constitutes a common problem
in pyrolysis experiments. The CAMS analysis technique may be
applied with advantage to such studies, which can be illustrated
by the investigations on the pyrolytic isomerization of methyl
acetate and the corresponding mono- and dithi¢ analogques.




v

- 26 -

29
JM\N -

TITViITTI T Ty

29
CH,=CH - CH,0H

REBRBRERREREEREERA]

28
30
H,C ~— 0
oo

TYTTIT T
29

CH;3CH,CHO

Ty T T TI rTrT g
25 30 35
m/z

Fig. 2~3. Partial collision activation mass spectra of
field induced molecula~ ions of (a) propanal, (b) oxetane,
(c) allyl alcohol, and (d) the C3HgO isomer formed pyrol-
ytically from 1,2-oxathiolane.
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2.1.1. Isomerization Reactions
The isomerisation of alkyl thionoacetate into the corresponding

thiolo acetates have been reported by Oele et al. (1972),
Bigley and Gabbott (1975) and Carlsen and Egsgaard (1982a).

S A ,SCH,
CH;C g CHJC\s
0-CH, o

The activation data for the reactions have been estimated:
E; ~ 45 kcal/mol, log A =~ 13 s“, the thermodynamical stabiliz-
ation of the thiolo isomers amounting approximately 20 kcal/mol
(Oele et al., 1972, Bigley and Gabbott, 1975).

As a part of an investigation of the possible formation of thio-
ketenes from O-trimethylsilyl esters of thiocarboxylic acids
(Carlsen et al. 1980) we reinvestigated the progress of isomeriz-
ation of methyl thionoacetate to the corresponding thiolo ester
as a function of pyrolysis temperature (Carlsen and FEgsgaard,
1982a) applying collision activation mass spectrometry. Based on
the CA mass spectra (Fig. 2-4) the degree of isomerization, ex-
pressed as the thiono/thiolo ratio was calculated to be 9, 1.0,
and < 0.C5 following pyrolysis at 1043, 1253 (not shown), and
1404K, respectively.

The unimolecular thiono~thiolo isomerization proceeds, of neces-
sity, through a four-membered transition state, which most prob-
ably exhibits a planar structure as supported by theoretically
obtained results, based on semiempirical MNDO MO calculations.

The possible isomerizations of carboxylic acid esters and the

corresponding dithio derivatives cannot be studied directly,
due to the identity of the starting material and the isomerized
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product, in contrast to the monothio species, where two dis-

although with identical molecular
Thus, the differencies in the
(cf. Fig. 2-4) facilitates

tinctly different compounds,
weights, were to be detected.
collision activation mass spectra
the elucidation of the thiono-thiolo isomerization.

Owing to the fragmentation pattern of the molecular ions under
CA conditions, an analogous separation of the starting material
at the isomerized product appeared possible studying methyl
acetate and methyl dithiocacetate artificially labelled with 180
in the carbonyl/thiocarbonyl function,

and 3%S, respectively,
1981; Carlsen

respectively (Carlsen, Egsgaard, and Pagsberg,

and Egsgaard, 1984b).

X ‘IQ-

CH,-C” ——» CHc=X" + CHyY’
Y -CH,

X Y . mz ™z  m™z
18¢g leg 76 45 31
169 18g 76 43 33
3ug 32g 108 61 47
32g Iug 108 59 49

The existence of a pyrolytically induced isomerization of methyl

acetate was uneguivocally demonstrated (Carlsen, Egsgaard and

Pagsbery, 1981) studying the collision activation mass spectra
of the electron impact-induced molecular ion following pyrolysis

of methyl[!80]acetate at different temperatures in the range

1043-1404K (Fig. 2-5).
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Fig. 2-4. Collision activation mass spectra of the elec-

tron impact-induced molecular ions of methyl thionoacetate

without thermolysis (a), following thermolysis at 883 K
(b), 1043 K (c), and 1404 K (d), respectively, and un-
thermolysed methyl thioloacetate (e).
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Fig. 2-%. Collision activation mass spectra of the elec-
tron impact induced molecular ion of methyl [180]acetate
without thermolysis (a) and following thermolysis at
1643 K (b), 1253 K (c¢), and 1404 X (d}), respectively.
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The increased intensities of the peaks m/z 43 and m/z 33 were,
according to the above discussion associated with an increasing
amount of CH3C(0)!%0CH3 in the pyrolyzate.

Based on kinetic considerations, as well as on cross-over exper-
iments (pyrolyzing a mixture of CH3C(!80)OCH3 and CH3C(0)OCD3)
we (Carlsen, Egsgaard, and Pagsberg, 1981) excluded the involve-
ment of an acetoxyl/methyl radical pair, as a result of a
homolytic O-CH3 bond cleavage, in the isomerization reaction,
concluding the intermediacy of a planar, symmetric four-membered

transition state.

It appears reasonable to formulate the reaction as a result of
vibrational excitation of two specific normal modes in methyl
acetate, i.e. the O0CO and the COC bends, which bring about
the methyl group transfer. This suggestion finds strong support
in infra-red spectroscopic studies on gaseous methyl acetate,
which demonstrated that the ester, processing E-configuration,
exhibits two in-plane bending modes v;g 639 em™! (0CO bend) and
vyy 303 cm—] (COC bend), as well as a combination mode 942 =
639 + 303 cm~1, demonstrating a fairly strong coupling between
the two normal modes (George, Houston, and Harris, 1974; Wilms-
hurst, 1957). Hence, the threshold energy should in principle
be available through a critical set of gquantum numbers (nc, mc)
above which the two individual in-plane bending modes degenerate
into one single 'hand-to-hand' vibration (Fig. 2-6). However,
in practice it does not appear possible due to lack of know-
ledge of the actual shape of the bending potentials involved.

Based on semi-empirical MNDO MO calculations, we estimated that
the isomerization of methyl acetate should be significantly
more energy demanding than the methyl thiono methyl thiolo
acetate isomerization by approximately 16 kcal/mol. This is in
agreement with the considerably lower degree of isomerization,
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vy7=303 cm™

CH,
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Fig. 2-6. Structure of methyl acetate (——) and the
transition state for the thermally induced isomerization

().

at a given temperature for methyl acetate, than for the corre-
sponding monothio derivative (compare Figs. 2-4 and 2-5). On
the other hand, the possible isomerization of methyl dithio
acetate was suggested to be slightly less energy demanding by
4 kcal/mol, i.e, an activation energy approximately 20 kcal/mol
below that of the methyl acetate isomerization. Based on simple
geometric considerations and the fact that the ester apparently
posseses an E-configuration (cf. Scheithauer and Mayer, 1979),
the isomerization of methyl dithioacetate appears as favourable
as that of methyl acetate., On this background it appeared to be
rather surprising that pyrolysis of methyl [3“S]dithioacetate
unambiguously revealed the absence of a sulphur to sulphur
methyl group migration, as demonstrated by the identity of the
collision activation mass spectra of the ester before and after
pyrolysis at temperatures up to 1253K (Fig. 2-7) (Carlsen and
Egsgaard, 1984b),.
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Fig. 2-7. Collision activation mass spectra of the
electron impact-induced molecular ion of methyl [“S]di-
thiocacetate without pyrolysis and following pyrolysis at
1253 K.
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Studies on several other dithio esters, including methyl [3%s5]-
2,2-dimethyl dithiopropionate and methyl [3%S]~dithiobenzoate

(Carlsen and Egsgaard, unpublished) and methyl N,N-dimethyl [3%s5]-

dithiocarbamate (Carlsen and Egsgaard, 1987) analogously demon-
strated the apparent absence of a sulfur to sulfur methylgroup

migration.

As a consequence of the lacking S to S isomerization the possible
operation of competing rearrangement reactions was studied. Thus,
the absence of the expected isomerization of methyl dithio-~
acetate was discussed in terms of a possible operation of an
enethiolization reaction,2 blocking the thiocarbonyl function.
However, since no changes in the CA mass spectrum could be re-~
corded (cf. Fig. 2-7) the reaction is supposed to be reversible

(Carlsen and Egsgaard, 1984b).

Experimental support was obtained by pyrolyzing methyl dithio-
acetate in the presence of D70, resulting in an H-D exchange,
apparently as a result of a reaction of the enethiole and sur-
face bound D30, as convincingly demonstrated by studying the
intensity of the m/z 107 ion (relative to m/z 106 and 108)P as
the collision activation mass spectrum of m/z 107 before and
after pyrolysis (in the presence of D20) (Fig. 2-8}).

The spectra unambiguously demonstrated the incorporation of deu-
terium in the undecomposed ester (increase in m/z 107) as well
as the eventual position of the deuterium in the acid methyl
group (increase in the m/z 60 relative to m/z 59 in the CA
spectrum), in accordance with the tautomerism suggested above.

2 enethiol tautomers of certain substituted dithioacetic acid
esters have been discussed previously (Scheithauer and Mayer,

1979).
b before pyrolysis m/z 107 consists of isotopomers exhibiting

the natural abundance of one !3C or one 33§,
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Fig. 2-8. Partial electron impact mass spectra and par-
tial CA mass spectra (0.5-0.6 E) of the electron-impact-
induced m/z 107 ion of methyl dithiocacetate (a) in the
presence of D,0 before pyrolyis and (b) after pyrolysis
at 1043 K.
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s 17

cHXxC? —~ CHXC:S® +  CHS
SCH,

X (m/z 107) relative abundance m/z

H:
CH3C(8) 33sCH; 0.16 59
CH3C(S)sl3cH3 0.23 59
CH3C(335)5CH3 0.16 60
CH3l3C(s)scH3 0.23 60
13cH3C(8)SCH3 0.23 60

D:
CH2DC(S)SCH3 1 60

The above discussed thiocarbonyl-enethiol-tautomerism consti-
tutes obviously only part of the explanation for the apparent
lack of isomerization. Pyrolysis of methyl [3%S]-2,2-dimethyl
dithiopropionate gave no rise to information, which could
indicate the operation of a competing isomerization, which,
by analogy would yield the stable 1,1-di(methylthio)-2-methyl-
1-propene. However, the propene could not be detected (Carlsen
and Egsgaard, unpublished). Hence, the eventual answer as to
the abrence of sulphur to sulphur methyl group migration in
methyl jithiocarboxylates apparently is pending.
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2.2. Static Systems

Although the mass spectrometric analysis of gas phase pyrolytic
reactions in general is associated with pyrolysis in flow reac-
tors, the reactions may in certain cases be carried out under
static conditions, maintaining the general analysis concept,
however. In these cases the reactors appear as large thermostated
reservoirs directly, through a needle valve, connected to the
detection system. In principle, this technique may be applied
to all types of detection systems. However, certain mass spec-
trometers are equipped with thermostatable gas-inlet systems
(temperatures up to 500 K available), which constitute an
excellent reactor for gas phase reactions (see e.g., Carlsen
and Egsgaard, 1984a). A disavantage, which should be taken into
account, is the relatively high operating pressure (ca. 0.1
torr), which is up to several orders of magnitude higher than
commonly used in flow reactors.

As obvious substrates to be studied applying the static pyrol-
ysis system are such species, which are reasonably stable in
diluted gas-phase at ambient temperature, however, decomposing
slowly (t1/2 > 5 min) at higher temperature. Typical examples
would be gaseous species produced by cracking solid material
as e.,g. 3-mercapto propanal from the corresponding oligomer
(Carlsen et al., 1984) or 1,2-oxathiolane from 3-(phthalimido-
thio)propane-1-0l, leaving the non-volatile phthalimid (Davis
and whitham, 1981, Carlsen et al., 1981), the first, and hither-
to only unsubstituted cyclic sulphenate to be isolated.

°

C. i
@EC/N‘S-CHchZCH2OH “PhthNH Cé’

6!
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We reported the intermediacy of 1,2-oxathiolane in the gas-
phase pyrolyses of 1,2-oxathiolane 2-oxide and thietane 1-oxide
(Carlsen, Egsgaard and Harpp, 1981), partly based on the ob-
served pyrolysis products. These were acrolein and allyl alco-
hol. Analogously 1,2-oxathietane was suggested as intermediate
in the pyrolyses of 1,2,3-oxadithiolane 2-oxide and thiirane
1-oxide (Carlsen and Egsgaard, 1982b).

2.2.1. 1,2-Oxathiolane
We studied the thermal decomposition of 1,2~-oxathiolane and
thietane 1-oxide in a static system at temperatures in the

range of 400-450K, the eventual product in both cases being
acrolein alone (Carlsen and Egsgaard, 1984a). Following the
progress of thermal decomposition of 1,2-oxathiolane by colli-
sion activation mass spectrometry of the electron impact-induced
ion m/z 90 and comparing it to those of authentic 1,2-oxathio-~
lane (Carlsen et al., 1981) and 3-mercapto propanal (Carlsen et
al. 1984) demonstrated the intermediacy of the latter (Fig.
2-9), as the spectra depicted in Fig. 2-9b and ¢, unambiguously
are to be assigned as superpositions of those given in Fig.
2-9a and d, respectively (Carlsen and Egsgaard, 1984a).

An analogous set of CA mass spectra elucidating the thermolysis
of thietane 1-oxide is depicted in Fig. 2~10 (Carlsen and Egs-
gaard, 1984a).

A comparison of Figs. 2-10b and 2-9a strongly suggest the pres-
ence of considerable amounts of 1,2-oxathiolane in the reaction
mixture responsible for the former spectrum. Prolonged thermo-
lysis (Fig. 2-10c and d) resulted in fragments characteristic
for 3-mercapto propanal (cf. Fig. 2-9d). This, combined with
the fact that the eventual product being aciolein which also
was observed as the only product upon thermolysis of authentic
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3-mercapto propanal (Carlsen et al. 1984) unambiguously demon-~
strated the operation of the reaction sequence

s - S
<>s-o — Cé ——=  HSCH,CH,CHO o> H,C=CHCHO

Further elucidation of the fate of 1,2-oxathiolane was obtained
by studying the thermal decomposition of the 5,5~dideutero sub-
stituded species (Carlsen and Egsqaard, 1984a). It appeared that
two different acroleins, containing one and two deuterium atoms,
respectively, were produced (Fig. 2-11).

Partly based on the collision activation mass spectra of the
field ionized molecular ions of the single acroleins (Fig. 2-12)
partly on the rationalization of the 3-mercapto propanal decompo-
sition, the two acroleins could be assigned to CH2=CH-CDO and
CD2=CH-CHO, respectively.
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Fig. 2-10. Collision activation mass spectra (CAMS) of
the electron impact-induced molecular ions of authentic
thietane 1-~oxide (a) and of the ion m/z = 90 obtained
following 4 (b), 40 {(c), and 80 (d) min thermolysis (450 X)
of thietane 1-oxide, respectively.
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Fig. 2-11. Field ionization mass spectra obtained follow-
ing 25 min thermolysis (425 K) of 1,2-oxathiolane (a) and

[5,S-2H2]-1,2-oxathiolane {b).
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respectively.
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Based on the information discussed above we rationalizel the
thermal decomposition of 1,2-oxathiolane as follows (Carlsen

and Egsgaard, 1984a).

DD S .
o= g =y
’ [ S PP ' E
DD . D !
HSCD,CH,CHO DSCH,CH,CDO
D,C=CHCHO + H,$ H,C=CHCDO + HDS

2.3. The Importance of Reference Structures

The application of pyrolytic technigues to generate reference
structures for mass spectrometric studies has been reported,
the profitable use of unimolecular gas phase pyrolysis being
closely connected to the fact that this technique often consti-
tute a route to otherwise non-accessible structures. This
feature of gas phase pyrolysis is illustrated by the formation
of N-phenylketenimine from acetanilide (Egsgaard, Larsen, and
Carlsen, 1982) in connection with mass spectrometric studies of
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phenyl pyrazoles (Pande et al., 1981), phenyl imidazoles and
phenyl triazoles (Larsen et al., to be published), as well as
by the formation of isomeric phenyl azirines from "styryl
azides" (Larsen, Egsgaard, and Jorgensen, to be published).

The reverse situation, i.e. mass spectrometric generation of
reference structures for pyrolysis studies, 1is likewise of
interest, as the elucidation of ion structures can be carried
out by numerous methods. Hence, a well-defined ion can be the
rational basis for the identification of an unknown neutral
compound, e.qg. formed pyrolytically, by the application of MS-
MS techniques, as e.g. collision activation mass spectrometry.
This aspect can be illustrated by the search for the neutral
aci-tautomer of nitromethan among the products generated by
low-pressure pyrolysis of nitroalkanes (EBgsgaard, Carlsen, and
Elbel, 1986). The reference ion (CH2=N(O)OH+°) is easily access-
ible by specific electron impact-induced elimination of ethylene
from the molecular ion of 1-nitropropane (Nibbering, deBoer,
and Hofman, 1965).

As visualized in Fig., 2-13 collision activation mass spectro-
metry appears as highly specific, as the spectra of the two iso-
mers exhibit destinct characteristics. Hence, the formation of
even minor amounts of the aci-nitromethan among the pyrolysis
products of nitroalkanes should easily be disclosed. However,
all attempts remained negative, indicating high thermal lability
on aci-nitromethan, if formed (Egsgaard, Carlsen, and Elbel,
1986) .

As previously mentioned, the course of reaction may often, al-
though not necessarily, be found to be dependent of the pyrol-
ysis system used. Hence, the application of combinations of
detection techniques may turn out to be advantageous in many
cases. In the present context the combined use of mass spectro-
metry and photoelectron spectroscopy shall be emphasized.
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Fig. 2-13. Collision activation mass spectra of m/z 61 of

1-nitropropane (a) and the molecular ions of nitromethane
(b) and methylnitrite (c).
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An example of the advantageous combination of mass spectrometry
and photoelectron spectroscopy is our studies on the 1,2-oxa-
thiolan/3-mercaptopropanal system (Carlsen et al.,, 1981, Jergen-
sen and Carlsen, 1983, Carlsen et al., 1984). The existence of
the species was established based on MS investigations, the
electronic structure subsequently being elucidated by photoelec-
tron spectroscopy. Likewise, the MS/PES interplay in the study
of di-tert.-butylphosphazene(tBu-N=P-tBu) may serve as an illu-
strative example (Elbel et al., 1985).

In a recent study on the pyrolytic decomposition of the eight-
membered tetrathiatetrazocine (H4N4S4) ring, applying both mass
spectrometric and photoelectron spectroscopic detection tech-
niques, we (Carlsen, Egsgaard, and Elbel 1985) presented the
first evidence for the formation of sulphur diimide. By mass
spectrometry the formation of a compound with the molecular
weight 62 was established, unambigiously exhibiting the molecu-
lar composition H2N2S. An analogous study of the corresponding
tetramethyl derivative revealed a product with the molecular
weight 90, the latter being assigned to (CH3)2N25. Photoelectron
spectroscopy demonstrated, by comparison to known ionization
potentials of dimethyl sulphur diimide (Schouten and Oskanm,
1977) the identity of the "90". Hence, it was concluded by
analogy that the ™"62" could be assigned to sulphur diimide.

R,N,S, —>> RN=S=NR

R=H,CH;
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The effectiveness of the combined use of mass spectrometry and
photoelectron spectroscopy was also demonstrated by Elbel et
al. (1986) in their study on the generation of gaseous AsClyF
from the salt AsCl,*AsF¢™, and analogously PC1,F from PCl,*PFg”
(Elbel et al. unpublished).
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3. SAMPLE/INLET SYSTEM

The choice of inlet system is closely related to the nature of
the sample. Thus, the problems concerning sample int.oduction
can be subdivided according to whether the sample is (a) gas-
eous or easily evaporable, (b) a liquid exhibiting a moderate
to low vapour pressure at ambient temperature, or (c) a solid.
To the latter class of samples belong solid oligomeric species,
whereby the monomeric species can be generated in the gaseous
state by gentle heating.

In general a continuous flow of reactants into the pyrolysis
reactor is desirable, which consequently will result in a
constant flow of pyrolysis products from the reactor, greatly
facilitating the analytic procedure. However, in certain cases
involving liquid samples exhibiting only very low vapour press-
ures at ambient temperature, the latter can be introduced into
the reactor by injection via a heatable injection block. Due to
the very limited amount of material available by the injection
technique only mass spectrometry appears to be sufficiently
rapid to be applied as an analysis technique. As an alternative,
the inlet system for solid samples (vide infra) may be used.

The main requirement to the inlet system is the supply of the
necessary amount of reactant per unit time to the pyrolysis
reactor, which eventually depends solely on the pressure re-
quirement of the analytical system. In practice, the rate of
gaseous sample introduction can be controlled by the tempera-~
ture of the sample reservoir and/or by a constrictor between
the sample reservoir and reactor, the pressure in the latter
in general being several orders of magnitude below that of the
reservoir.
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In the case of gaseous or easily evaporable compounds a gas-
inlet system, as commonly used in mass spectrometry, can be ap-
plied advantageously. The system consists of a closed reservoir
connected to the reactor by a constrictor, which can be a needle
valve or simply a glass capillary possessing an appropriate
leak-rate. The substance-requirement for the mass spectrometric
analysis is as low as ca. 0.1 ug/s (Egsgaard and Carlsen, 1984).

For substances exhibiting moderate to low vapour pressures at
ambient temperature a combination of a heatable reservoir and
a constrictor can be used to advantage. However, it is often
necessary to heat the complete inlet system in order to avoid
undesirable recondensation of the reactant in the colder parts
of the latter. Furthermore, compounds of this type frequently
appear to be adherent, and extensive flushing may be necessary
to avoid interference from preceding experiments. In 1984 we
reported a rather simple inlet system, applied to pyrolysis-mass
spectrometry, consisting of a capillary leak only (Egsgaard and
Carlsen, 1984). The liquid sample is placed directly into the
leak cavity, the desirable amount of material (ca. 0.1 ug/s)
evaporating continuously through the leak into the pyrolysis
reactor. However, since the mass flow through the leaks is
considerably higher under these conditions than with the gaseous
samples, leaks possessing correspondingly lower leak-rates are
used.

“In the case of solid samples or liquid samples exhibiting only

very low vapour pressures at ambient temperature, the flow of
gaseous reactant from the reservoir into the pyrolysis reactor
is advantageously controlled by the reservoir temperature in
such a way as to maintain the desired mass flow per unit time.

For solid oligomeric substances, from which the gaseous mono-
meric species can be generated by smooth thermal cracking the
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"solid” inlet system described above appears favourable in
gas-phase pyrolytic studies of the latter. However, application
of the inlet to evaporate solids, or liquids with very low
vapour pressures in general may well lead to problems due to
condensations of the samples in the colder parts of the inlet
system. A uniformly heated inlet system will, of course, remedy
the problem in cases where this is possible.

In Fig. 3-1 the three different inlet systems, applicable to

the pyrolysis-mass spectrometric system (Egsgaard and Carlsen,
1984) are visualized.

Fig. 3-1. Inlet systems for low~-pressure Curie-point py-
rolysis: (A) continuous gas inlet system assembled with
the PV4000 pyrolysis unit. (B) the continuous "liquid"
inlet system, and (C) the "solid” inlet system.




- 53 -

4. THE PYROLYSIS REACTOR

In the course of time a wide variety of pyrolysis reactors,
differing in size, geometry, material, etc. have been used.
Often the single research groups working in the field of gas
phase pyrolysis construct their own reactors with special
regard to the type of analytical tool to be applied. However,
all these different types of reactors, which shall not be de-
scribed here, are based on relatively few common principles.
A series of these more or less different reactors has been
reviewed by Brown (1980).

In most cases pyrolysis reactors constructed in quartz have
been used, ranging from the simplest, where the reactor |is
merely a quartz tube passing through a furnace, as applied by
Bock and co-workers (Bock and Solouki, 1981, and references
therein) to highly sophisticated constructions that have the
possibility of changing the area of the orifice (Golden, Spokes,
and Benson, 1973). In all cases, when using quartz reactors el-
ectric heating is necessary. As an alternative to quartz reac-
tors some groups prefer metal-based reactors, often of stainless
steel. The heating of these reactors can be accomplished elec-
trically or by electron bombardment, as recently reported by
Elbel et al. (1981); this system is commercially available.

An alternative reactor design/heating technique in the study of
gas phase pyrolytic reactions is based on the Curie point
pyrolysis technique (Simon and Giacobbo, 1965), i.e. the high
frequency inductive heating in ferro-magnetic materials. The
technique is widely used as an analytical tool in connection
with gas chromatography and/or mass spectrometry in the study
of involatile substances (Irwin, 1979, cf. also Voorhees 1984,
Schulten, 1985). The first report on the application of the
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technique to low-pressure gas phase pyrolytic studies appeared
only recently (Carlsen and Egsgaard, 1980). However, it has been
proved to be a highly effective technique in combination with
mass spectrometry. In Fig., 4-1 the pyrolysis unit based on the
Curie point principle mounted with a heatable injection block
is shown (compare also with Fig. 3-1).

The more pronounced difference between the conventional reac-
tor designs and the equipment for Curie-point pyrolyses 1is
the nature of the heated zone. In conventional equipment the
reactor as such 1is heated, i.e. all internal surfaces are
heated to the pyrolysis temperature, whereas in the Curie-point
pyrolyzer the walls of the reactor in principle maintain ambi-
ent temperature, and only the ferro-magnetic filament placed
ideally in the center of the reactor constitutes the heated

area.

Injection Block Reactor Line-of -sight

S B R

N

077 T 7
ik 7585 o4 R

A B C DEFG D HI

Fig. 4-1. Thermolysis unit. A, Septum; B, injection block
heater; C, thermocouple for temperature readout; D, rubber
wagsher; E, quartz lining tube; F, ferromagnetic wire; G,
high frequency induction coil; H, adapter flange; I, gold
wire sealing.
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In contrast to the more conventional types of pyrolysis reac-
tors the Curie-point pyrolysis technique, as generally applied
suffers from some disadvantages: 1) the limited number of tem-
peratures available, 2) the differencies in composition of the
single ferro-magnetic filaments available, and 3) the enhanced
possibility of reactions induced by collision between the re-
actant molecules and the hot, reactive metal sufaces as e.g.
nickel or iron. The last of these disadvantages alsc applies
to a certain extent to the more conventional reactors. Consider-
able efforts have been devoted to diminish or possibly remedy
these problems.

It should be noted that a major advantage of the inductive
heating technique is the very limited amount of reactor material
which has to be heated in contrast to the completely heated
conventional reactors. Hence, the heating rate by inductive
heating is known to be very rapid, as the Curie-point can be
reached usually within milliseconds to seconds, but also the
subsequent cooling of the filament back to ambient temperature
is rapidly achieved due to the limited ammount of heated material.
This, of course, is a clear advantage when pyrolytic reactions
are to be studied at different temperatures, in which cases the
use of conventional reactor designs may be rather time consuming.

Furthermore, the fact that the heating can be achieved without
introduction of electric wires into the low-pressure reactor,
as would be necessary if electric heating of the filament were

applied, must be regarded as a clear advantage.

4.1. The Knudsen Reactor

As mentioned previously, the low pressure in the pyrolysis

reactor is required in order to exclude the possible operation
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of bimolecular reactions. In cases where mass spectrometry or
photoelectron spectroscopy is used as detection system, this
requirement is generally fulfilled, whereas it may be dubious

if it always is the case using microwave spectrocscopy.

However, consecutive pyrolysis of primary~generated products
may also disturb the eventual analytical interpretation. Hence,
it is desirable that the mean residence time in the reactor
{contact time in the hot 2zone) can be kept at a sufficient low

level to avoid re-pyrolysis.

In low pressure pyrolysis reactors, fulfilling this requirement
the mean free path for the molecules are typically larcer than
the diameter of the reactor. At these very low pressures the
reactors fulfil the requirements for a Knudsen reactor (Seybold,
1977, Golden, Spokes, and Benson, 1973, Knudsen, 1909a, Knudsen,
1909b, Clausing, 1931/32, Venema, 1973) i.e. the mean residence
time, tmr, for a molecule depends on the actual reactor geometry,
the temperature, and the molecular weight of the involved spe-
cies only, and not the internal pressure in the reactor. The
mean residence time can then be calculated according to the
Knudsen formula (egn. 4-1)(Golden, Spokes, and Benson 1973,
Dushman, 1960:ch. 2).

tmr = 4V/CAK sec (4-1)

Where V is the reactor volume, A the area of the orifice, K a
constant, and T is the mean molecular rate, which can be esti-
mated according to the kinetic gas theory (egn. 4-2).

E=146x10%V(T/M) cm sec”’ (4-2)
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In eqn. 4-2, T is the absolute temperature and M the mole:ular
weight of the compound under investigation.

The collision frequency in the reactor, i.e. the fregquency by
which an average molecule collides with the walls, is given
by

w = Z/tmr = EAw/LV (4—3)

where Z is the collision number of the average molecule, 2 =
A,/AK, and A, is the area of the reactor surface.

The value of the constant K is dependent of the design of the
interface between the reactor and the detection unit. The ideal
value, K=1 is valid only if the thickness (1) of the wall, in
which the orifice (radius = r) is located, is vanishingly small
compared to r. If, however, the pyrolyzate leaves the reactor
through an orifice which consists of a tube for which the 1/r
ratio is appreciable, the factor K, which is a dimensionless
function of 1/r, is less than 1 (Dushman, 1960:ch. 2, Venena,
1973). The factor K is the so-called transmission probability,
i.e. the probability that a molecule entering the tube from
the reactor will pass through the tube without having returned
to the rector (Venema, 1973). The variation in K as a function
of 1/r is depicted in Fig. 4-2.
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Fig. 4-2. Transmission probability (K) as a function of

the length-to-radius (1/r) of a cylindrical tube.
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In Table 4-1 values for € and tpr for two molecules with molec-—
ular weight 100 and 200, respectively, are given as functions
of temperature for a typical gas phase Curie point reactor
(v=0.13 cm?, A=0.03 cm?) (Egsgaard and Carlsen, 1984).

Table 4-1 Mean molecular rate (®)@ and mean residence time

(t as a function of temperature.

b
mr)

M\T 300 500 700 900 1100

al
P
(2]}
o+
o
o+
[#]]
o+

mr mr mr nr mr |

100] 2.53| 6.85§ 3.26| 5.31] 3.86| 4.49 | 4.38| 3.96( 4.84 | 3.58
200) 1.794 9.69)] 2.31} 7.51| 2.73( 6.35 }3.10| 5.60| 3.42| 5.06

n L ] o )

a given in cm sec~! x 10-4

b given as sec x K x 104

The reciprocal of the mean residence time, ke=tmr"1, is defined
as the so-called unimolecular escape rate constant, i.e. the
rate constant for the discharge of the molecule from the reac-
tor reactor through the orifice of area A.

4.1.1. Simulation of Molecular Movement through Low-Pressure

Reactors

In order to design the optimal configuration of low-pressure
pyrolysis reactors - for a given type of experiments - a know-
ledge of the fate of the gaseous molecules is of importance.
Several factors are determining in this context, such as colli-
sion number, mean residence time and energy transfer from the

surface to the molecule. In the case of a Curie-point pyrol-
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ysis reactor, the problem becomes even more complicated, ac the
molecule-surface interactions are divided in collisions between
the hot filament surface and with the reactor surface, the
latter typically exhibiting ambient temperature. Hence, thermal
activation as well as deactivation must be considered (Egsgaard
and Carlsen, 1987b).

Calculations on molecular movement in low pressure reactors are
based on the following assumptions: a) the behaviour of a high-
ly rarefied gas can be described on the basis of the individual
behaviour of the single molecules (molecular flow (Knudsen 1909a,
1909b)), as the molecules are no longer in collective motion,
i.e. there are no intermolecular collisions in the reactor.
Thus, the molecules move linearly between the positions of the
surface at which they collide; b) a molecule, striking the sur-
face is repelled in a direction which is totally independent
of the direction of the incidence, and the distribution of di-
rections of an infinitely large number of molecules after re-
flection from a surface follows Lambert's cosine law for the
reflection of light from a glowing body (typically the stat-
istics are based on 1000 to 5000 molecules (Egsgaard and Carl-
sen, 1987b)); c¢) all molecules enter the reactor at a given
position, this position, however, being left according to b)
(Egsgaard and Carlsen, 1987b). In Figures 4-3 and 4-4 the simu-
lated movement of a molecule through a conventional reactor and
a Curie-point pyrolysis reactor, respectively, is shown. 1In
Figure 4-4 the * denotes the collisions between the molecule
and the hot filament surface. Evidently a series of molecule-
wall collisions, i.e. thermal deactivation, take place between
two molecule-filament collisions. Hence, the pyrolysis products
observed apparently are results of single collisions between
the substrate and the hot filament surface.




Y, Z - plane X,Z =~ plane

Fig. 4-3. Simulation of molecule movement (15 collisions)
in a conventional low pressure pyrolysis reactor (o: s=:art
position, e: end position).

Y,Z - plane X.Z - plane

Fig. 4-~4. Simulation of molecule movement (15 collisions)
in a low pressure Curie-point pyrolysis reactor (o: start
position, e: end position).

The movement of the molecules through the Curie-point reactor
(visualized in Fig. 4-4) unambiguously demonstrates the single-
collision nature of the pyrolysis reactions in this type of
reactor. Thermal activation can take place only by molecule-

filament collisions.
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4,2. Temperature Control

The more common reactors for gas-phase pyrolysis are equipped

with external heating, i.e. the entire internal surface of the
reactor becomes heated to the pyrolysis temperature.

As mentioned in the previous section the use of the inductive
heating principle in practice remedies the problem concerning
the amount of material to be heated, as only the filament
placed internally in the reactor is heated. However, as also
mentioned, the Curie-point pyrolysis technique, as originally
applied, permits pyrolysis only at a relatively limited number
of temperatures, corresponding to the availability of ferro-
magnetic filaments: e.g. 358, 480, 510, 610, 770, 980, and
11310C, It can be mentioned that pure cobalt exhibits the high-
est Curie-point known (11319C)., On the other hand, it is im-
portant to note that a Curie-point of a ferro-magnetic material
is extremely well defined, and since the material itself in
principle controls the temperature by the ferromagnetic to
diamagnetic transition at the Curie-point, one obtain highly
reproducible and well-defined temperatures in applying the

Curie-point pyrolysis technique.

In order to overcome the "temperature problem", however, main-
taining the advantages of the inductive heating principle, e.g.
reactor design (vide supra), rapid heating, the limited amount
of material to be heated, we (Egsgaard, Bo, and Carlsen, 1985)
reported an inductively heated flow reactor where arbitrarily
chosen temperatures in the range from ambient to the Curie-
point of the filament rapidly can be achieved. The temperature
control was based on the application of a "multi-temperature"
filament in combination with extensive computerization of the
pyrolysis-mass spectrometry system.
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The "multi-temperature” filament was constructed (cf. Fig. 4-5)
by fixing a chromal-alumal thermocouple by gold-soldering in-
side a gold-plated iron tube (0.D.: 1 mm; I.D.: 0.8 mm). Even-
tually the assembled filament was gold-plated as described by
Egsgaard and Carlsen (1983a) to ensure a low-catalytic surface
(vide infra).

Fig. 4-5. "Multi-temperature filament" design. A, Ferro-

magnetic (e.g., Fe) tube; B, thermocouple; C, gold matrix;
D, gold plating.
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In contrast to the conventional Curie-point pyrolysis tech-
nique, where the high-frequency unit is operated continuously
throughout the duration of the pyrolysis, the multi-tempera-
ture inductive heating method is based on a pulse-mode operated
high-frequency unit. Attainment of a given arbitrary temperature
appears as a three parameter process: 1) a rapid sequence of
high-frequency pulses to obtain the temperature required, 2} a
simple on/off procedure to gain thermal equilibrium in the
filament, and 3) a final control based on high-frequency pulses
delivered only if the temperature profile is decreasing and if
the temperature is below the chosen value as summarized in Fig.
4-6.

In Fig. 4-7 temperature variations with time are shown for Tg=
400, 500, 600, and 7000C, whereas Fig. 4-8 illustrates the ac-
tual temperature stabilization, which in general can be achieved
better than + 1%.

The multi-temperature inductive heating method relies heavily
on computerization, since the high rates of temperature in-
crease obtained by this technique requires rapid control of the
high~frequency unit (cf. Egsgaard, Bo, and Carlsen, 1985). The
computerized pyrolysis - mass spectrometry system is visualized

in Fig. 4-9.
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Fig. 4-7. Arbitrary temperature selection by "multitem-
perature filament™ (T, = 400, 500, 600 and 700°C).
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Fig. 4-8. Temperature stability of "multi-temperature
filament® at T, = 500°.
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Fig. 4-9. Computerized pulse pyrolysis ~ mass spectrometry
configuration.

4.2.1, Pulse Pyrolysis

The introduction of the continuous~flow inlet system for low
pressure Curie-point pyrolysis studies (Egsgaard and Carlsen,
1984) opens up the possibility of carrying out gas kinetic
studies using the inductive heating technique. Calculations of
gas kinetic data, using mass spectrometry, involves experiment-
ally determined ion intensities at ambient (I yp) and pyrolysis
(I7) temperature (cf. section 5). These are conveniently ob-
tained by single ion monitoring in sequences of pyrolyses and
adequate cooling periods, i.e. pulse pyrolysis, In Fig. 4-10
the temperature profile created for six pyrolysis temperatures
in the range 400 to 550°C is visualized.
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Fig. 4-10. Pulse pyrolysis sequence for kinetic studies.

4.3. Surface Influence

The importance of surface reactions in pyrolysis units is a
well-recognized phenomenon both in the laboratory 2nd in in-
dustrial scale units (Albright and Tsai, 1983, Nishiyama and
Tamai, 1980). Typical reactions are coke formation, carburiz-
ation of metal surfaces (i.e, formation of metal carbides)
oxidation/reduction of metal surfaces, and sulfiding the sur-

faces (i.e. desulfiding the reactant).

These reactions are, however, of minor interest in the ana-
lytical studies of gas phase pyrolytic reactions, although they
often occur and hereby diminish the yield of the gaseous pro-
ducts wanted.

From an analytical point of view it is much more interesting
that the hot reactor surfaces may direct the pyrolysis towards
certain products. However, these products are often due to ex-
tensive degradations, as results of reactions promoted by re-
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active sites at the surfaces, and thus unwanted in connection
with studies of pure thermally induced reactions. On the other
hand, selective choice of surface coating may advantageously be
applied in an attempt to direct pyrolysis reactions in certain
directions, e.g. heterogeneous catalysis.

In the Curie-point pyrolysis reactor, where the hot zone as
mentioned consists of a metal wire, surface treatment appears
relatively easy, since metal surfaces are fairly easily coated,
e.g. by electro-plating, to give surfaces of known composition.
Most metal surfaces are rather reactive at high temperatures
giving rise to a series of unwanted products as mentioned above
(Albright and Tsai, 1983). However, we found (Egsgaard and
Carlsen, 1983a) that application of gold-plated filaments for
gas phase Curie-point pyrolysis minimizes the degree of poss-
ible reactions induced by the presence of hot metal surfaces
such as nickel and iron,

To illustrate the effect of gold-plating the gas phase pyrol-
ysis of methyl dithioacetate presents an example (Carlsen and
Egsgaard, 1983). It was observed that even at temperatures as
low as 631 K (nickel surface) the dithiocester degraded exten-
sively (Fig. 4-11(a)), giving rise to products which could be
assigned as C3HgS (m/z 74), dimethyl sulphide (CgHgS) (m/z 64),
C4Hg (m/z 54), and methane thiol (m/z 48). Verification of the
involvment of the hot nickel surface was obtained by comparison
to the pyrolysis of methyl dithioacetat at 631K, however, apply-
ing a gold-plated filament. It was unambiguously demonstrated
(Fig. 4-11(b)) that the compound was perfectly stable under these
conditions, At higher temperatures (1253K cf. Fig. 4-11(c)),
still applying gold-plated filaments the dithioester decomposed
smoothly into the expected products, as are thioketene (m/z 58)
and methane thiol (m/z 48), as a result of a simple 1,2-elimin-

ation.
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The involvment of nickel surfaces in pyrolysis reactions has
recently been reported by Bock and Wolf (1985), and Glebov et
al. (1985) reported on the deoxygenation of alcohols and ketones
on an iron catalyst.

A second example, also taken from the study of gas phase pyrol-
ysis studies of organo-sulfur compounds, illustrates the above-
mentioned disulfiding reactions. Pyrolytic sulfur extrusion from
the thioketen 1,1,3,3~tetramethyl 2~thiocarbonyl cyclohexane
was observed applying a hot iron filament (1043K) (Carlsen,
Egsgaard, and Schaumann, 1980), the reaction, however, unequi-
vocally being associated with the nature of filament surface,
as demonstrated (Egsgaard and Carlsen, 1983a) by comparison
with an experiment using a gold-plated filament (1043K), under
which conditions the thioketen (m/z 182) was found to be per-
fectly stable (Fig. 4-12). The findings are in agreement with
the bond strength of the C=S bond, which is about 125 kcal/mol
(Benson, 1978), i.e. the carbon-sulfur double bond should not
be cleaved at 1043K by pure thermal induction.

Gold~-plating is not the optimal choice in all cases, as it can
be observed that unwanted reactions in several cases are mini-
mized, but not necessarily completely suppressed (Egsgaard and
Carlsen, 1983a). This is demonstrated in the study of the pyrol-~
ysis of nitromethane (Egsgaard, Carlsen, and Elbel, unpublished)
and nitrobenzene (Egsgaard and Carlsen, 1983a).

Figure 4-13 visualizes the product distribution following pyrol-
ysis of nitrobenzene at 1043K applying a gold-plated iron fila-
ment and an iron filament, respectively.
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Fig. 4-11. Field ionization mass spectra of methyl dithio-
acetate following gas-phase thermolyses at 631 K (nickel),
631 K (gold) and 1253 K (gold).
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Fig. 4-12. Field ionization mass spectra after pyrolysis
of 1,1,3,3~tetramethyl-2-thiocarbonylcyclohexane at 1043
K using (a) an iron filament and (b) a goldplated iron
filament.
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Fig. 4-13. Field ionization mass spectra after pyrolysis
of nitrobenzene at 1043 K using (a) a gold-plated iron

filament and (b) an iron filament.
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In both cases two products appear dominant, exhibiting molecular
weights of 93 and 107 which were assigned to the phenoxy radical
and nitrosobenzene, respectively. The formation of these two
products could be explained by the operation to concurrent
reactions, i.e. rearrangement followed by NO elimination and

formel atomic oxygen extrusion.
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Phenoxy radicals have been postulated as intermediates in the
pyrolysis of nitrobenzene by McCarthy and O'Brian (1980) and
by Fields and Meyerson (1975). These authors formulated the
reaction as removal of NO from an intermediate phenyl nitrite,
possibly formed as a consequence of consecutive radical reac~-
tions (cf. Batt, 1982), which, however, is not possible under
pure unimolecular reaction conditions as applied by us (Egsgaard
and Carlsen, 1983a, 1984). Thus, the formation of the C~0 bond
of necessity involves a three-centred transition state, which
in principle may ring-open to give the nitrite or directly elim-

inate NO to yield the phenoxy radical.
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Study of the m/z 123 ion by collision activation mass spectro-
metry before and after pyrolysis of nitrobenzene (Egsgaard and
Carlsen, 1984) resulted in identical spectra suggesting the
absence of the phenyl nitrite in the pyrolyzate, as nitro com-
pounds in general are expected to result in spectra differing
from those of the corresponding nitrites (Budzikiewicz et al,.,
1967, Egsgaard, Carlsen, and Elbel, 1986). However, taking the
thermal lability of nitrites into account, the intermediacy of
the latter cannot definitely be ruled out.

By comparing the two spectra depicted in Fig. 4-13, the most
striking feature appears to be the significant variation in the
phenoxy radical: nitrosobenzene (m/z 93: m/z 107) ratio. Obvi-
ously the pyrolysis of nitro benzene is shifted in favour of
phenoxy radical formation applying gold-plated filaments, in
agreement with the involvement of the hot reactive iron surface
in the apparent loss of an oxygen atom from the nitro group, a
reaction, which surprisingly cannot be surpressed fully upon

gold plating.

In this connection it should be noted that in few cases gold
surfaces may catalyze gas phase reactions as demonstrated by
Meyer and deMeijere (1976) in a study on the thermally induced
rearrangement of strained small ring hydrocarbons.

Nevertheless, gold metal has been found as the least catalyti-
cally active metallic material (Cramers and Keulemans, 1967).
The authors therefore recommended gold for flow reactors for
gas kinetic studies. Gold-based reactors has been applied by
Kwart et al. (1969), Egsgaard and Carlsen (1983a) and Carlsen
and Egsgaard (1983)¢).

C In later studies by the Rise group, gold-plated filaments
have been routinely used unless stated otherwise.

-— -
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On the other hand, the above described pyrolysis of nitrobenzene
illustrates the possibility of directing a pyrolysis reaction
towards certain products by carefully selecting the filament
surface.

4.3.1. Nitroso-Ethene

The surface-promoted deoxygenation of nitro compounds has re-
cently been applied to generate nitroso-ethene (Egsgaard and
Carlsen, 1987a), the latter hitherto being known only as trapped
by cyclopentadiene (Favagher and Gilchrist, 1979) or as model
substance in theoretical studies (Faragher and Gilchrist, 1979,
Schmidt Burnier and Jorgensen, 1983, Petukhov et al., 1984),.

Pyrolysis of nitro-ethene at 883K (surface Ni: 72%, Fe: 28%)
gave rise to the formation of three products exhibiting molecu-
lar weights of 57, 41, and 30, respectively, as visualized in
Figure 4-14, together with unpyrolyzed starting material (M: 73)
(Egsgaard and Carlsen, 1987a).

Based on CA mass spectrometic fragmentation of m/z 57, leading
to ions m/z 27 (C2H3+) and m/z 30 (NOY), it appeared possible
to exclude alternative structures, such as 4H-1,2-oxazete,
2H-azirine-1-oxide and acetonitrile N-oxide as being responsible
for this ion, leaving nitroso-ethene (H2C=CH-NO) as the only
possibility.

In agreement with the study of Bock, Dammel and Aygen (1981),
reporting acetonitril as the eventual product following pyrol-
ysis of vinyl azide, the compound being responsible for the
m/z 41 ion (Fig. 4-14) was, in accordance with CA mass spectro-
metry, identified as acetonitril. Apparently the formation of
acetonitrile can be ascribed to a rearrangement of primary ge-~
nerated vinyl nitrene, the latter, in the present context,
being a result of a consecutive surface-promoted deoxygenation
of the nitroso-~ethene.
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Fig. 4-14. Field ionization mass spectra of nitro-ethene
without pyrolysis (a) and following pyrolysis at 883 K
(filament composition: Ni: 72%, Fe: 28%) (b).

4.3.2, Direct surface involvment

In the preceeding sections it has been demonstrated that hot
metal surfaces in certain cases may promote the formation of
otherwise, from a thermodynamic point of view, difficult access-
ible species. However, hot surfaces may also take directly part
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in the reactions by supplying additional atoms to primary
pyrolytically generated reactive species.

Scrutiny of the FI mass spectrum obtained following pyrolysis
of nitrobenzene, applying an iron filament (Fig. 4-13 b) reveals
the formation of minor, but significant amounts of a compound
with molecular weight 103, identified as benzonitrile (Egs-
gaard and Carlsen, 1983a). Obviously, compared to the starting
nitrobenzene, this product contains an additional carbon atom.

By analogy to the apparent consecutive double deoxygenation of
nitro-ethene (cf. section 4.3.1.), it appeared most reasonable
to formulate the benzonitrile formation as a reaction between
intermediary phenyl nitrene and elemental carbon deposited on
the iron filament. This mechanism was most convincingly con-
firmed by studying the pyrolysis of phenyl azide, applying a
carbon-coated gold-plated filament, benzonitril (M = 103) being
established as one of the major products (Egsyaard and Carlsen,
1986) (Fig. 4-15). Hence, reactive species, as e.g. nitrenes,
may be converted into thermodynamically stable compounds by

picking up atoms delivered by the surface.

Obviously the reaction between nitrenes and carbon must lead
to isocyanides, which, however, are rapidly rearranged into
the corresponding nitriles.

Finally, it shall be noted that the products exhibiting molecu-
lar weights 91 and 93 were identified as 1-cyano 1,3-cyclopenta-
diene and anilin, respectively (Fig. 4-15). Both products are
results of the presence of an intermediary phenyl nitrene,
which rearranges or picks up two hydrogens from the surface,
respectively.
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Fig. 4-15. Pield ionization mass spectra of unpyrolyzed
phenyl azide (a) and following pyrolysis of pheny' azide
at 770°C at gold (b) and gold/carbon (c) surfaces.
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In the present context, it can be mentioned that the _arent
nitrene, imidogene, produced by pyrolysis of azoimide, also
reacts with elemental carbon forming hydrogen cyanide, which
may well be considered as an alternative route to interstellar
HCN (Carlsen and Egsgaard, 1988).
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5. GAS KINETIC CONSIDERATIONS

Gas kinetic studies may be crucial in connection with mechan-
istic investigations. The theory of the unimolecular gas phase
reaction has been a subject of detailed studies (cf. Robinson
and Bolbrook, 1972). However, in the present context the appli-
cation of highly sophisticated mathematics may seem somewhat
exaggerated. Furthermore, some of the figures, e.g. vibrational
frequencies of transition states, are certainly not immediately
available for the compounds, which are normally within our

sphere of interest.

A unimolecular reaction may be represented by the elementary

process

A —Xs products {5-1)

the corresponding rate constant, k, obeying a first-order kin-

etic law
1 d [A]
- — —=2 =k -
(Al dt (5-2)

The expression (Eqn. 5-~1), however, is to be regarded only as
an overall expression, as a large number of reactions, which
kinetically obey the first order law, are not elementary piLo-
sesses in the sense that only a single step is involved in the
reaction, Thus, the source of energy in therma. reactions must
be of a collisional nature, i.e., molecule-molecule or molecule-
wall collisions, which may involve activations as well as deac-
tivations (Lindemann, 1921, Hinshelwood, 1927)
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AM Zs AtaM (5-3)
- k-l
AeM 5 AsM (5-4)
AL products (5-5)

Based on equations 5-3 to 5-5, the pressure dependence of uni-
molecular gas phase reactions is obvious. Under steady-state
conditions the equations lead to the pseudo-first order rate

constant
1 d (A . .
-—— 2 s ks kMl (K, [M] + k") -
N o . (M] (5-6)

the limiting pseudo-first order low pressure rate constant, Kq,
and the limiting true first order high pressure rate constant,
ko, are given by Equations 5-7 and 5-8, respectively

lim k = ko= k, (M] ‘ (5-7)

M -0
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[limk sk =k k'/k, (5-8)

An application of Equations 5-6 to 5-8 yields the following

e¢xpression

k=kol Ko/ Ko/ 1o ky/k, ) < kg (5-9)

using k,/k, as a simple pressure scale, to interpolate k between
ko and k,. Hence, the unimolecular rate constants, k, measured
in the low pressure pyrolysis studies, are in general not equal

to the high pressure limiting rate constant, k..

Consequently the Arrhenius parameters A, and E_,, as defined by
Egqn. 5-10, cannot be derived directly by application of the

temperature variation of k.

ko= Age “Ex/RT (5-10)

To avoid the rather complicated mathematical treatment of low-
pressure kinetics (cf. Robinson and Holbrook, 1972), we intro-
duced (Egsgaard, Bo and Carlsen, 1985) the empirical Effective
Temperature Approach based on experimentally determined rate

constants in a "calibrated” reactor.
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5.1. Experimental Determination of k

Looking at an irreversible unimolecular reaction in the low-
pressure flow reactor as described by Egn. 5-1 the specific
flux (Dushmann, 1960, Golden, Spokes and Benson, 1973, Egsgaard
and Carlsen, 1984) of the species A is given by

Fa=k, [A] +k [A] (5-11)

where kg and k are the unimolecular escape-rate constant for A
from the reactor and the unimolecular rate constant for the
reaction A » products, respectively. For k = 0, Fp = ke [A]g,
ke is defined as the reciprocal of the mean residence time of A

in the reactor, i.e. k 1 (cf. Section 4.1).

e = tmr

On pyrolysis the stationary concentration of compounds A, [A]g,
will be smaller than the corresponding value without pyrolysis,
[A]o, owing to the decomposition taking place. Applying a con-
stant inlet flow of A to the reactor

FA=ke [A]o= ke[A]T‘ k [A]T (5-12)
which may be rewritten into

k=k, [l - ) (5-13)

(A],

Applying mass spectrometry as a detection technique, the concen-
trations [A]o and [A]p are directly related to the ion inten-




A

sities of the molecular ion, Isyp, and Igp an ambient and pyrol-
ysis temperature, respectively.

lamo = It (5-14)

5.2, The Effective Temperature Approach

As an alternative to the theoretical treatment of the low-press-
ure kinetics, we approached the problem from an empirical point
of view (Egsgaard, Bo and Carlsen, 1985), by estimating the
effective temperature for the molecules in the reactor. The
effective temperature, Tefg, is defined as the temperature (i.e.
actual energy distribution) that the molecules apparently reach
in the reactor at a given operating (surface) temperature, i.e.
in the reactor, based on the Curie-point principle the filament
temperature, Tg. Hence, the reactor may be "calibrated" to give
a correction term correlating the filament temperatures to the

actual reaction temperatures, i.e. the effective temperatures.

Applying the equations given in Section 4.1. for the mean resi-
dence time, tpg,, for the molecules in the reactor (Egn. 4-1)
and the mean molecular rate, T, {(Egn. 4-2) it is possible to
derive rate constants, k, for given reactions by application
of Egqn. 5-13 or, using mass spectrometry as detection system
Egn. 5-14. Hence, experimental determination of rate constants
for a series of different filament temperatures, for reactions
exhibiting known activation parameters (E, and A_) permits an
estimate to be made of the corresponding effective temperatures
according to the rewritten Arrhenius Equation.
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0 [(Tams-T1) /11] + Inke= In Ag- E/RT (5-15)

The correlation between the effective temperature and the sur-
face temperature in the reactor, Tg, can be obtained based on
the physically reasonable assumption that the increment in ef-
fective temperature per molecule-surface collision follows a
linear law (Amorebleta and Colussi, 1982).

d—1‘¢=ﬁ(Ts’TeH)

d (5-16)

On applying the design of the Curie-point reactor design reac-
tions are results of single collisions between the hot filament
surface and the moulecules (cf. Section 4.1.1.), i.e., dn . 1,
and dTeff = Teff — Tamb. Thus, the following simple relationship
between T¢ and Teff 1S obtained.

Te!f:Tamb’ n(T"Tamb) ({5-17)

Apart from depending on the filament temperature, 8, which is
a measure of the molecule--surface collision efficiency most
probably also depends on the reactor geometry. Hence, a given
reactor set~up has to be "calibrated" by a serics of standard
reactions to give the corresponding, reactor specific, B(Tg),
and hereby the Tofre(Tf) relatrions.




In FPig. 5-1, the temperature correction factors, g, as a func-
tion of filament temperatures are shown for three reactions ex-

hibiting a broad spectrum of activation parameters (Table 5-1).

Table 5-1 Reactions studied (activation energies in kcal/mol})

I: tert.-Bu-0-O-tert.~Bu » 2 tert.-Bu-0°* 37.4/35.9
II: Me-N=N-Me +» Me-N=N°* + Me"* 52.5/38.0
III: Et-N=N-Et » Et-N=N' + Et° 50.0/37.5

1.0
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S I
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w
o >
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o
Q
o
2 .
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300 400 500 600 700 K
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Fig. 5-1. Temperature correction factors, 2, as a function
of filament temperature.
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Fig. 5-2. Effective temperature as a function of filament

temperature.
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It is observed that the data fit rather well to a common ™"uni-
versal®™ B(Tg) curve; this may seem somewhat surprising, since
it could be expected that B would be molecule dependent (cf.
Gilbert, 1982). However, based on the relatively small number
of reactions included in the above figure we (Egsgaard, Bo,
and Carlsen (1985) and Egsgaard and Carlsen (unpublished))
tentatively suggested a single g{Tf) and hereby a single
Teff{Tf) curve, the latter being visualized in Fig. 5-2.

The effect of variations in, or poorly determined values of 3

was also discussed (Egsgaard, Bo, and Carlsen, 1985). Intro-
ducing the expression for Tefrf (Eqn. 5-17) in the rewritten
Arrhenius equation (Egn. 5-15) the following expression for the

Em _ 8B (T -Tams)

(5-18)
Eoo Tomb’p(Tf 'Tu‘nb)
relative variation in the activation enerqgy was derived.
Hence, a 10% variation in 8 (e.g. = 0.8 + 0.08, Tymp = 300K,

and Tf around 850K) affords variations in the activation energy
of less than * 6%, which in the present context appears satis-
factorily. The Arrhenius factor, log A. is independent of 3,
however, since 1ln A, values in practice are determined graphi-
cally, some limitedi variations may be expected.
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6. SUMMARY

The present report describes, based on 18 previous papers pub-
lished in the period 1980-1986, analysis of low-pressure gas-
phase pyrolytic reactions by means of mass spectrometric tech-
niques. The single chapters describe the different components
in the pyrolysis - mass spectrometry system, i.e. the detection
system, the sample/inlet system, and the pyrolysis reactor, the
applicability being illustrated by selected examples. A separate

chapter is devoted to gas-kinetic considerations.

Chapter 1 (Introduction)

A general introduction to the applicability of pyrolysis in
different areas of chemical research, such as pure physical
chemistry, physical organic/inorganic chemistry, preparative
organic/inorganic chemistry, and a wide variety of analytical
chemical subjects.

In low-pressure gas-phase pyrolysis the pyrolysis conditions are
typically temperatures above 750K and pressures below 1 mtorr.
The mean residence times of molecules in the pyrolysis reactor
ranges from 1-100 ms. The strategies for carrying out low-

pressure gas-phase pyrolyses - mass spectrometry are outlined.

Chapter 2 (The Detection System)

This chapter focuses on the applicability of mass spectrometric
(MS)} technigues in the study of low-pressure gas-phase pyrolytic

processes as the more informative.

The introduction of the direct combination of a pyrolysis reactor

and the ion source of a mass spectrometer, equipped with the
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soft ionization mode, field ionization (F1) appears advantageous
compared to the classical electron impact ionization (EI), since
FI gives rise to molecular ions only, even of highly unstable
molecules., The eventual interpretation of the spectra is highly
facilitated as the spectra are not overshaddowed by EI induced
fragmentation patterns of often unknown pyrolysis products.

To elucidate the nature of the single components further the
introduction of MS/MS techniques as c¢ollision activation (CA)
mass spectrometry appears as a highly effective tool. The uti-
lity of CA mass spectrometry in this context is illustrated by
the study of the gas-phase pyrolysis of the hitherto unknown

1,2~oxathiolane.

The analysis of isomeric compounds may advantageously be carried
out by application of CA mass spectrometry, possibly in combi-
nation with the use of isotopic substitution. Thus, the isomeriz-
ation reactions in methyl acetate and the corresponding mono-
and dithio analogues are illustrative in this connection. It
appears that methyl acetate as well as methyl thionoacetate
pyrolytically can be isomerized, whereas the corresponding
dithio ester surprisingly appears stable towards a sulfur-to-

sulfur migration of the methyl group.

Although analysis of low-pressure pyrolysis reactions in general
is associated with pyrolysis in flow reactors, the reactions
may in ertain cases advantageously be carried out in a static
system, maintaining the FI and CA mass spectrometric options.
The applicability of the static system pyrolysis is demonstrated
by a mechanistic investigation of the thermal decomposition of
1,2-oxathiolane, Hereby the existence of an 1,2-oxathiolane -

thietane-1-oxide equilibrium was established.
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The final section in this chapter is devoted to a discussion of
the utility of reference structures, e.g. generated by EI mass
spectrometric fragmentations, as illustrated by the search for
the aci-tautomer of nitromethane among the pyrolysis products
generated by low-pressure pyrolysis of nitroalkanes.

Chapter 3 (Sample/Inlet System)

The choice of the inlet system is closely related to the nature
of the sample. In order to introduce a continuous flow of reac-
tant into the pyrolysis reactor, whereby the subsequent mass
spectrometric analysis is strongly facilitated, a series of
inlet systems was developed, dependent of the vapour pressure
of the sample: a) gaseous or easily evaporable, b) liquids ex-
hibiting a moderate to low vapour pressure at ambient temperature
and c¢) solids. In cases a) and b) the necessary flow a reactant
to the pyrolysis reactor were controlled by constrictors. The
substance-requirement for the mass spectrometric analysis is as
low as 0.1 ug/s.

Chapter 4 (The Pyrolysis Reactor)

The present report focuses on the introduction of the inductive
heating principle, often named as Curie-point pyrolysis, for
gas-phase pyrolytic studies. The more pronounced difference be-
tween conventional types of reactors and the equipment for
Curie-point pyrolysis is the nature of the heated zone. In
conventional reactors all internal surfaces are heated, whereas
in the Curie-point pyrolyzer the walls of the reactor maintain
ambient temperature, and only the ferromagnetic filament in the
center of the reactor constitutes the heated zone.

A major advantage of the inductive heating technique is the

very limited amount of reac or material, which has to be heated.
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Hence, temperature rise times and subsequent cooling periods
can be kept rather short., However, this technique also suffers
from a series of disadvantages, especially the limited number

of temperatures available,

In order to overcome the temperature problem, however, maintain-
ing the advantages of the inductive heating, a "multi-tempera-
ture" fi.ament was constructed. Thus, arbitrarily chosen tempera-
tures in the range from ambient to the Curie-point of the fila-
ment were available, which is c¢rucial in connection with gas-
kinetic studies. For the latter purpose the principle of Pulse
Pyrolyscis is introduced, i.e. single ion monitoring in sequen-
cies of pyrolyses and adequate cooling periods. The temperature
control was based on extensive computerization of the pyrol-
ysis ~ mass spectrometry system,

It is generally desirable that only unimolecular reactions take
place. In low-pressure pyrolysis reactor, where the mean free
paths for the molecules are larger than the diameter of the
reactor, i.e. a so-called Knudsen reactor, this is generally
fulfilled. An important consegquence of the very low-pressure is
that the mean residence times of the molecules in the pyrolysis
reactor are independent of the internal pressure in the reactor,
i.e. the mean residence time depends only of the reactor geome-
try and the temperature,.

A theoretical study on the movement of molecules through low-
pessure reactors clearly demonstrates that in the case of Curie-
point pyrolyzers the thermal activation, and, hence, the occur-
rence of pyrolysis of the molecules is a result of single
collisions between the molecules and the hot fiitament. Typically
a series of collisions between the molecule and the reactor
walls, maintaining ambient temperature, takes place between each

molecule - filament collision.
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An important factor in gas-phase pyrolytic studies 1is the
interaction between the molecules and the hot surface during
the thermal activation. Thus, certain compositions of hot
surfaces may direct the pyrolysis towards certain products.
These products are often due to extensive degradations promoted
by active sites at the surface. In general these reactions are
unwanted in connection with studies of pure thermally induced
reacticns. However, selective choice of surface coating may
advantageously be applied in an attempt to direct pyrolysis in
certain directions, i.e. heterogeneous catalysis.

Introduction of gold-coated filaments for gas-phase Curie-point
pyrolysis apparently minimizes the degree of possible reactions
induced by the presence of hot metal surfaces such as nickel
and iron. The effect of gold-coating is illustrated by selected
examples within the area of sulfur and nitrogen chemistry. The
pyrolysis of methyl dithioacetate constitutes an illustrative
example, as the pyrolysis on a gold-plated surface results in
the expected products (thioketene and methanthiol), whereas by
application of a nickel surface the compound is completely
degraded even at temperatures as low as 3500C. It appears that
gold-coating can suppress deoxygenations (apparent extrusion of
atomic oxygen) from S-oxides as well as desulfurization of
thiocarbonyl compounds. Analogously gold coating minimizes de-
oxygenation of nitro compounds.

Surface promoted deoxygenations can, on the other hand, be
applied in order to generate new unstable species, as is illu-
strated by the pyrolytical formation of nitroso-ethene from the

corresponding nitro compound.

In certain cases the surface may be directly involved in the
reaction by donating additional atoms to primary generated reac-

tive species, This is illustrated by the reaction of nitrenes,




phenyl nitrene or imidogen, with elemental carbon leading to
the corresponding nitriles, 1i.e. benzonitrile and hydrogen
cyanide, respectively.

Chapter 5 (Gas Kinetic Consideration)

Typically gas-kinetic investigations of low-pressure pyrolysis
reactions is associated with sophisticated mathematical opera-
tions. One of the problems in this context is that the mole-
cules in low-pressure pyrolysis reactors do not reach the
reactor temperature, i.e. the so-called fall-off problem. This
chapter describes some very simple considerations of an empiri-
cal treatment of kinetic problems, based on an "Effective
Temperature Approach", i.e. estimating the temperature, 1i.e.
the actual energy distribution, that the molecules apparently
reach in the reactor at a given operating temperature. Hence,
the reactor may be "calibrated", based on reactions exhibiting
known kinetics to give a correction term correlating the fila-~
ment temperaturs to the actual reaction temperature, i.e. the
effective temperature. The principle of calibrating the reator
is illustrated by kinetic studies on some simple reactions
exhibiting a broad spectrum of activation parameters. Finally
the expected minor effects of possibly poorly determined corre~
lation factors are discussed.
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DANSK RESUME

Nervarende rapport beskriver, p4 baggrund af 18 artikler publi-
ceret i perioden 1980 -~ 1986, studier af gasfase pyrolytiske
reaktioner ved lavt tryk under anvendelse af massespektrometri-
ske teknikker. De enkelte karitler beskriver de forskellige
komponenter, der indgir i pyrolyse - massespektrometri systemet,
dvs. detektorsystemet, inletsystemet samt pyrolysereaktoren.
anvendelsen af systemet bliver illustreret med udvalgte eksemp-
ler. I et afsluttende kapitel beskrives overvejelser i forbind-
else med gaskinetiske undersegelser.

Kapitel 1 (Introduktion)
Der gives en generel introduktion til anvendelsen af pyrolyse-

teknikken inden for forskellige omrdder af kemisk forskning som
ren fysisk kemi, fysisk organisk/uorganisk kemi, praparativ
organisk/uorganisk kemi, samt en lang rakke emner inden for ana-
lytisk kemi.

Lavtryks gasfase pyrolyse dgennemferes typisk ved temperaturer
over 750K og tryk under 1 mtorr. Middelopholdstiden for moleky-
lerne 1 pyrolyse reaktoren spender fra 1 til ca. 100 ms. Der af-
stikkes retningslinier for gennemferelsen af gasfase pyrolyse -
massespektrometri undersegelser.

Kapitel 2 (Detektorsystemet)
Dette kapitel fokuserer p& anvendelsen af massespektrometriske

(MS) teknikker til studier af lavtryks gasfase pyrolytiske pro-

cessger,
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Introduktionen af en direkte kombination mellem en pyrolyse
reaktor og ionkilde pd et massespektrometer, der er udstyret
med "bled ionisering®, feltionisation (FI), fremstdr som fordel-
agtig sammenlignet med den klassiske 'electron impact' ionise-
ring (EI), idet FI kun giver anledning til dannelse af molekylar-
ioner, selv af sardeles ustabile molekyler. Fortolkningen af de
resulterende massespektre bliver herigennem meget enklere, idet
spektrene ikke fremstdr som et overlap mellem en rakke EI
inducerede fragmenteringsmenstre fra ofte ukendte pyrolysepro-
dukter.

Til et narmere studie af de enkelte komponenter i pyrolysatet
viser MS/MS teknikker, som fx kollisionsaktiverings (CA) masse-
spektrometri, sig at vere et serdeles effektivt verktej. Anvende-
ligheden af CA massespektrometri illustreres i denne sammenhang
ved studiet af gasfase pyrolysen af den hidtil ukendte 1,2-oxa-
thiolan.

Analyse af isomere forbindelser kan med stor fordel udferes under
anvendelse af CA massespektrometri, eventuelt i forbindelse med
isotopsubstitution. Siledes er isomeriseringen af methyl acetat
samt de analoge mono~ og dithioforbindelser undersegt. I modsat-
ning til methyl acetat og methyl thionoacetat, der begye pyroly-
tisk kan isomeriseres, viser den tilsvarende dithiocester sig

at vare stabil m.h.t. svovl-til-svovl methylgruppe migration.

Selvom lavtryks pyrolyse normalt forbindes med pyrolyse i flow
systemer, kan reaktioner i nogle tilfzlde med fordel gennemfores
i statiske systemer, idet man stadig opretholder FI og CA masse-
spektrometri som detektionsmetode. Anvendeligheden af det stati-
ske pyrolyse system er demonstreret med en mekanistisk underseg-
else over den termiske nedbrydning af 1,2-oxathiolan. Herigen-
nem blev eksistensen af en 1,2-oxathiolan-thietan-1-oxid lige-
vegt fastsldet,

-
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En afsluttende del af dette kapitel helliger sig en diskussion
af anvendelsen af referencestrukturer, fx genereret ved hjelp
af EI massespektrometrisk fragmentering. Et studie, der havde
til hensigt at fremstille den neutrale aci-tautomer af nitrome-
than ved pyrolytisk omlejring/fragmentering af nitroalkaner
tjener som illustration heraf.

Kapitel 3 (Inletsystem)

Valget af inletsystem er tat sammenknyttet med egenskaberne af
den prover, der enskes pyrolyseret, Med henblik p& at f4 et kon-
stant flow af reaktant ind i pyrolyse reaktoren, hvorved den
efterfelgende MS analyse lettes, er en rakke simple inletsystemer
udviklet afhangig af proveans damptryk: a) gasformige eller let-
fordampelige prever, b) prever med moderat til lavt damptryk
samt ¢) faste preover, I til fzldene a) og b) styres det nedven-
dige flow ved brug af en konstriktor. Prevemzngden, der kraves
til den massespektrometriske analyse, er sardeles beskedne,
hvilket vil sige i sterrelsesordenen 0.1 pg/s.

Kapaitel 4 (Pyrolyse reaktoren)

Narvarende rapport fokuserer pd indferslen af induktiv opvarm-
ning, kendt som Curie-punkts pyrolyse, til gasfase pyrolytiske
studier. Den mest udtalte forskel pda Curie-punkt reaktoren,
sammenlignet med mere konventionelle reaktorer er udformningen
af den varme zone. I konventionelle reaktorer er typisk alle
indre overflader opvarmet til pyrolysetemperaturen, mens i
Curie-punkts reaktoren bibeholder reaktorvaggen omgivelsernes
temperatur, sAdledes at kun det ferromagnetiske filament i midten
af reaktoren udger den opvarmede zone.

En vigtig fordel ved anvendelse af den induktive opvarmning er
den relativt begraznsede materialemangde, der skal opvarmes. Det
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vil sige temperaturandringer, bdde i op- og nedadgdende retning
kan gennemferes hurtigt. Imidlertid lider metoden ogsa af ulem-
per. Her kan specielt nzvnes det relativt begransede antal
temperaturer, der er til radighed.

For at afhjelpe dette temperaturproblem, men stadig bibeholde
den induktive opvarmnings fordele er der konstrueret et "multi-
temperatur" filament. Dette giver mulighed for, med et og samme
filament, at anvende temperaturer vilkdrligt valgt i omr&det fra
stuetemperatur til filamentets Curie-punkt. Specielt i forbind-
else med gennemforelse af gaskinetiske studier er dette af stor
betydning. Til dette sidstnazvnte omradde indferes begrebet
Pulspyrolyse, dvs. enkeltion milinger i sekvenser af pyrolyser
og passende nedkelingsperioder. Temperaturkontrollen til dette
er baseret pd& extensiv brug af computerisering af pyrolyse -
massespekirometri systemet.

Normalt er det enskeligt, at kun unimolekylare reaktioner finder
sted. I lavtryks reaktorer, hvor den middelfri vejlangde af
molekylerne er sterre end reaktorens diameter, dvs. 1 sdkaldte
Knudsen reaktorer, er dette wonske normalt opfyldt. En vigtig
konsekvens af de meget lave tryk er, at middelopholdstiden for
molekylerne i reaktoren kun er afh®ngig af reaktorgeometri og
-temperatur, men uafhengig af de“ indre tryk i reaktoren.

Bt teoretisk studie af molekylbevagelser igennem lavtryks reak-
torer viser, at i Curie-punkts reaktorer er den termiske akti-
vering, og hermed pyrolysen, af molekylerne et resultat af
enkeltkollisioner mellem molekylerne og filamentoverfladen. En
konsekvens heraf er, at der typisk foregdr en rakke kollisioner
mellem molekylerne og reaktorvaeggen (stuetemperatur), dvs. en
termisk deaktivering, mellem hvert molekyl - filament sted.




- 11 -

En vigtig faktor i gasfase pyrolytiske studier er vekselvirk-
ningen mellem molekylerne og den varme overflade i forbindelse
med den termiske aktivering. Siledes kan visse sammensatninger
af overflade dirigere pyrolysen imod bestemte produkter. Ofte
er disse produkter et resultat af en kraftig nedbrydning og
hermed uensket i studier af rene termiske reaktioner. Imidlertid
ma det ikke glemmes, at selektiv overfladebehandling kan anven-
des til at styre reaktioner mod onskede produkter, dvs. hetero-

gen katalyse,

Introduktionen af guldbelagte filamenter til gasfase <Curie-
punkts pyrolyse minimiserer tilsyneladende reaktioner induceret
af aktive metaloverflader som nikkel og jern. Effekten af guld-
behandlingen illustreres med udvalgte eksempler inden for svovl
og nitrogenkemien. Pyrolyse af methyl dithioacetat viser effekt-
en tydeligt, idet pyrolyse p& guldbelagte filamenter giver
anledning til dannelse af de forventede produkter (thioketen og
methanthiol), mens anvendelse af en nikkeloverflade resulterer
i en fuldstadig dekomponering allerede ved temperaturer s lave
som 3500C. Guldbehandlingen kan tilsyneladende undertrykke de-
oxygenerering (formelt tab af atomart oxygen) fra S-oxider og
desulfurisering af thiocarbonylforbindelser. Analogt minimiserer
guldbehandling deoxygenereringen af nitroforbindelser.

Overfladeinduceret deoxygenerering kan imidlertid anvendes se-~
lektivt til generering af ellers vanskeligt tilgangelige for-
bindelser. Her tjener dannelsen af nitrosoethen fra den til-
svarende nitroforbindelse som et illustrativt eksempel.

I enkelte tilfzlde kan overflader direkte indgd i reaktionsfor-
18b ved at donere ekstra atomer til primart dannede reaktive
specier. Dette er anskueliggjort ved studier af reaktionen
mellem nitrener og elementart carbon, en reaktion, der ferer

til det tilsvarende nitriler.
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Kapitel 5 (Gaskinetiske overvejelser)

Typisk involverer gaskinetiske studier af lavtryks pyrolytiske
reaktioner temmelig kompliceret matematik. Et af problemerne i
¢_nne sammenhang er, at molekylerne i lavtryks reaktorer ikke
opndr reaktortemperaturen, det sdkaldte "fall-off" problem. I
dette kapitel gennemgds en rakke meget simple overvejelser i
forbindelse med en empirisk behandling af gaskinetiske problem-
er, baseret pd princippet om "Effektiv temperatur", dvs. en
bestemmelse af den temperatur (aktuel energifordeling), moleky-
lerne rent faktisk opndr i reaktoren ved en given reaktortempe-
ratur. Dette betyder, at reaktoren "kalibreres" pd baggrund af
studier af en razkke reaktioner med kendte aktiveringsparametre,
nvilket giver anledning til fastlaggelse af et korrektionsled,
der giver sammenhazngen mellem reaktortemperaturen og den tempe-
ratur, molekylerne opndr, dvs. den effektive temperatur, Prin-
cippet med at kalibrere reaktoren illustreres ved kinetiske
studier p3d nogle simple reaktioner, der udviser et bredt spek-
trum af aktiveringsparametre. Til slut diskuteres de smd effek-
ter, der kan forventes at vare resultatet af darligt bestemte

korrelationsfaktorer.
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AN EFFECTIVE APPROACH TO FLASH VACUUM THERMOLYTIC
STUDIES ’ ’
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ABSTRACT

Flash vacuum thermolysis in combination with field ionization mass spectrometry,
supplementary with collision activated spectra of the single field ionized molecules, is
shown to be a facile and highly informative method for studying evea very complex mix-
tures of primarily formed products in the gas phase thermolysis of organic molecules.
The method allows quantitative detection of substances with haif lifes ¢;,; > 1073 sec. A
derailed description of the apparatus, which offers the possibility of studying gas phase
thermolyses over a wide range of temperatures (300—1400 K), and the methad is given,
and passible applications discussed.

INTRODUCTION

In recent years the flash vacuum thermolysis (FVT) technique has become
widespread in the study of highly reactive, and rather short-lived intermedi-
ates in the gas phase thermolytic decomposition reactions of organic mole-
cules [1—3]. In general, the thermolyses are followed by rapid thermal
quenching of the products on a liquid nitrogen cooled cold finger, possibly
supplementary with specwroscopic detection systems such as IR {4—6] and/
or UV—VIS spectrophotometers [4.5]. Direct combinations of FVT units
and photoelectron spectroscopy (PES) [7], microwave spectroscopy (MWS)
[6.8], and electron impact ionization mass spectroscopy (EI-MS) [1,86,
8—10] have been reported. However, these methods all have a somewhat
limited applicability, since the spectroscopic assignment may be exwemely
complicated in cases where the thermolyses lead to a mixture of several, and
often unknown, products.

In order to supply the need for an effective method of studying primarily
formed products in gas phase thermolytic reactions, not necessarily unstable,
we report here a simple FVT technique, which does not suffer from the
above-mentioned failing. The method is based on the direct combination of
a thermolysis unit and fieid ionization mass spectrometry (FI-MS) [11,12]
complementary with collision activation mass spectrometry (CA-MS) {13]
of the single field ionized molecules.

[
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APPARATUS

In contrast to the often rather complicated glassware thermolyzers
2,7,14], we have constructed a simple and effective thermolysis unit as a
modification of the Pye Unicam PV4000 pre-column-nyrolysis-svstem.
which is based on the Curie-point pyrolysis technique {13], i.e. the high
frequency inductive heating’in ferromagnetic materials.

The thermolysis unit (Fig. 1} consists of three main parts: {a) injection
biock. (b) reactor (hot zone), and (¢} line-oi-sight inlet system as thermolysis
unif—mass spectrometer interface. The injection block (brass) is connected
directly to the Curie-point pyrolyzator. the latter being connected to the
Varian line-of-sight inler system by an adapter flange (Fig. 1H). Inside the
thermolysis unit a quartz lining tube is placed (Fig. 1E) with an i.d. of
2 mm, which leads the thermolysis products directly into the ion source of a
Varian MAT CH3 D instrument (the magnetic sector preceeding the electric
sector) equipped with a combined electron impact iomization/field ioniza-
tion/field desorption (EI/FI/FD) ion source. The field ion emitter was a 10
um tungsten wire activated in benzonitrile vapour. The maintenance of the
vacuum in the system is based on differential pumping (mercury diffusion
pumps) of the ion source, analyzer tube, and the electric sector. Pumping
speed was 3 X 150 1sec™!. The total set-up is shown in Fig. 2.

The internal pressure in the thermolysis unit, especiaily in the reactor.
Is of importance for the possible exciusion of bimolecular reactions. In order
to estimate the working pressure in the thermolysis unit we studied the pos-
sible recombiration of tert-butoxy radicals to di-tert-butyl-peroxide. The
radicuis are generated thermally by thermolyzing ai-ters-butyl-peroxide [16]
at 1043 K, at which temperature the latter is compietely cieaved into tert-
butoxy radicals. We have not been able to detect the recombination product

[njection Block Reactar Line-of-signt

lnlet-system

|
vy | e
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Fig. 1. Thermolysis unit. A, Septum; B, injection block heater; C, thermocouple for tem-
perature readout: D, rubber washer; E, quartz lining tube: F, ferromagnetic wire; G, high
frequency induction coil; H, adapter flange; I, goid wire sealing.
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Fig. 2. Thermolysis unit —~ mass spectrometer set-up. A, Thermclysis urit; 8. ELFI/FD
ion source; C, entrance slit; D, analyser tube; E, magnetic sector; F, intermediate focus
slit: G, needle valve; H, electric sector: I, collector slit; J, detector (SEM).

by the FI-MS method, which means that it is formed in yields of less than
1%, leading us to the following expression [3,10]

A[t-BuO-], =tk [t-BuO-] < 0.01 (1)

where A[t-BuO-], is the fraction of the radicals which have recombined in
the time ¢, {mean residence .une} with a rate constant k,; the latter is in
the present case reported to be 10%® sec™ [17]. Taking the wein residence
time, t.,, arbitrarily to be 107 sec, it follows from eqn. (1) that [¢-BuO-} <
10°™3, which corresponds to an internal pressure, P, less than 5 X 10™ torr,
i.e. the mean free paths for the molecules are larger than the diameter of the
reactor, and the intermolecular collision frequency is consequently very low,
which means that bimolecular reactions can hardly be expected. Further-
more, based on the above estimate it is seen that the thermolysis unit, and
as a part of the latter, the reactor, fulfils the requirements for a Knudsen
reactor [3,10,18], i.e. the mean residence time ¢t depends only on the
actual geometry of the latter (! 40 mm, i.d. 2 mm) and the temperature,
and not the internal pressure. The mean residence time in the reactor (con-
tact time in the hot 2one) can then be calculated according to the Knudsen
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formula {10,18]
tme = 4V/CA sec 2)

with V as the reactor volume and A as the area of the orifice (0.03 ¢m?®). The
mean molecular rate, ¢, can be estimated according to the kinetic gas theory

c=1.46 X 10*(T/M)"* em sec”™! (3)

where T is the reactor temperature and M is the molecular weight of the
molecule under investigation, e.g. T = 800 K, M = 200 gives ¢ = 2.92 x 10*
cm sec”!, and consequently t%,, = 5.7 X 107* sec. A similar estimate for the
line-of-sight inlet system (/25 cm) gives a mean residence time &, = 3.6 X
1073 sec (T = 400 K. M = 100).

In spite of the above exclusion of bimolecular reactions. secondary
processes, as are consecutive unimolecular decompositions of thermally
labile primary formed reaction products, have to be considered. Firstly, a
direct rethermolysis in the hot zone (reactor) has to be discussed. The simple
first-order rate law d[A]/dt = k[ A] can, for small time intervals, be rewritten
as .

A[A]/[A] = kyAt (4

k4 being the rate constant for the unimolecular decomposition. and A{A]/
[A] the fraction of primarily generated A which has decomposed within the
time At; the latter can, in the present case, be chosen as the mean residence
time in the reactor tg,.. An estimate of the degree of rethermolysis of a com-
pound exhibiting a rate constant k4 can then be directly obtained from eqn.
{4), e.g. a degree of rethermolysis less :han 1% can be expected for reastions
with rate constants, at the appropriate temperature, ky < 10® sec™'.
Secondly, the possible decomposition in the heated line-of-sight inlet system
will be discussed; this is probably the major problem in cases where the
primary generated compounds are highly thermally labile, since the mean
residence time in this part of the system, ti,, is ca. 10 times higher than t7,,.
However, the temperature in the inlet system is in general much lower than
the reactor temperature. Under normal conditions it is possible to observe
products present in amounts down to 0.1--1.0% relative yield (molar frac-
tion), depending on the FI sensitivities {12] of the compounds under investi-
gation, which means the relation in eqn. (1) becomes

A[AY/[A] = kgt < 0.99 (3

Using the above conditions for the line-of-sight inlet system (T'= 400 K, M =
100, th, = 3.6 X 1077 sec) gives ky < 2.9 X 10% sec™!, corresponding to a half
life t,,, > 2.4 X 107 sec, i.e. labile compounds with half lifes greater than ca.
1073 sec would in general be observable. It is, however, noteworthy that in
special cases, compounds with even smaller half lifes may be observed. Thus
the unimolecular thermal decompositior of tert-butoxy radicals into acetone
and methyl radical proceed at 400 K with a rate constant k4 = 10*% sec
(19], corresponding to a t,,, = 2 X 107% sec. and we are able to detect minor
amounts of the radicals, approximately 0.2% assuming comparable FI sensi-
tivities of the tert-butoxy radicals and acetone.
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METHOD

In general, studies of the unimolecular gas phase thermolytic decomposi-
tions of organic molecules are carried out in the following way. Samples of
ca. 50 pg of the pure compound are introduced (micro-syringes) into the
reactor, equipped with the filament with the appropriate Curie tempera-
ture, via the heated injection block. To prevent condensation in the latter
part of the system. the line-of-sight inlet system, connecting the reactor and
the mass spectrometer ion source, is heated.

Owing to the relative fast evaporation of the samples in the injection
block (ca. 5—10 sec) the FI-MS spectra must be recorded with a scan rate of
50—100 a.u. sec™! (signal-to-noise > 1000).

Collision activated mass spectra [13] were obtained introducing helium
as collision gas via a needle valve (Fig. 2G) into the second field free region
of the mass spectrometer. The collision gas is admitted as a molecular gas
beam focussed on the ‘on beam just behind the intermediate focus slit (Fig.
2F). Appropriate adjustment of the magnetic field secures passage of only
the desired ion through this siit. The CA-MS spectra of the single ions are
obtained by scanning the electrostatic field, and are recorded within 5 sec
(signal-to-noise ca. 50).

It can be mentioned that in cases of samples with very low vapour pres.
sures the injection block is disconnected and samples are placed directly
onto the ferromagnetic wire by the dip-coating technique [9,15]. However,
using this latter method the evidence of pure gas phase thermolysis is lost.

APPLJCATIONS AND DISCUSSION

The paramount advantage of the combination of the thermolysis unit with
field ionization mass spectrometry (FI-MS) as detection system reported
here, is to be sought in the field ionization principle [11,12]. The detection
system offers the possibility of analyzing even very complex reaction
product mixtures, since FI takes place with no excess energy, excluding
polarization by the high electric field, to the neutral molecule [11], i.e. FI
gives rise to molecular ions — even of very unstable substances — accompa-
nied only by a very few, if any, fragment ions, generally of low intensity
(<1%) [12]. This is in contrast to EI, which may yield complicated electron
impact induced fragmentation patterns, which leads to further confusion
when they are to be described as superpositions of EI-MS spectra of several.
and often unknown, reaction products.

It should in this connection be noted that another soft ionization method
chemical ionization (CI) [20] does not reveal the same advantages although
the sensitivity of CI-MS is comparable to that of EI-MS, since CI operates
at pressures around 1 torr, i.e. bimolecular reactions cannot be excluded.
Furthermore, it is to be expected that the bimolecular ionization mechanism
[20] will mask the thermal formation of reactive species.

To illustrate the superiority of FI-MS relative to EI-MS as detection sys-
tem in FVT experiments, we have studied FI-MS, 13 eV EI-MS, and 70 eV
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EI-MS spectra following thermolysis of the trimethylsilyl-thionocarboxylate
(I) at 1043 K, the thermolysis of I being studied as a part of our current
investigations on gas phase thermolytic decompositions of thionocarboxyl-
ates [21].

t-Bu ., S
“en-¢” '

. / AN

i-Pr 0-SiMe,

'

We find that I fragments strongly under thermolytic conditions, whereas
no FI induced fragmentation is observed. Based on the FI-MS spectrum ob-
tained following thermolysis at 1043 K (Fig. 3a), the overall reaction may be
rationalized in the following way
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Figure 3b and ¢, depicting the 13 and 70 eV EI-MS spectra of following
thermolysis at 1043 K, clearly illustrates the difficulties of using EI-MS as
detection system. Compound 1. as well as the reaction products. strongly
fragmentate under 70 eV EI-MS conditions. and it is seen that several of the
reaction products do not even exhibit molecular ions (Fig. 3¢}, a fact which
is certainly not limited to these special compounds. A rationalization of the
above reaction scheme, based on the spectrum shown in Fig. 3c, is obviousiy
extremely difficult, if not impossibie: neither does the low voltage 13 eV EI-
MS spectrum (Fig. 3b) in the present case clarify the product compeosition,
since decreasing the ionization energy gives rise to molecular ions without
sufficient energy to be degraded by multiple pathways leading to fragment
ions with lower m/z values. Thus the 13 eV EI-MS spectrum is characterized
by more pronounced molecular ions together with fragment tons originating
from the more energetically favoured fragmentation pathways. Hence. the
latter spectrum is almost to be described as a superposition of the FI-MS and
the 70 eV EI-MS spectra, i.e. the electron impact induced fragmentations are
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Fig. 3. FI-MS. 13 eV EI-MS, and 70 eV EIL-MS spectra obtained foilowing flash vacuum
thermoivsis of [ at 1043 K. Since I is totally degradea at this temperature 20 moiecular
ion (M = 246} 1s observed.

still observed. but simultaneously the molecular ions have grown in.

Additionally it should be mentioned that in cases where the electrcn im-
pact induced and the thermally induced fragmentations resemble each other.
small changes in the spectrum due to the latter may well be drowned in the
former. Furthermore, it is obvious in the present case that other conven-
tional detection systems. such as IR-, UV/VIS-, PE-, or MW spectroscopy,
would not leave any possibility of rationalizing a reaction scheme as shown
above: neither would a simple sotation technigue.

The FI-MS detection system enables us to detect ail organic reaction
products formed in relative vields (molar fractions). generaily above 0.01.
Small inorganic fragments, however, are not detectable using this technique.
as these compounds have very low Fl-weight sensitivities. Additionallv, the
geometry of the ion source of the mass spectrometer used may play an im-
portant role [12].

However, although the obtained FI-MS spectra of the thermolivsates give
extremely vaiuable primary information apout the product comypositions,
the EI-MS spectra of the single species in the reaction product mixtures
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would be rather profitable in the search for further information on the struc-
tures, in cases of doubt, of the individual products, since it should be remem-
bered that FI-MS spectra in general do not provide any structural informa-
tion due to the lack of fragment ions. (Valuable information on the compo-
sition of the single compounds can, however, be obtained by intensive
studies of the isotopic peaks in the FI-MS spectra.) The additional recording
of the CA-MS spectra of the single field ionized molecules {13], however,
supplies this want. as the collision of molecular ions of high kinetic energy
(>3 keV) with neutral target atoms of low molecular weight. e.g. helium, is
known to give rise to a large variety of fragments. In general, these types of
fragments resemble those formed under normal 70 eV electron impact con-
ditions [13]. No interference from even large quantities of other compounds
can disturb the CA-MS spectra, as long as they do not have the same molec-
ular weight as the compound under investigation. To illustrate the use of CA-

MS, we studied the gas phase thermolysis of 5-phenyl-1,2.3 4-thiatriazole (1I)

Law,

at 1043 K. In Fig. 4 the FI-MS spectra ¢f I without thermolysis and follow-
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Fig. 4. FI-MS spectra of 53-phenyli-1,2,3,4-thiatriazole (I} without thermolysis (22] and
following thermoiysis at 1043 K, and CA-MS spectrum of the thermoivsate with miz =
103.
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ing thermolysis at 1043 K are depicted together with the CA-MS spectra of
the thermolysate with the molecular ion 103; the CA-MS spectrum of the
latter is in complete accordance with the previously reported spectrum of
benzonitrile [13], in agreement with the known thermal decomposition of
m[22].
N =N .
1 L)
CHy=C N ——— CH,ON = CHNCS - S =N,
s
1

It is noteworthy in this connection that the very simple introduction of
the collision gas (Fig. 2) used is profitable since it gives rise to rather intense
CA-MS spectra, which enable us to record the complete spectra 10.1—1.0E}
within a few sec (see above), i.e. even of rather unstable compounds. in
contrast to the much slower recording reported by other authors {23]. (In
cases of stable reaction products a direct comparison between the CA-MS
spectra with those obtained from authentic samples is expedient.)

The method described here gives the possibility of a wide choice of stabil-
ized. accurately controlled. and reproducibie thermolysis temperatures
19,24}, as a wide range of ferromagnetic maternais with Curie-points from ca.
300—1400 K are readily available. It is obvious that by studyingz composite
reaction mechanisms the mutual preduct ratios as a funcuien of reaction
temperatures may give valuable information on the single involved reactions.
Thus. the gas phase thermolysis of 1,1.3.3-tetramethy!.2-thiocarbonyl-cyclo-
hexane S-oxide (III) has been rationalized in terms of two concurrent
pnmary reactions that are extrusion of atomic oxygen and formation of the
three-membered oxathiirane [25]. At 753 K the two reactions proceed to an
almost equal extent *, whereas increasing the thermolysis temperature results
in an increase in the thioketene formation, with a simultaneous decrease in

C=s-0

z ) -5
C\ :
— 0
the oxathiirane yield, strongly indicating the thioketene formation to be the

* [t is not possibie to calculate the vields of the single species directly from the FI.\M3
spectra, as the single compounds may exhibit rather different Fl-weight-sensitivizies (12].
However. introducing mixtures of the available compounds among the reaction products,
with varying mutual ratios, the individuai relative sensitivities in generai can be calcuiated
directly or indirectly [25}
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thermodynamically favourable pathway, whereas the electrocyclic ring
closure to the oxathiirane is kinetically controlled.

The limiting factors of the present method, as is the case with all FVT
studies, are (a) the contact time in the hot zone, and (b) the lower half life
limit of the products which secure detection: account of the latter is given in
the previous section. The very short contact time. 107—-107% sec. is
extremely important to avoid secondary thermolytic reactions (3]. However.
even using extremely short contact times, it might in several cases be diffi-
cult to distinguish between primary and secondary reaction products: e.d..
by thermolyzing the thiokerene S-oxide (III) at 1043 K, both this and the
primary formed thioketene are able to form a vinylidene carbene (M = 133)
by SO and S extrusions, respectively {25]. In the present case, with both the

>=c=§-o'

(M 38!

~_ r

>;:;s / (M 150)

thioxetene and the S-oxide as stabie compound. it was nevertheless possible
to compare directly the two thermally induced fragmentation patterns (Fig.
57, whereby it can be demonstrated that less than 15% of the total amount
of thioketene formed by thermolyzing the S-oxide could undergo rethermo-
lysis [25].
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Fig. 5. FI-MS spectra of 1,1,3.3-tetramethyi-2-thiocarbonyi-cyclohexane S-oxide (D (A
and 1,1,3.3-tetramethyi-2-thiocarbonyl-cyclohexane (B) foilowing flash vacuum thermo-
lysts at 1043 K.
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CONCLUSION AND OUTLOOK

The above description of the facile and effective approach to FVT studies
has demonstrated that this method, by FI-MS, rapidly gives primary informa-
tion of even very complex product mixtures originating from gas phase ther-
molyses of organic molecules, as well as further structural information, by
CA-MS, of the individual thermolytically formed species. Furthermore.
quantitative information on the product compositions can be obtained by
using the relative Fl-weight sensitivities (see footnote on p. 53), and finally a
mechanistic evaluation is achievable *.

Finally , the advantage of this method as a rapid technique for optimiza-
ion of the reaction conditions should be remembered, e.g. before turning o
more possibie further spectroscopical characterization of thermally unstable
thermolysates.
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SUMMARY

Basic principies, capabilities and limitations of coilision activation mass spectrometry
are reported, with special reference to real-time analysis of flash vacuum thermolyticaily
generated products. The analyticai utility is demonstrated in terms of structure eluc:da-
tion and isomerization studies. The potential feasibility of the combination pyrolysis—
coilision activation mass specirometry in the study ol otherwise non-accessible reference
structures {or Jaseous ion investigations is discussed.

INTRODUCTION

Flash vacuum thermolysis is used in the study of thermaily induced
reactions of isolated gaseous molecules [1] and has found widespread use in
the study of reactive and/or short-lived compounds {2—4]. The reai-time
analysis of such reactions is highly desirable. However, few analytical tech-
niques are available at the very low pressures necessary to ensure unimolecu-
lar reactions only. So far mass spectrometry (MS) {1,5—8] and photoelec-
tron spectroscopy [9] have been applied. Microwave spectroscopy has found
widespread use in connection with gas phase thermolytic studies {10]; how-
ever, owing to the pressure necessary in this technique, bimolecuiar reactions
cannot te exciu.led. in generai, the methods have limited applicability as the
spectral assignment may be complicated vecause thermolysis may lead to
mixtures of several, often unknown, products. The potential applicability of
collision activation (CA) supplementary to field ionization (FI) MS for
multi-component mixture analysis has been reported previously [11—13].
Recently, the superiority of the direct combination of a flash vacuum ther-
molysis unit and a FI mass spectrometer complementary with CAMS analysis
of the single field ionized products has been demonstrated [14]. We report

* For Part 1, see ref. 14.

0165-2370/82/0000—0000/$02.75 ® 1982 Elsevier Scientific Publishing Company
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here on the general capabilities of real-time CAMS analysis applied to gas
phase pyrolysis. The immediate characterization of pyrolytically generated
products is elucidated by (a) the unimolecular thermolysis of 1,2-oxathiolane
and (b) by thermal induced isomerizations of ethyl thionoacetate and
180.1abelled ethyl acetate. The in situ generation of reference structures is
illustrated by the formation of the parent N-phenylketenimine in connection
with studies on the electron impact induced fragmentations of azoles [15].

BASIC PRINCIPLES

The required tandem mass analysis is typicaily achieved using a double-
focusing instrument with reverse Nier-Johnson geometry, i.e., with the
magnetic sector preceding the electric sector. Fragmentation of primary ions
(m,) in the second field-free region produces fragment ions (m,) whose kine-
tic energy, compared with that of the primary ions. is directly related to the
mass ratio (m.,/m,), the electrostatic sector acting as the second mass ana-
lvser. Scanning the electric fieid produces a linear mass scan, which facili-
tates the interpretation of the data. [t snould be noted that using the electro-
static sector as the only second mass analyser, the resolutions of secondary
mass spectra are in general low (m/Am = 200). However, the total energetics
of the fragmentations are retained in this spestrum. Improvement of the
resoiution is attainable using a linked B/E scan technique and hence moni-
toring the fragmentations occurrng in the first field-free region {16].

Fragmentation of single ions

Application of ionization modes, such as electron impact (EI), leads to the
formation of ions with considerable excess energy. lons possessing half-lives
of ca. 107% s may decompose in the second field-free region, giving rise to the
metastable daughter ion spectrum [17]. These low-energy decompositions
may in certain instances reveal a unique analytical utility, e.g., elucidation of
isomeric differences [18]. However, a secondary mass spectrum, which will
carry much more structural information, is obtained by collision activation
of the single high-energy (>1 keV) ions. The fragmentations are initiated by
vertical electron excitations in the ions [19], the energy demand being
covered by conversion of a small fraction of the transiational energy by the
“near-miss’’ coilision process {20.21]. The relative abundances of collision-
induced fragments are independent of the energy distnibution of the col-
liding ions [20—24]. Thus a CA mass spectrum reflects the ion structure.
The apparent resemblance of CA mass spectra and .he corresponding EI
spectra is due to comparable internal energies of the fragmentating ions and
residence times in the field-free regions and the ion source, respectively
[22—24]).

Finally, the recent development of quadrupole systems for CAMS analysis
should be mentioned. The major benefits of these systems lie irr the easy con-
trol of the quadrupole mass filters and an enhanced CA efficiency [25—27].
However, low-energy ion beams are employed, resulting in an entirely differ-
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ent coilision process [25,26]. The energy transfer probably involves vibra-
tional excitations in the ions [25,26]. Apparently, the quadrupole CAMS
spectra are strongly dependent on the actual translational energy of the ions,
complicating the interpretation of spectra arising from unknown compounds
[28]. However, the method is most promising for the direct analysis of mix-
tures and hence may also be applicable to thermolytical studies {27].

CAPABILITIES AND LIMITATIONS

The eventual success of a reai-time CAMS analysis of gas phase pyrolytic
reactions is based on fulfilment of three key requirements: (a) specific ion-
ization, (b} separation of the individual ionized compounds and (c) high
CA efficiency.

Field ionization is a soft, unimolecuiar ionization mode [29]. The very
low level of excitaticn of molecular ions is an important feature, as it
greatly minimizes fragmentations of the latter. Hence, in general, FI gives
rise to molecular ions accompanied by only few, if any, fragment ioas
[29,30). However, FI has a considerably lower sensitivity than most other
ionization modes; in particular, small inorganic molecules show extremely
low FI sensitivities and will in general escape detecticn [14). The apparent
low sensitivity of these compounds may be due to a lower electrodynamic
supply of neatral molzcules aiong the emitter surface. Additionaily, the
relative high ionization potentials which these compounds exhibit, and also
the actual geometry of the ion source, may play an important role [29]. It
should be noted that another soit ionization method, chemical ionization
(C1), does not have the same advantages as FI, aithough the sensitivity of
CI-MS is comparable to that of EI-MS, as CI operates at around 1 Torr, i.e.,
bimolecular reactions cannot be excluded in the pyrolysis unit. Further,
it is to be expected that the bimolecular ionization mechanism will mask
the thermal formation of reactive species.

The requirements for the primary ion separation are lowered by applica-
tion of FI. Interference is limited to cases where compounds exhibit identi-
cal integral molecular weights. In this study the resolution (m/am) of the
magnetic sector, determined at the intermediate focus slit (0.4 mmu = 100%
transmission) is 400—300 (10% valley) covering the mass range of interest
in common pyrolysis experiments (m/z 1—500).

The collision efficiency is an important parameter, taking the relatively
low ion currents obtainable by FI into account. The yield of fragment ions
attainable by CA is typically of the order of a few per cent. Increasing the
kinetic energy of the primary ions increases the abundance of high-energy
fragmentations, as is predictable by the Massey adiabatic criterion {31]. The
application of 3-keV ion beams results in ca. 1 eV as the most probable exci-
tation energy (m/z 100) [31,32]. Superimposed CAMS spectra obtained
from mixtures of, e.g., two compounds exhibiting equal integral molecular
weights are complicated, especially in cases where one of the molecular ions
exhibits high-energy fragmentations only [e.g., simple heterocumulenes such
as thioketene (m/z 58)] whereas the other fragmentates via low-energy
pathways (e.g., aliphatic ketones such as acetone (m/z 58)]. Attempis to
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identify the actual composition of such multiplets, based on the CAMS spec-
tra only, may be erroneous as the CAMS spectrum will be dominated by the
fragment ions formed via the low-energy fragmentation paths. To solve prob-
lems such as this, high-resolution FIMS has to be used.

Bearing this problem in mind, compounds are apparently cl.aracterized
easily based on CAMS spectra by comparison with spectra of authentic sam-
ples. In very successiul cases where application of the pyrolysis method leads
to hitherto unknown compounds. structure eiucidation may be achieved by
applying the common mass spectrometric fragmentation rules, as the CA
and EI induced fragmeniations are fundamentally related, as mentioned
above.

EXPERIMENTAL

The gas phase pvrolyses were carried out using the Py—FIMS technique,
which has been described in detail previously [14]. The method is based on
the direct combination of a Curie-point controiled pyrolysis unit [33],
fulfilling the requirements for a Knudsen reactor, and a double-focusing
Varian-MAT CH 5D mass spectrometer, equipped with a combined EI—
FI—field desorption (FD) ion source. Samples were introduced to the
pvrolysis unit either wia a viscous gas inlet or using a solid inlet system [3<].
The CAMS spectra were obtained by appropriate adjustment of the magnetic
field to ensure passage of the desired jons only through the intermediate
focus slit. Collision activation of the selected ions was performed, intro-
ducing helium as the collision gas as a molecular gas beam focused on the ioas
beam just behind the intermediate focus slit. The spectra were recorded by
scanning the electrostatic field and visualized directly on an X—Y recorder.
The CAMS spectra are uncorrected for contributions from unimolecular
metastable processes.

Ethyl thioloacetate was prepared by ethyiation (C,HI) of thioacetic acid:
b.p.760mm ng 115—116°C (lit. 116.4°C {35]). Ethyl thionoacetate [36] and
S-phthalimido-3-mercaptopropan-l-ol [37] were synthesized as described
previously. Ethyl [**0Qlacetate was prepared similarly to methyl ['®0)acetate
by hydrolysis (H,'®0) of l-ethoxyethylideneiminium chloride in pyridine
{38].

DISCUSSION

The first part of the discussion on real-time CAMS analysis will be devoted
to two main areas of pyrolysis experiments, viz., unimolecular decomposi-
tions and rearrangements.

Product identification in unimolecular pyrolyses

The possibility of an instant characterization of single compounds in mix-
tures arising from gas phase reactions is probably the most striking feature of
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FI—CAMS analyses. The pyrolysis of 1,2-oxathiolane (1) (M 20) illustrates
well the capability of the method. This simple cyclic sulphenate has recently
Yeen synthesized by smooth cracking of S-phthalimido-3-mercaptopropan-
i-ol in vacuo and characterized partly due to its thermal decomposition
(37,39].

) .
; CS
N-S-CH,CH,CH,0H ——-—— [
ChCh, < PREANKH o

Q

1tm30)

The FI spectrum of 1, generated at ca. 373 K, is shown in Fig. 1a. The FI
spectrum recorded after pyrolysis of 1,2-oxathiolane, depicted in Fig. 1b, is
dominated by peaks at m/z 56 and 58, corresponding to eliminations of hy-
drogen sulphide and sulphur, respectively, from 1 [39].

To obtain information on the identities of these compounds the CAMS
spectra of the single field ionized molecules were recorded. The resulting
spectra are shown in Fig. 2. The C,H.O compound {m/z 56) is readily iden-
tified as acrolein (2), the CAMS spectrum (Fig. 2a) being identical with that
of an authentic sample. The alternative structure, HC = C—CH,0H, propargyl
alcohol. is excluded on the basis of the Tl specirum alone, as it readily frag-
ments under FI conditions, giving rise to an intense [M—1]" ion, which is not
observed (cf. Fig. 1).

The identification of the C;H,O compound (m/z 58) appears more com-
piicated. as six structures (3—3) a priori have to be considered.

a0
97
56
50
) 58
: |
< i
K a ;
2 1004 a
3 90
&
s
50 \,o
] T T
20 w0 60 80 100

m/z

Fig. 1. Field ionization mass spectra of 1,2-oxathiolane (1), (a) without pyrolysis and (b)
after pyrolysis at 1043 K. -
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Fig. 2. Collision activation mass spectra of the field ionized (a) C3H4C 2and (b) C;H;0
compounds of m/z 56 and m/z 38, respectively, formed by pyrolysis of 1,2-0xathiolane

(1)at 1043 K.

CH,COCH, CH,CH,CHO H,C=CH-CH,0H
3 4 -]
o HC ~0
I [

CH,-CH-CH, H.C—~CH, H,C:CH-OCH,
6 ? 8

However, large differences in the CAMS spectrum of the actual isomer and
those of 3, 6 and 8 leave apparently propanal (4), allyl alcohol (5) and oxe-
tane (7) only to be considered [40]. All three isomers seem to be plausible
candidates, based on mechanistic considerations. In Fig. 3 the significant
mass region m/z 25—35 of the FI~CAMS spectra of the isomers 4, 5and 7
together with that of the thermally generated C,H,O isomer is shown. The
resemblance of the CAMS spectra of allyl alcohol (5) and the unknown
CyH¢O isomer is striking. However, the presence of minor amounts of 4
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Fig. 3. Partial coilision activation mass spectra of field induced molecular ions of (a)

propanal (4), (b) oxetane (7), (c) allyt alcohol (5), and (d) the pyroiytically formed
C1H4;0 isomer.

and’/or 7 cannot be excluded. It should be added that the two low-intensity
ion clusters around m/z 39 and 43 (Fig. 2b) are also observed, recording the
complete CAMS spectrum of ailyl alcohol. The formation of 2 by thermol-
vsis of 1,2-oxathiolane has been discussed previously in terms of the initial

formation of 3-mercaptopropanal, consecutively eliminating hvdrogen sul-
phide [39,41].

H,C=CH-CHO

2IM56)
-M,8

3
<:. —a—  HSCH,CH,CHO

\‘s

H,C=CH-CH,OH

SiMs8)

RN & e,
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At present, the formation of 5 is explained tentatively by removal of S
from the cyclic hemimercaptal isomer of the mercaptoaldehyde, 2-hydroxy-
thietane. Finally, it can be noted that a similar mechanism has been pro-
posed recently for the thermal decomposition of the corresponding four-
membered sulphenate, 1,2-0xathietane [42].

»

Rearrangement/isomerization reactions

The analyses of isomeric compounds present a common problem in py-
rolysis experiments. Frequently appropriate crossover experiments have to
be performed in order to ensure that apparent isomerizations do not arise
from consecutive bimolecular reactions between initially formed products.
Carrying out the reactions under pure unimolecular conditions the real-time
CAMS analysis technique may be applied advantageously to rearrangement/
isomerization reactions. In studies of isomerizations, both the starting mate-
rial and the isomerized product of necessity exhibit the highest molecular

o
x

Qr Q2 03 04 05 08 07 08 Q9 €

20 40 60 80 m/z

Fig. 4. Collision activation mass spectra of electron impact (70 eV) induced molecular
ions (m/z 104) of ethyl thionoacetate (9), (a) without pyrolysis and (b) after pyrolysis at
1253 K, and (c) of ethyl thicloacetate without pyrolysis.
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weights in the reaction mixture. Hence, the CAMS analysis can advanta-
geously be carried out using EI ionization, leading to a higher sensitivity of
the method.

The thiono—thioloacetate rearrangement has previously been reported
by Oele et al. [43] and Bigley and Gabbott [44]. It was demonstrated that
thiono esters rearrange to the thermodynamically more stable thiolo isomers,
the reaction following first-order kinetics. However, on pvrolysing thiono
esters that possess a 3-hydrogen atom in the ester chain, the alkene elimina-
tion remains the predominant reaction [43,44]. In Fig. 4a and ¢ the CAMS
spectra of unthermolysed ethyl thionoacetate (9) and ethyl thioloacetate
(10), respectively, are shown. Additionally, in Fig. 4b the CAMS spectrum
recorded following the pyrolysis of ethyl thionoacetate at 1253 K is
depicted. It is obvious that the mono-thioester apparently surviving the ele-
vated temperature is a mixture of 9 and 10 (ratio 9/10 = 1.53; cf. ref. 38).

,5-CH,CH,
CH,-C.

/{M: 10 (M 104)
s
CcH-C
Q-CH CH
CH,CH, major
9 (m104)

CH.COSH + CH,

The reverse reaction, i.e., a thiolo—thiono rearrangement, is not observed
on pyrolysing compound 10. It should be emphasized that the direct assay
of the thiolo ester in the thermolysate is by no means straightforvard, as
pyrolysis of 9 at this temperature simultaneously leads to the formation of
keten and ethanethiol [45], which may easily react to give the thiolo isomer.

In the thionoacetates the activation parameters for isomerization and elim-
ination appear to be comparable [43,44]. The enhanced polarizability and
nucleophilicity of the C=S bond relative to that of the C=0 bond is assumed
to play an important role in the isomerization reaction. However, with car-
boxylic acid esters the j-elimination is expected to be energetically much
more favoured than the oxygen to oxygen alkyl group migration. Recently
we have demonstrated by CAMS analysis the thermally induced intramolecu-
lar oxygen to oxygen methyl group migration in '®O-labelled methyl acetate
{38]. Methyl acetate was found to be thermally stable and the only concur-
rent reaction observed, a 1,2-elimination of methanol, proceeds to a very
minor extent only. On this basis, it is of interest to know if oxygen to oxy-
gen transfer of the ethyl group is detectable in the thermolysis of '*O-
labelled ethyl acetate (11). Previously Smith et al. observed very minor oxy-
ger. isomerization in '*O-labelled ethyl acetate, but the phenomenon was not
discussed (46].

The CAMS spectrum of electron impact ionized ethyl acetate is shown in
Fig. 5. The dominating fragment (m/z 70) is a result of loss of H,O from the
molecular ion, a process demonstrated to involve mainly the carbonyl oxy-
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CH,2CH'0  + CH,OH
o
CHy-C |
0-CH,
major
Ho-cH,
CH,-C,
o
18
CH,CO0H + C,H,
l’lo /
CH,-C
0-CH,CH, \,,\,‘
'#0-CH, CH
. 1 3
11 {M90) onyc,

o]

gen [47.48]. Fig. 6a shows the corresponding CAMS spectrum of '*C-
labelied ethyl acetate (11). It is emphasized that the CAMS spectrum of 11
reveals an apparent isomerization of the ionized molecule. It is noted that
FI, which minimizes the risk of isomerization, leads to a comparable ion
intensity ratio {(m/z 70 : 72) (Tatle 1) in the FI—-CAMS spectrum. Pyrolysis
of 11 (Fig. 6o, arfords a significant change in the m/z 70 : 72 ion intensity
ratio (cf. Table 1) towards that expected for CH,C(O)!*OCH,CH,. Simul-
taneously, the m/z 45 cluster changes in accordance with that predictable
using the m/z 70 : 72 ion intensity ratio and the CH,CO" : CH,CH,O" ratio
(cf. Fig. 5), a thermally induced isomerization of ethyl acetate being unam-
biguously demonstrated. Hence, we tentatively propose an isomerization
mechanism similar to that of methyl acetate, i.e., vibrational excitation of
the OCO and COC in-plane bending modes of the ester group [38].

o] 70
CHyC
0-CH,CH,
51
3is 80
N 1 3
91 a2 01 o0& a5 o 07 08 09 €
T T T T T T T r
20 40 60 80m/z ’

Fig. 5. Collision activation mass spectrum of the electron impact (70 eV) induced molecu-
lar ion (m/z 88) of ethyl acetate.
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Fig. 6. Collisian acctivation mass spectra of electron impact (70 eV) induced molecular
ions (m/z 90) of ethyi ['30 Jacetate (11), (a) without pyrolysis and (b) after pyrolysis at
1253 K.

TABLE1

Intensity ratio of m/z 70 and 72 ions generated by collision activation of field ionization
and electron impact induced molecular 1ons of ethyl (130 Jacetate [11)

12l
FI—-CAMS 0.27
EI-CAMS 0.27
EI-CAMS after thermolysis at 1233 x 0.42
o —_ b 49-CH, CH,
CH,-C T OCHRC CHCH, T enpec] ’
0-cH,cH, T N — 0

Generation of reference structures

The following discussion deals with the potential appiicability of the
pyrolysis method for in situ generation of otherwise inaccessible reference
structures in connection with the study of gaseous ions. Knowledge on gas-
eous ion chemistry has increased rapidly during recent years owing to the
development of powerful techniques for these specialized studies {17,49].
In most experiments (CA spectra, kinetic energy release, AH,, etc.) the
unknown ion structure is elucidated by comparison with reference ions [49].
Ion structures of odd-electron fragments are typically derived using molecu-
lar ions of authentic compounds assuming retention of the original geometry
in the ionized state. However, when the required compounds may be too
labile to be handled by ordinary mass spectrometric techniques, the pyrol-
ysis method affords a unique opportunity for the in situ generation of such
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compounds. When the molecule contains heteroatoms, facilitating an esti-
mate of possible charge localization in the ion, the pyrolysis generation
may be especially advantageous. The possible formation of N-phenylketeni-
mine (12) on pyrolysis of acetanilide (13) is chosen to illustrate this.

NHCOCH, N:C=CH,
g — O
- 4,0
13 (M 135} 12 (M7

Substituted N-phenylketenimines are generally prepared by direct deny-
dration of the appropriate N-phenylamides [50]. However, the parent
N-phenylketenimine (12) has only been prepared at low temperatures and
polymerizes rapidly at room temperature (51]. In Fig. 7 the FIMS spectrum
obtained after pyrolysis of 13 at 1043 K is depicted. Fig. 8 shows the
EI—CAMS spectrum of the molecular ion of N-phenylketenimine (m/z 117).
The application of EI is acceptable as acetanilide (13) eliminates H.O under
electron impact ionization to a very minor extent only [15,52]. Thus, the

1064
. 17
F
C
e 50
z 135
2
« L2 93 103 !
!
0 ; T ' T - T T {—
40 60 30 100 120 140
miz

Fig. 7. Field ionization mass spectrum aiter pyrolysis of acetanilide (13) at 1043 K.

76/77

ar ¥ 01 0.4 05 0§ a7 X ] 09 €
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Fig. 8. Zollision activation mass spectrum of the electron impact (70 eV) induced molecu-
lar ion o1 N-phenylketenimine (12) (m/z 117).
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EI—CAMS spectrum (Fig. 8) represents a reference spectrum of N-phenyl-
ketenimine (12). The actual ion structure is of interest in connection with
studies of m/z 117 ions commonly found in the EI spectra of phenylpyra-
zoles [53]), phenylimidazoles [15] and phenyltriazoles [15]. The CAMS
spectrum of 12 is found to resemble closely that of the m/z 117 ion arising
from electron impact induced fragmentation of N-phenyl-1,2,3-triazole [15],
which is strongly indicative of identical ion structures.

,l-. .-
N

[:N . N2C:CH,
O

miz 14S m/z 11?7

CONCLUSION

Real-time CAMS analysis nhas been found to be a useful method for study-
ing pnmarily formed products in the gas phase pyrolysis of organic mole-
cules. when ionized by field ionization, and for the study of thermally
induced isomerizations using electron impact ionization. The applicability
of in situ pyrolysis generation of labile compounds for gaseous ion studies
has been demonstrated.
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SUMMARY

The appiication of filaments exhibiting an inert surface. e.g.. gold. for Curie-point
pyrolysis 1s shown to minimize the degree of possiblie reactions induced by the presence of hot
metal surfaces such as nickel and iron. The manufacture of gold-plated filaments is descnbed
and their uulity in tie study of pyrolyuc reacuons is lustrated.

INTRODUCTION

Since its introduction in the early 1960s [1-3], the induction heating
technique, known as the Cune-point principle, has been demonstrated to be
one of the most versatile means of studying pyrolytic decompositions of
solids and non-volatile materials [4]. More recently the applicability of the
technique to gas-phase pyrolytic studies has been reported [5-7].

The Curie-point pyrolysis technique, as generally applied, suffers, how-
ever, from several disadvantages: (a) the limited number of temperatures
available, (b) the difference in composition of the single filaments available
and (c) the possibility of reactions induced by collision between molecules
and hot, reactive metal surfaces, e.g., nickel or iron. The former of these
problems will be dealt with in a future paper {8}, whereas this paper discusses
the possible remedy of the latter two disadvantages.

We report here on the applicability of gold-plated filaments exhibiting
identical, ie., temperature-independent, and non-reactive surfaces for
Curie-point pyrolysis studies.

* For Part 2, see ref. 6.

0165-2370,83/503.00 © 1983 Elsevier Science Publishers B.V.
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EXPERIMENTAL

All pyrolyses were carried out by application of the flash vacuum thermol-
ysis /field ionization mass spectrometry (FVT/FIMS) technique, which has
been described in detail previously {5,6].

Manufacture of gold-plated filaments

The gold-plated Curie-point filaments were manufactured by electroplat-
ing. Ten to fifteen Curie-point filaments (wires) were mounied by soldering
on a ca. 15 cm hook-up wire. The filaments were carefully burnished with
fine-grade (400-600 grit) abrasive paper, followed by washing with acetone.
Immediately before the electrolysis the filaments were placed for 5 min (at
20°C) in | M nitric acid. After thorough washing with distilled water the
assembled filaments were gold plated by electrolysis. the filaments being the
anode and pure metallic gold the cathode. The electrolvsis bath contained
8 g of KCN, 4 g of Na,;PO,, 4 g of NaOH and 2 g of AuCl, per litre. The
electrolyses were carried out at 60°C with efficient stirring, the current being
5-10 mA.

Following the electroplating the assembled filaments wer: thoroughly
cleaned with distilled water, separated and the single filaments polished with
fine-grade abrasive paper as above.

The average thickness of the gold layer was sstimated by weighing to be
10-15 pm.

RESULTS AND DISCUSSION

The greatest advantage of the application of filaments exhibiting identical
surfaces in connection with pyrolysis studies is obvious, as temperature
effects can be investigated without interference from possible concurrent
cataiytic reactions induced by the hot metal surfaces. Owing to its chemical
inertness, gold appears preferable as the surface coating. However. before
turning to the actual experimental verification. it is necessary to evaluate the
extent to which a 10-15 pm gold coating may possibly change the thermal
characteristics of the single filaments. The penetration depth, x, of the eddy
currents in a conducting wire is given by the equation [9)

x=503-10(p/s, f)"* cm (1)

where p, is the resistivity (& - cm) at temperature ¢ (°C), g, is the relative
magnetic permeability and f is the frequency (Hz) at which the induction coil
is operated (for the actual device equal to 5.5 - 10° Hz). A relative magnetic
permeability of 1.0 can be used for non-ferromagnetic materials such as
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Fig. 1. Field ionization mass spectra after pyrolysis of dimethyl sulphoxide-d at 1043 K using
(a) an iron filament and (b) a gold-plated iron filament.

gold ". The temperature variation of p, for gold is given by the equation [10]
0,=2.19(1+365-107%-¢)-107°Q -cm (2)

Eqn. 2 is valid in the temperatuce range — 80 to 1000°C (10]. Based on these
data the penetration depth of the eddy current in gold (f= 530 kHz) is
estimated to vary from ca. 150 to ca. 225 um in the temperature range
630-1275 K, which far exceeds the actual thickness of the gold coating, i.e.,
the surface gold coating will not change the thermal characteristics of the
filaments.

A series of gas-phase pyrolytic reactions recently studied by the
FVT/FIMS technique is assumed to be influenced substantially by surface
catalysis, e.g., the apparent extrusion of atomic oxygen from compounds
containing a sulphoxide moiety such as dimethyl sulphoxide (DMSQ) [11],
thiiran l-oxide [7), thietane l-oxide [11], 1,2-oxathiolane 1-oxide {11] and
thioketene S-oxides [12]. The rupture of the semipolar S-O bond requires
around 90 kcal/mol [13], which exceeds the energy actually available by
20-30 kcal/mol. However, an interaction between the oxygen atom and a
hot metal surface may lower the value significantly.

Fig. 1a shows the product composition following pyrolysis of dimethyl
sulphoxide-d (M 84) on a non-coated wire [Fe(1043)]. The reaction pattern
is strongly dominated by the apparent extrusion of atomic oxygen leading to
dimethyl sulphide-dg (M 68); minor amounts of formaldehyde-d, (M 32)
and methanethiol-d, (M 52) are produced. The reaction mechanism has been
discussed in detail previously [11]. The corresponding pyrolysis <xperiment
carried out by application of a gold-plated filament [Au(1043)] resulted in

* u, > 1.0 for ferromagneuc materials.
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the product composition depicted in Fig. 1b. The pronounced decrease in the
yield of dimethyl sulphide-d4 is conspicuous: however, the apparent en-
hanced thermal stability of the sulphoxide under the latter conditions should
be noted. Another interesting feature of DMSO pyrolysis under non-
surface-catalytic conditions (Fig. 1b) is the formation of sulphine-d, (thio~
formaldehyde S-oxide), (M 64), a reaction which is totally suppressed when
the pyrolysis is carried out using the iron filament. Block et al. [14] reported
the pyrolytic formation of sulphine (2) from DMSO (1), the reaction being
formulated to involve several consecutive steps: however, the present study
clearly reveals a unimolecular pathway for sulphine formation from DMSO,
tentauvely formulated as a loss of methane. In this connection. it can be

noted that the pyrolysis of thietane l-oxide on a gold-plated filament
afforded sulphine and ethylene as the major products, in agreement with the
rezort of Block et al. [14].

Not only semi-polar sulphur-oxygen bonds appear to be labile under
surface-catalytic conditions. A similar picture is developed with nitrogen~
oxygen bonds. in the present context illustrated by the pyrolysis of nitro-
benzene (3) (Fig. 2). In both cases depicted in Fig. 2. i.e., pvrolysis cn iron
and gold at 1043 K, two reactions apparently dominate the picture. These
are the loss of atomic oxygen and nitrogen oxide, leading to formation of
species with molecular weights of 107 and 93, assigned to nitrosobenzene (4)
and phenoxy radicals (5), respectively, the latter probably being the result of

ol
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Fig. 2. Ficld ionization mass spectra after pyrolysis of nitrobenzene at 1043 K using (a) a
gold-plated iron filament and (b) an iron filament.
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a primary rearrangement of the nitrobenzene molecule into phenyl nitrite
followed by NO elimination. This is an experimental verification of the

o @
@Nol/ ‘o
3 ™ 0-NO -2, o
©

H

previously postulated intermediacy of phenoxy radicals in the pyrolysis of
nitrobenzene [15.16]. In addition to phenoxy radicals the presence of phenyl
radicals was expected [15,16); however, only benzene, in minor amounts, was
observed (Fig. 2), being formed by hydrogen abstraction. a reaction proba-
bly involving water bound to the surface of the inlet system. Surprisingly, no
phenol, which would be the result of an analogous reaction of phenoxy
radicals, was observed. The apparent discrepancy is explained by the differ-
ent reactivities of the two radicals.

The most striking feature on changing from iron to a gold-plated filament
is the variation in the phenoxy radical/nitrosobenzene ratio (m/z 93/107),
changing significantly in favour of the former. which strongly suggests that
the loss of atomic oxygen is facilirated by the presence of reactive surfaces
(Fig.2).

Apart from the above elimiration cof oxygen atoms, the presence of hot.
reactive metal surfaces may be expected to influence the course of reaction
severely, e.g., in pyrolyses of organosulphur compounds, which is illustrated
below by examples from current thioketene research.

The pyrolytic sulphur extrusion from the thioketene i,1.3,3-tetramethyl-
2-thiocarbonylcyclohexane (Fig. 3a) observed previously [12] is unambigu-
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Fig. 3. Field ionization mass spectra after pyrolysis of 1.1,3.3-tetramethyl-2-thiocarbonyicy-
clohexane at 1043 K using (a) an iron filament and (b) a gold-plated iron filament.
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6

ously assoctated with the hot iron surface, as demonstrated by comparison
with an experiment using a gold-plated filament {Au(1043)], under which
conditions the thioketene is perfectly stable (Fig. 3b), in agreement with a
C=S bond strength of about 125 kcal/mol [13]. Hence, by application of
gold-coated filaments thioketenes apparently can be handled without decom-
position. .

Thioketenes can be generated by gas-phase pyrolysis of 1.2.3-thiadiazoles
(18-20]. Very recently. a quantitative analysis by photoelectron spectroscopy
(PES) of the gas-phase pyrolysis of the parent 1,2,3-thiadiazole (6) has been
presented [21]. It was concluded that the reaction takes place via a 1.3-bi-
radical (7) rearranging to thioketene (8), the latter being the sole product. It
should be particularly noted that no acetylene was detected.

N . H
C:N %;. <s_ — H’C:C:S

6 7 8

Gas-phase pyrolysis of (6) at 1043 K using an iron filament caused
extensive degrrdation. but only very small amounts of thioketene (8) were
observed, the major product being acetylene. Pyrolysis of the thiadiazole
using gold-plated filaments [Au(1043)] gave rise to the product composition
shown in Fig. 4. Clearly thioketene (8) (M $8) is the major product, although
minor amounts of acetylene (M 26) are seen. As the above experiment
demonstrates our ability to handle thioketenes without decomposition. i.e..
sulphur extrusion. we conclude that the apparent elimination of sulphur
takes place unimolecularly from an intermediate species, probably the bi-
radical (7).
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Fig. 4. Field ionization mass spectrum after pyrolysis of 1,2,3-thiadiazole at {043 K (a) using
a gold-plated filament and (b) without pyrolysis.
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In order to explain the appearance of acetylene following pyrolysis using
the technique described here (5,6}, in contrast to the lack of the latter in the
pyrolysis—-PES experiments (21}, it should be remembered that pyrolytically
generated species are formed in vibrationally excited states. A relaxation of
the excited species, in the present case the biradical (7), may be achieved by
intermolecular collisions, molecule-wall collisions or intramolecularly, e.g..
by fragmentation. As the pressure in the PES study [21] is ca. 10° times
higher than that in the present study, it seems clear that a rapid intermolecu-
lar collisional quenching is achieved. apparently leading exclusively to (8),
whereas in the latter case wne excited biradical is “left alone™ for approxi-
mately 1-5 us, in which period of time a unimolecular relaxation by sulphur
extrusion may take place, a mechanism which is tentatively suggested as
being responsible for the acetylene formation observed in this study.

To summarize, we have demonstrated the applicability of gold-plated
filaments for gas-phase Curie-point pyrolysis for studies of pure pyrolvtic
effects. eliminating possible catalytic effects induced by the presence of hot.
reactive metal surfaces such as iron.
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Techniques in gas-phase thermolyses

Part 4 *. Heterogeneous catalysis in gas-phase reactions studied by
Curie-point pyrolysis. Gas-phase pyrolysis of methyl dithioacetate

LARS CARLSEN * and HELGE EGSGAARD
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In a recent study we reported the applicability of gold-plated filaments for
gas-phase Curie-point pyrolysis (1], 2 technique which allows us to eliminate
effects originating from the obvious differences in the surfaces for the single
types of filaments for Curie-point pyrolysis (typically nickel. iron and
cobalt), i.e., by applying gold-plated filaments we are able to study pure
thermal effects.

However, sclactive surface coating of the filaments mav. on the other
hand. advantageously be used as an effective tool in studies of possible
surface participation in gas-phase pyrolytic reactions, i.e., in the study of
heterogeneous catalysis in gas-phase reactions. In this connection it is
emphasized that gas-phase Curie-point analysis seems to be superior, as it
can be demonstrated [2] that the reactions observed are the results of single
collisions between the molecules and the hot metal surface, i.e., primary
information is obtained, the picture not being eclipsed by the presence of
possible secondary reactions.

In this paper, the utility of gas-phase Curie-point pyrolysis in studies on
heterogeneous catalysis is illustrated by the gas-phase pyrolysis of methyl
dithioacetate, as a part of our continuing interest in the pyrolvtic behaviour
of carboxylic acid derivatives [3-5]. The study was carried out by application
of the flash vacuum pyrolysis/field ionization mass spectrometry (FVP/
FIMS) technique, which has been described in detail previousiy (6,7].

In contrast to the thermal decompositions of methyl monothioacetates,
which lead cleanly to ketene and methanethiol {5], a study of the dithio
analogue, methyl dithioacetate (I), revealed at first sight a confusing picture.

* For Part 3, see ref. 1.

0165-2370/83/503.00  © 1983 Elsevier Science Publishers B.V.
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Even at a temperature as low as 631 K (nickel surface) we found that I was
degraded extensively (Fig. la). However. the products observed. C,H,S
(m/z 74), dimethyl sulphide (C,H(S) (m/: 64), C,H, (m/z 54) and
methanethiol (m/:z 48), are generally not to be associated with acetic acid
ester thermolysis [3-5]. The first two of these products are apparently results
of atomic sulphur and casbon monosulphide eliminations. respectively. The
presence of the non-sulphur-containing compound (C,H,) seems surpdsing.
as only three carbon atoms are available in [ ie. only an interaction
between the ester (I) and the hot nickel filament surface can account for the
presence of C,H, among the thermolysis products. Hence. it seems reasona-
ble to assume that the thermal degradation of 1 is significantly influenced by
reactions promoted by the presence of the hot. reactive nickel surface.
Experimental verification of the nickel surface involvement was obtained
by thermolysing compound 1 at 631 K. but by application of a gold-plated
filament [1]. It was observed (Fig. 1b) that under these conditions methyl
dithioacetate. as expected, was pertectly stable. At higher temperatures
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Fig. 1. Field ionization mass spectra of methyl dithicacetate following gas-phase thermolyses
at 631 K (nickel), 631 K (gold) and 1253 K (goid).
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(1253 K), however, still applying gold-piated filaments. we found that the
ester (I) decomposed smoothly into the expected products. i.e., thioketene
(m/z 58) and methanethiol (m /= 48) (Fig. 1c). Without gold-plating qualita-
tively the same picture as shown in Fig. la was seen.
CyHgS + CpHgS + T +TCHS
e T
<:N’c\ \Auuzsn

HC==C==35 + CH;5H

A deeper mechanistic insight into the surface-promoted reactions of
methyl dithioacetate (I), wich is outside the scope of this paper. requires
isotopic labelling experiments in order to identify the sulphur atoms actually
lost in the reactions leading to C;H,S and C,H,S. respectively. Parallel
studies on the gas-phase pyrolysis of **S-labelled I are in progress.

This study has revealed the potential of the gas-phase Curie-point pyroly-
sis technique for investigations of heterogeneous catalysis. e.g.. reactions
involving hot nickel surfaces. The raptdity and facility with which these
investigations can be carried out should be especially enphasized. The
technique appears to be a highly informative method giving valuable infor-
maton on primary reactions before one needs to turn to more costly and
time-consuming preparative studies. e.g.. in attempts to optimize certain
desirable processes.
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SUMDMARY

With ¢mphasis on 3 constant reactant flow. a sertes of inlet systems for gas-phase
Cur.e-point £+rolysis-mass specirometry expecments have been studied. talet svstems for the
handling o gaseous. liguid and oligomenc (solid) samples have been designed and ther

performances evaluated. The principie of pulse-pyrolssis is introduced and s appiicability to
kinetic studies outlined.

INTRODUCTION

Recently the applicability of the direct combination of a Curie-point
controlled pyrolysis unit and a mass spectrometer,/mass spectrometer system
to gas-phase studies has been reported [1]. The use of fieid ionization in
combination with collision activation mass spectrometry has been found to
be a particularly superior method for real-time analysis of gas-phase reac-
tions carried out under flash vacuum conditions [2]. In the original approach
the compound under investigation was introduced by means of micro-sy-
ringes via a heatable injection block sysiem. However, it appears that this
method reduces the number of compounds that can be studied 10 those
which exhibit an appropriate vapour pressure. i.e. that evaporate within few
seconds on injection. Thus. a continuous reactant flow into the reactor
would greatly facilitate the mass spectrometric analysis. as a constant flow of
pyrolysis products would consequently be achievable.

* For Part 4, see L. Carlsen and H. Egsgaard. J. Anal. Appl. Pyrol.. 5 (1983) 257.

(165-2370,84,/503.00 D 1984 Eisevier Science Publishers B.V.
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As a resuit of our continuing interest in flash vacuum pyrolvuc studies. we
report here on inlet systems that have been designed with the purpose of
delivering a continuous flow of reactant in timescales from minutes 1o hours.
In addition. the possibility of changing the Curie-point filaments without
disconnecting the pyrolvsis unit from the mass spectrometric system is
emphasized. The performance is illustrated with examples from current
research areas such as the gas-phase pyrolvsis of di-rers.-butyl peroxide and
nitrobenzene and the generation of 1.2-oxathiolane and 1.2.dithiolane from
solid precursors. Finallv, as a consequence of the presence of 4 continuous
flow through the pyroivsis reactor. we introduce the principle of pulse-pyroi-
vsis, a technique by which gas-phase Curie-point pyrolvsis can he advania-
geousiy appiied to kinetic studtes.

EXPERIMENTAL

Low-pressure pyrolvses were carried out usi.ng the pyvrolysis~mass spec-
trometry technique previously described in detaii {1.2].

The pvrolvsis umit consists of three main parts: (1) inlet svstem. {2) reactor
{Pve-Unicum PV4000) and (3) pyrolyvsis unit-mass spectrometer interface
{1]. The moss spectrometric real-time analyses were performed on a Varian-
MAT CH 35D instrument (2]

S-Phthalimido-3-mercaptopropan-l-ol [3] and the 1.2-dithiolane oligomer
4} were svnthesized as regorted previously {although ref. 2 states that the
dimer of 1.2-dithiolane is formed. the svothesis afforded the oligomernic
muateria).

Swmiple handling

The problem of sample introduction is sub-divided according to whether
the sample is (a) gaseous or easily evaporable. (b) a liquid exhibiting a
moderate to low vapour pressure at ambient temperature or (¢) a solid. e.g..
oligomeric species. whereby the monomeric substance can be generated by
gentle heating.

Case (a) is solved by adoption of the technique commonly used in mass
spectrometric gas analvsis. The infet svstem consists of a glass reservoir (ca.
100 mL) connected to the reactor via a glass capitlary constrictor ¢ Fig. 1A).
Owing to the relatively high vapour pressure in the reservoir (10-100 Torr)
the flow into the reactor becomes viscous *. The glass leaks were made by

“ In a viscous flow the amount of matenal transferred depends on the square of the pressure
difference and aiso on the viscosity coefficient, Hence. when the reactant is a muxture of two
or more compunents. the low-raic Jf the single components s 3 funcuon of the actuai overail
composition n the reservorr. This 13 10 contrast to the moiecular (luw sitwanon, where the
Now-rate of a single component depends oniy on the pressure difference and s virtually
independent of the possible accompanying components
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Fig. 1. Inlet systems for low-pressure Curie-pount pyrolyvsis: (A) continuous gas inlet system
assembled with the PV3300 pyrolysis unit. (B) the continuous " liquid”™ iniet sysizm. and (C)
the *solid”™ inlet system,

constricting a Pyrex tube (6 mm O.D.) by judicious heating and blowing in a
C,H,/0, flame. The leak-rates of the individual capillaries were determined
by means of the gas inlet systems of the mass spectrometer. In flash vacuum
pvrolysis (FVP) experiments, were field ionization was used as the detection
method. leak-rates of ca. 5+ 1072 Torr I s™, corresponding to a mass flow of
ca. 0.1 pg s~! to the ion source were found preferable.

Samples with moderate to low vapour pressures [case (b)] could in
principle be handled using a heatable version of the above-described gas
inlet system. However, such compounds frequently appear to be adherent
and extensive flushing may be necessary in order to avoid interference from
preceding experiments. In order to handle such compounds a system consist-
ing of a capillary leak only has been tested (Fig. 1B). The liquid sample is
placed directly into the leak cavity, the desirable amount of material (ca. 0.1
ng s™') evaporating continuously through the leak into the FVP reactor. As
the mass flow under these conditions is considerably higher than with
gaseous samples. leaks possessing leak-rates of the order of §-107% Torr |
s~! have been found suitable for obtaining a ca. 0.1 pg s~' mass flow.
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Finally. an inlet system has been designed for pyrolvtic studies of gaseous
products primarily generated from solids. ¢.g.. oligomers (Fig. 1C). The
gaseous species are obtained continuously bv smooth thermal decompasition
(oil or air bath) of the solid placed in an external quartz tube. In principle.
this type_of inlet system could be used to evaporate solids in general.
However, such experimentsrare hampered by the thermal non-uniformity of
the reactor. i.e.. the temperature of the reactor wall is close to ambient.
giving rise to loss of compounds due to adsorption on to the cold surfaces.
This s a clear disadvantage of Curie-point pyrolysis in its present form.
However. as an interesting consequence. it appears that the pvrolvtic reac-
tions become the result of single collisions between the reactant molecules
and the hot filament {5).

APPLICATIONS AND DISCUSSION
Infer svitems

The continuous flow of reactants and pyrolysis products faciiitates the
cpumal operation of the mass spectrometer. This ts especially important
when field jonization is applied. as field ionizaton. even though it is the
ionization mode of choice for the determination of product distributions in
complex organic mixtures. in general exhibits a low sensitivity compared
with, ¢.2.. electron impact ionization. The utility of the glass-iniet svstem
(Fig. 1A) for the determinauon of low-intensity pvrolysis products is il-
lustrated by the pvrolysis of di-terr.-butvl peroxide ({DTBP). This compound
is known to undergo homolytic cleavage of the O~0O bond to form rerr.-butoxy

radicals. which decompose consecutively into acetone and methyvl radicals
6.7

Ay
(CH,),C-0-0-C(CH,), = 2(CH,),C-0"

L
Ay .
(CH,),C-0" = CH,-CO-CH, + CH,

In Fig. 2 the field ionization mass spectra of di-rerr.-buty] peroxide
without (Fig. 2a) and following pyrolysis at 1043 K (Fig. 2b) are shown.
After pyrolysis the formation of a compound exhibiting a molecular ion of
m/z 73 is apparent and it seems reasonable to suggest that this ion is due to
the tert.-butoxy radical (C,H,0"; M =73).

The mean transfer time from the reactor to the ion source of the mass
spectrometer has been estimated to beca. 4- 107" 5 (M = 100). Based on the
the rate constant for the unimolecular decomposition of rert.-butoxy radicals
into acetone and methyl radicals (k; = 10*%, corresponding to a haif-life
t,;,=2-107% 5 [8]) onlv very small amounts of the rerr.-butoxy radicals
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Fig. 2. Field iomizauor. mass spectra of di-rerr.-but /| peroxide (DTBP). (a) before pyrolysi,
and (b) following pyrolysis at 1033 K (goid-plated filame.it).

should enter the ion source. However, the line-of-sight inlet system allows a
limited number of radicals to reach the ion source in a few paths. te. the
population corresponding to the lower bound of the function defining the
transfer time from the reactor to the ton source. which may account for the
detection of the species.

It is noteworthy in this connection that in 2 pyrolytic study on aliphatic
nitrites [9] the primary generated alkoxy radicals escape detection in all
instances. clearly demonstraung the performance of the present svstem.

The application of collision activation mass spectrometry plays an im-
portant role in the characterization of single pvrolytically generated com-
pounds. In order to obtain collision activation mass spectrd of high quality, a
stable primary ion beam is required and hence a stable and sufficient flow to
the ion source. In particular, studies on isomerization reactions require a
high reproducibility of the relative ion intensities in order to ohtain an
unambiguous verification of the isomerized species. The glass-ir let v stem is
most useful for ensuring a stable flow into the reactor wia jases or
low-boiling liquids. but is inadequate in studies on compounds that exhibit
moderate to low vapour pressures. Nitrobenzene is a relatively polar com-
pound with a modest vapour pressure [ P(85°C) = 10 Torr]. The unimolecu-
lar pyrolysis of nitrobenzene by application of the liquid-capillarv-inlet
system (Fig. 1B) has been reported previously [10). The product distribution
determined by field ionization (Fig. 3) reveals an intense ion of m/z 93,
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Fig. 3. Field ionization mass spectra of nitrobenzene. (a) before pyrolysis and (b) following

pyrolysis at 1043 K (gold-plated filament).
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Fig. 4. Collision activation mass spectrum of the electron impact-induced molecular 10n of
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assigned to the phenoxy radical. which a priori can be expected to be
generated by removal of NO from an intermediate phenyl nitrite (11.12]. In
an attempu to obtain an experimental verification of this reaction the
electron impact-induced molecular ion (m/z 123) was investizated by colli-
sion activation without and following pyrolysis (1043 K). Fig. 4 shows the
collision activation mass spéctrum of unpyrolyzed nitrobenzene. the spec-
trum being virtually unchanged following pyrolysis. The electron impact
spectra of nitro compounds are in general different from those of the
correspending nitrites {13] and therefore significant differences between the
collision activation mass spectra of nitrobenzene and phenyl nitrite should
also be expected [2]. With this background. we conclude that phenyl nitrite is
not present in the pyrolysate entering the ion source (< 2% relative to
nitrobenzene).

The intermediacy of nitrites in the pyrolysis of nitro compounds is
generally formulated as a sequence of radical reactions [14}:

Ph-NO, — Ph'+ NO, '
Ph’+ NO, — Ph-0-NO

As bimolecular reactions can be regarded as absent under the preseat
conditions, the observed products have to be rationalized in terins of
unimolecular reactions only. The formation of the necessary C-0 bond most
probably involves a three-centred transition state:

i
S 7Y

'\ \@

The activated complex may possess two distinct resonance structures, which
are expected to lead to phenyl nitrite. by ring opening, and the phenoxy
radical. by direct expulsion of MO. The apparent absence of phenyl nitrite in
the pyrolysate is in agreement with the latter mechanism. However. taking
the thermal lability of nitrites into account. we are unable to rule out
definitely the possible intermediacy of phenyl nitrite in the low-pressure
pyrolysis of aitrobenzene.

Solids, owing to the thermally non-uniform reactor design. can only be
handled with difficultly, as mentioned in the Introduction. However, a
solid-inlet system has been used successfully to generate desired compounds
from polymers or by specific thermally induced reactions; subsequently the
liberated gaseous species may be subjected to pyrolytic studies. The latter is
well illustrated by the generation of the cyclic sulphenic ester 1,2-oxathiolane
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by smooth cracking of the phthalimido derivative [2,15]). An investigation of
the gaseous product by field ionization (Fig. 5a) reveals only a single
product, 1,2-oxathiolane. The byproduct phthalimide remains in the reaction
tube. The related disulphide, 1,2-dithiolane, at ordinary temperatures and
pressures known only as a polymeric substance, is simnilarly obtained in high
purity by heating the polymer to its melting point (105-110°C) [4] (cf. Fig.
5b). .

o}
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In summary, we have demonstrated that the infet systems described here
are capable of handling even compcunds with very different physical proper-
ties, 1.e.. from gaseous to polymeric materials.
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Fig. 5. Field ionizauon mass spectra of (a) 1.2-oxathiolane and (b) 1.2-dithiolane.
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Pulse-pyrolysis

Kinetic studies of pyrolytic reactions are often troublesome * owing to the
possible interference from consecutive bimolecular reactions involving
primary generated pyrolysis products. However, the very low pressure pyrol-
ysis (VLPP) technique. described e.g.. by Golden et al. {17], reduces this
problem, whereas the kinetic evaluation turns out to be complicated [18-22].

The very low pressure ensures that only unimolecular reactions appear
and the appearance of consecutive unimolecular reactions is diminished by
careful reactor design. The use of inductive heating in connection with
low-pressure gas-phase pvrolysis 1s well established [23], and in contrast to
the traditional Knudsen reactor design the Curie-point pyrolyzer benefits
from very fast heating rates and extremely well defined pyrolysis tempera-
tures. The introduction of continuous inlet systems opens up the opportunity
of carrying out kinetic studies by low-pressure Curie-point pvrolysis. the
potential being illustrated with examples from dj-zerr.-butyl peroxide (DTBP)
pyrolysis. The pyrolysis of the peroxide is virtually irreversible under the
given conditions owing to the low reactor pressure. Hence the process will
follow first-order kinetics. Introduction of the term specific flux {17] of the
peroxide. Fi1gp. €ntering the reactor leads to the following expression:

Forae =k, [DTBP] + A[DTBP] (1)

For k =0, Fyigp = kK [DTBP}],; k. is the unimolecular escape rate constant
[17]. wnich is equal tu the reciprocai of the mean residence ume. ¢, in the
present instance being approximated by the Knudsen formula (eqn. 2),

Lo, (8) =4V /THK (2)
where V is the reactor volume (0.13 ¢cm?), A the area of the orifice (0.03 cm?)
and K a constant **. The mean molecular rate. &, is determined according to
the kinel,* 238 ey (e4n. 5y, 1 being ihe lemperature and M the motecular
weight of the molecule under investigation. i.e.. in the present case M = 146.

Flems™ ') =1.46-10°(T/M) (3)

On pyrolysis. the stationary concentration of the peroxide. [DBTP],, is

* Actually, the pyrolysis of a single compound becomes equivalent to the decomposition and
interactions of often complex muxtures of primary products. ¢.g. the simulanon of the
ethane-propane pyrolyses requires an estimate of ca. 400 main reactions (16].

** The constant K is a correction factor. which has to be included. because in the present
set-up the pyrolyzate leaves the reactor zone through a tube (length 24 cm. radius » 0.1 cm)
[24]. In the present case K. which is a dimensionless function of //r, equals 0.011 {5]. It
should be noted that in our previous studies this “tube effect”™ was neglected [1]. which
caused a pronounced underestimate of mean residence and transfer times.
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Fig. 6. Pulse-pyrolysts of di-rerr.-butyl peroxide (DTBP) {1/ 146) at 753 K (a) and 631 K
(b) (gold-plated filaments). the ion current as function of time being monitored by field
ionization mass spectrometry. Pyrolysis pulse length: 15 s (denoted by -m-).

smaller than the corresponding values without pyrolysis [DTBP],, owing 10
the decomposition that takes place.

Foree =k, [DTBP], = &, [DTBP} - + & (T)[DTBP) , (4)

Rewriting eqn. 4 leads to the expression 5. where the stationary concentra-
tions [DTBP), and [DTBP}; are directly related to the ion intensities of the
molecular ion (m/: 146).

[DTBP], - [DTBP, KT LIy

i (s)

(DTBP}, k Ir

e

Fig. 6 shows a sequence of pyrolyses with adequate cooling periods. i.e..
pulse-pyrolysis. of di-terr.-butyl peroxide at 631 and 753 K. A high repro-
ducibility of the stationary concentrations, [DTBP), and [DTBP|, is ap-
parent. Also noteworthy are the relatively long cooling periods. which
increase considerably with increasing pyrolysis temperature (cf. Figs. 6 and
7). The relevant data derived from Fig. 6 and the calculated rate constants
are given in Table 1. It is emphasized that the calculated rate constants
[k(T)] are low-pressure values. which by means of the RRKM theary (18} in
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Fig. 7. Pulse-pyrolysis of di-rerr.-butyl peroxide (DTBP) at 1043 K (gold-plated filament). the
jon current as function of time being monitored by field ionization mass spectrometry: (top)
the precursor DTBP (m/z 146), (middle) the primary product (C,H4Q") (m/: 73) and
(bottom) the ¢ventual product (acetone) (m /= 58). Pyrolysis pulse length: 15 s (denoted by
-m-).

principle may be converted into the corresponding high-pressure values
k (T) ™. However. on the basis of the limited number of data presented
here. this will not be achievable. A method for conversion of k(T) to k (T)
and subsequent evaluation of high-pressure Arrhenius parameters. especially
designed for low-pressure Curie-point pyrolysis studies. based on an effective
temperature approach, is being developed [5].

® The tgh-pressure values k_(T) are given by log K (T)=15.6-374/8 (8§ = 2.303RT)
(ref. 8. p. 430). i.c.. the rate constants for 631 and 753 K are calculated to 444 and 35735 57",
respectively. The rate constants determined here (Table 1). on the other hand. correspond to
effective temperatures of 546.9 and 604.2 K. respectively. i.e.. the molecules obtain an internal
energy corresponding to 75 and 67%. respectively, of that theoreucally achievable.
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TABLE |

Low-pressure rate constants for the decomposition of di-rert.-butyl peroxide (DTBP)
T(K) Limo Iy Lo (MS)* k,(s")" k(T)(s™Yy
631 100 7% 70 143 435

753 100 108 70 143 118.1

* Owing to the “single-collision nature” of the pyrolyses in the present set-up {5]. the
molecules will probably leave the reactor with a temperature close 10 ambient. Hence. (.
and consequently k_, applied here correspond to 300 K.

Finally. it should be noted that the principle of pulse-pyrolysis may also
be useful for the detection of minor pyrolysis products as shown in Fig. 7,
where the appearance of the ion at m/: 73 (tert.-butoxy radical) is synchro-
nous with the appearance of the major product acetone (m/: 38) and the
disappearance of the precursor DTBP (m/: 146). unambiguously demon-
strating that the formation of m/:z 73 is pyrolytically induced.

CONCL'SION

We have described inlet systems for low-pressure Curie-point pyrolysis.
with emphasis on a constant. continuous flow. which appears of imporiance
w: connection both with identification studies {collision activation mass
spectrometry) and with kinetic investigations. The potential of low-pressure
Curie-point pyrolysis in kinetic studies leading to low-pressure rate constants
has been demonstrated. However. to derive high-pressure Arrhentus parame-
ters investigations of the energy-transfer process with special reference to the
effective collision frequency in the reactor are necessary.
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TECHNIQUES IN GAS-PHASE THERMOLYSES

PART 6*. PULSE PYROLYSIS: GAS KINETIC STUDIES IN AN
INDUCTIVELY HEATED FLOW REACTOR

HELGE EGSGAARD. PETER BO and LARS CARLSEN *

Cherustry Department, Rise Nanonal Laboratory, DK -3000 Roskiide (Denmark)

SUMMARY

A prototvpe of an inducuvely heated flow reactor for gas kinetic studies is presented. The
applicabiity of the system. which is based on a direct coupling betwesn the reactor and the
ion source of a mass spectrometer, is illustrated by investigations of a series of simple bond
fission reactions. The method permuts the direct determination of low-pressure rate constants,
the transformacon to high-pressure values. and correspondingly evaiuation of acuvauon
parameters, being dertved by means of an empinical “effecuve temperature approach™

INTRODUCTION

In recent vears we have reported in a series of papers on the applicability
of Curne-point pyrolysis to gas-phase pvrolvtic studies [1-6], the system
being based on a direct combination of the Curte-peint pyrolyser and the ion
source of a mass spectrometer. As stated previously (3], one of the major
disadvantages of the Curie-point technique, as generally applied. is the
limited number of pyrolysis temperatures available. Especially from a kinetic
point of view, the availablity of only 5~10 temperatures in the range
358-1131°C is highly unsatisfactory. Further. varying the temperature. by
changing the filament. mav be expected to create undesirable geometric
changes 1n the reactor owing to possible alteration of the flow conditions.

In order to overcome these disadvantages while maintaining the ad-
vantages of the inductive heaung principle. e.z.. rapid heating. we describe
here a prototype of an inductively heated flow reactor for gas kinetc studies.
where arbitranly chosen temperatures in the range from ambient to the
Curne-point of the filament ¢on be reached within less than 1 min. the

¥ For Part 5. see ref. 6.
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stabilization of the temperatures being generally within =1%. In combina-
tion with the recently introduced continuous flow inlet svstems and the
principle of pulse pyrolysis [6), the latter term being defined as a sequence of
pyrolyses separated by adequate cooling periods. an effective tool for gas
kinetic studies is obtained.

A complete kinetic investigation, including the determination of 20 rate
constants over a filament temperature range of 100-150°C, may be achieved
within ca. 60 min. This 1s at least one order of magnitude faster than
conventional heating techniques. The utility of the technique is illustrated by
studies on a series of well investigated reactions.

EXPERIMENTAL
The filament

The construction of the “mult-temperature™ filament is based on a
chromel-alumel thermocouple (0.5 mm O.D.). The thermocouple was con-
nected to the internal surface of a gold-plated iron tube (length 35 mm. O.D.
i mm, .. 0.8 mm) by Au solderirg, the necessary heating being cacried out
inductively by application of a small length of cobalt wire to ensure a high
temperature (1131°C). To ensure a stable, non-catalvtic surface, the assem-
bled filament was gold-plated as describ=d previously [3]. The muiti-itemper-
ature filament s shown schematicaily in Fig. 1.

0s 17 3¢ 3smm
Fig. 1. “Mulu-temperature filament” design. A, Ferromagnetic (e.g., Fe) tube, B, thermocou-
ple; C, gold matnx: D. gold plating.

Temperature control

Not surprisingly, the techniques outlined here, ie., temperature control
and data collectior: and handling (see below), rely heavily on computeriza-
tion of the pyrolysis—mass spectrometry system. Fig. 2 shows the experimen-
tal set-up. The mass spectrometer and pyrolysis unit consist of a Varian-MAT
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CH 5D and a modified Pve Unicam PV4000 pyrolyser. respectively (cf.. ref.
1). The computer facility is centred around a Hewlet-Packard HP9836
desk-top computer. The system is shown in Fig. 2.

In contrast to the conventional Curie-point technique, where the high-
frequency (HF) unit is operated continuously throughout the duration of the
pyrolysis, the multi-temperature inductive heating method is based on a
pulse-mode operated HF unit. Hence the temperature control is the result of
an interplay between the following three HF parameters: (1) pulse length
(the time periods where HF is applied), (2) delay time (the time periods
between the HF pulses) and (3) amplitude. The first two are controlled
interactively via the HP9836 unit, typical values being 25 and 200 ms.
respectively. The amplitude, on the other hand. is controlled manually.
Owing to the relatively low power (30 W) delivered by the PV4000 unit,
lowering of the amplitude is only of interest at low filament temperatures
(T; <500°C).

Obviously, a given pulse length/delay ratio is. in principle, the optimal
choice for a narrow temperature range only. However. in practice it can be
used over a 7, range of 100-150°C without any significant decrease in
quality.

Attainment of a given arbitrary temperature appears as 2 three-parameter
process: (a) a rapid sequence of HF pulses to obtain the temperature
required, (b} a simple on/off procedure to gain thermal equilibrium in the
filament and (c¢) a final control based on HF pulses delivered only if the
temperature profile is decreasing and if the temperature is beiow the chosen
value (Fig. 3).

In Fig. 4 temnperature variations with time for T, = 400. 500. 600 and
700°C are shown. Fig. 5 illustrates the actual tempariture stabilization for
T, = 500°C. In general. the temperature control achieved is better than =1%.

For kinetic studies, a series of filament temperatures. typically over a

|
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Fig 2. {Tomputenzed pulse pyrolysis—-mass spectrometov configuration.
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range of 100-150°C, are needed. with adequate cooling periods. i.e.. pulse
pyrolysis. In Fig. 6 a pulse pyrolysis sequence is shown. the filament
temperature ranging from 400 to 525°C in steps of 25°C.

T(oC)
500 S
—
400 :n._. 'L—_
300 |
|
|

200

100 !

5 10 15 20 timin)

I
{
|
i

Fig. 6. Puise pyrolvsis sequence for kinetic studies.

Data collection and handling

As the inductive heating procedure gives nise to high rates of temperature
increase. raptd controf of the HF unut is crucial. which can only be achieved
by a relatively large number of temperature measurements (ca. 30 measure-
ments per second). The temperature measurements are conducted via an
HP3497A data acquisition/control unit and an HP3436A digial volimeter.
The corresponding digitized ion currents (see below) are compiled in parallel
ov a HP2478 digital volimeter.

The collected data are evaluated by the HP9836 computer facility in order
to obtain low-pressure rate constants. as well as to obtuin the low- to
high-pressure correction and eventuallv the Arrhenius parameters

Kinenc analysis

Kinetic studies of pyrolytic reactions, e.2., within the fieid of combusuon.
are often troublesome, owing to the possible appearance of several consecu-
tive uni- and bimolecular reactions involving primary generated pvrolvsis
products (7). However. carrving out the pyrolysis at very low pressures. as
described by Golden et al. [8], dimunishes this problem, as oniy unimolecular
reactions will appear. Unfortunately, the subsequent kinetic analysts turns
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out from a theoretical point of view to be complicated [9-13]. Briefly, it can
be said that the problem arises as the reacting molecules in a very low
pressure pyrolysis flow reactor do not reach thermal equilibrium, owing to
an insufficient number of molecule-~wall collisions, before they leave the
reactor. Hence the statistical energy distribution in the molecules does not
correspond directly to the reactor temperature. This effect, the so-called
fall-off, becomes increasingly pronounced at higher pyrolysis temperatures.
Theoretically, the unimolecular behaviour of reacting molecules at low
pressures can be described by the RRKM theory {9], which is inadequate in
many instances. however, owing to the lack of required thermodymanic data
for the molecules under investigation.

By the technique here described we approach the problem from an
empirical point of view, namely by determining the “effective temperature”
tor the molecules in the reactor, i.e., the temperature (actual energy distribu-
tion) which the molecules apparently achieve in the reactor at a given
filament temperature. Hence. a correction terrh may be derived. which
enables us to correlated experimentally determined rate constants with
actual reaction temperatures (the “effective temperatures™).

Experimentally, rate constants (k) are determined according to eqn. 1,
where [ and [, correspond to the ion current of the selected ion entering
the mass spectrometer following pyrolysis and at ambient temperature,
respectively (6.8]; &, is the unimolecular escape constant, which equals the

inver¢ mean resider:ce time, ¢, of the molecuies in the reacter (cf, eqns. 2
and 3) (6.8].

k=k(lyp=1Ir)/Ir s (1)
k=1, =cAK/ 4V 57! (2)
=146-10°{T/M) cms! (3)

where A is the area of the orifice of the reactor (0.0384 cm®), V is the reactor
volume (0.114 ¢cm’) and K is a constant, the tube factor [6]. Owing to the
“single-collision nature” of the pyrolysis in the present reactor set-up [14],
both the unreacted molecules and the pyrolysis products will probably leave
the reactor with a rate corresponding to a temperature close to ambient.
Hence, the k, applied here correspond to 300 K.

However, it should be noted that even variations in k, due to temperature
effects (cf., eqns. 2 and 3) will have very litile effect on the activation
parameters derived from the Arrhenius equation:

k=4A_exp(—E/RT) (4a)
n[(Zpp—I7)/Ir) +In k =1In A, ~ E/RT (4b)

Neglecting the temperature effect on k_ completely, as in this study, may
lead to an underestimation of the activation energy by less than 1 kcal mol ~!
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over a temperature range from 300 to 900 K ( £ determined as the slope of
the Arrhenius plot). Accordingly, the corresponding underestimation of
In 4, will be less than 0.5.

Experimental determination of a series of rate constants at different
filament temperatures, 7; (eqn. 1), permits an estimate of the effective
temperatures, T (actually corresponding to the single rate constants) by
including known activation parameters (£ and 4_) in the Arrhenius equa:
uon (eqn. 4).

It seems physically reasonable to assume that the effective temperature
increment per collision between the molecule and the hot filament surface
follows a linear law [15]:

dT/dn=B(T,-T) {5

However, in the present set-up, where reactions are results of single collisions
between molecules and the filament (dn=1and dT =T ~ T, ), the follow-
ing relationship betwesn the filament temperature and the effective tempera-
ture is obtained:

T=Top + B(Ti = Tos) (6)

It should be noted that the temperature correction factor, 8. which is a
measure of the molecule~wall collision efficiency, is not necessarily a ** uni-
versal” constant, depending only on the reactor geometry and the filament
temperature. In addition, it is highly likely that the B-values are *“molecule-
dependen:”. Thus, Cilbert recently suggested an ¢mpirical relaiionship be-
tween the B-values and the boiling point of the molecules {16]. Nevertheless,
it appears (see below) that the molecuie-dependent variatuons for the limited
number of reactions described below are minor. Hence. as a first assump-
tion. we tentatively suggest a single B(T;) curve and. accordingly, a singie
T{T;) curve.

RESULTS AND DISCUUSSION

In this preliminary studv of the application of an inductively heated flow
reactor for gas kinetic investigations. five reacuons have been included. as
summarized in Table 1. All the r-actions have been kinetically investigated
previously [17-19), i.e.. well documented activation parameters are available.

Investigations of the unimolecular decomposition kinetics of these five
reactions, as described in the previous section, gave rise to five series of
temperature correction factors. 8. Fig. 7 shows the dependence of 8 as
function of the filament temperature. [t can be seen that the Cata for the first
three reactions (I-1II. Table 1) are well descnbed by a single “universal”
B{(T,) curve (Fig. 7. dotted line), whereas the data for the decompositions of
tetramethyllead (Me,Pb, IV) and diethyl carbonate (Et,CO,, V) do not fit
this curve,
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Fig. 7. Temperature correction facters, B, as a function of filament temperature.

With tetramethyllead. some kind of auto-catalysis probably takes place,
the eventual product being lead. This became evident by visual inspection of
the filament surface following the investigation of reaction IV. In this case
the gold surface was covered by a dark coating, apparently lead. i.e., the
*“non-catalytic” gold surface was lacking.

More surprising was the 8(T;) relationship for diethyl carbonate (reaction
V), the estimated correction factors being considerably smaller than would
be expected if the data fitted the ‘“universal” B(T;) relationship. The
estimated B(T;) relationship (Fig. 7), which is based on the activation
parameters given in ref. 18, strongly indicates that the decomposition of
diethyl carbonate, at least in the present experimental set-up, is not de-

scribed by a single reaction (18], but more reasonably by at least two parallel
reactions:

k, B
A/
k-

\C

In kiky=In A A_,—(E, +E,)/RT

In the latter case the estimated rate constants (eqn. 1) are in fact a
combination of A, and k,. However, as the 8(T;) fit is based on E, alone,
this leads to an underestimation of the temperature correction. Experimen-
taily, the presence of a second reaction path for the decomposition of diethyl
carbonate was verified by analysing the product composition following
pyrolysis of the latter, as previously described (1]. In addition 1o ethanol and
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Fig. 8. Effective temperature as a function of filament temperature.

ethylenc [18], we found considerable amounts of acetaldehyde, which is
probably formed via a five-membered transition state as described for ethyl
acetate {20).

Taking the above discussions into account, it seems reasonable to con-
struct a T(T;) curve based on the data obtained from reactions [-III (Table
1). The T(T;) relationship is shown in Fig. 8, and corresponds well with the
results reported by Amorebleta and Colussi {15].

Finally, the possible effect of a poorly determined temperature correction
should be mentioned. Introducing the expression for the effective tempera-
ture (eqn. 6) into the Arrhenius equation (eqn. 4a) gives the following

TABLE1

Reactions studied

E/lnd," Ref.
I: tert.-Bu~O-O—tert.-Bu — 2 terr.-Bu-0O" 37.4/359 17, p. 430
II: Me-N=N-Me —+ Me-N=N"+Me 52.5/38.0 17, p. 448
[1I: Et~N=N-Et - Et-N=N"+Et' 50.0/37.5 17, p. 451
IV: Me, Pb — Me' + Me, Pb’ 49.4/319 18
V: Et0-CO-OEt —= C;H,0H+C,H, +CO, 46.4/30.3 19

* Activation energies in kcal mol~!,
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expression for vaniations in activaton energy as function of variations in g:

AE=RAB(T, - T )ln A, —In k) (7)
with the relative variation in the activation energy being given by
AE/E = AB(T; = Toms)/{Tume + BT = Tumo )| ®)

For filament temperatures around 350 K we find 8 = 0.8 (cf.. Fig. 7). Hence.
a 10% vanation in 8, corresponding to =0.08, affords varnations in activa-
tion energies (eqn. 8, T,., =300 K) of less than =6%. In theory, In A4, is
independent of 8. However, in practice one may expect some limited
varations of In A, based on a graphical estimation.

It is strongly emphasized that the system here described is a prototvpe of
an inductively heated flow reactor for 2as kinetic studies. and only simple
bond-fission reactions have been applied to estimate the T(7,) relationship.
Attempts to study other types of reactions. e.g.. elimination of ethviene from
ethyl acerate [21), wers surprisingly unsuccessiul. which we ascribe to
unfavourable reactor design. Roughly, reactions ‘proceeding through transi-
tion states with a high degree of orzanization. (e.2., the six-membered cyclic
transition state for the above mentioned elimination of ethyleae from ethyl
ace:ate) will be strongly impeded by therma! quenching of the activated
molecules at the cold reacior wall before thev reach the orzanized transition
state, a phenomenon that will be of minor importance in instances of simple
bond-fission reactions. the latter exhibiting transition states of more random
struciure. The effect is recognized in mass specmetry as the “kiretic shift”
phenomenon ([2Z]. [t is expected that more carefui reactor design will
eliminate the kinetic shift phenomenon: this wiil be the subject of further
studies.

CONCLUSION

A prototype of an inductively heated {low raacior for gas kinetic siudies.
with the reactor directly coupled to the ion source of a mass spectrometer,

has been described. The applicability of the svstsm was elucidated bw

investigations of the unimolecular decompasition of a series of simple
bond-fission reactions. A “universal” relationship between the fiiament
temperature, Ty, and the effective temperature. T, has besn derived. Obwvi-
ously the system; in its present state, is less favourable for the studv of
reactions with highly organized transition states. This shortcoming, however,
is expected to be remedied by more careful rezcter design.
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SUMMARY

The possible direct participation of the hot reactor surface in the formation of pyrolysis
products was elucidated through the pyrolytic decomposition of phenyl azide. It is demon-
strated that the intermediate phenyl nitrene generated reacts with clemental carbon at the
filament surface, leading eventually to benzonitrile. Tae importance of well defined surfaces
is discussed.

INTRODUCTION

The importance of the procedure used for cleaning wires for Curie-point
pyrolysis has been reported by Windig et al. {1] and recently we reported on
the applicability of gold-plated filaments for gas-phase Curie-point pyrolysis
in an attempt to surpress, or even eliminate, reactions induced by the
presence of hot, reactive metal surfaces such as nickel, iron or cobalt [2,3].
The effect of gold coating was elucidated by, e.g., the apparent loss of
atomic oxygen from compounds containing semi-polar X -0~ bonds (X=S$
or N} {2}

This paper describes the direct participation of the surface in the forma-
tion of products in gas-phase Curie-point pyrolysis, exemplified by the
pyrolytic decomposition of phenyl azide (1). Thus, observation of products.
the formation of which seems unlikely, or even impossible, at first sight may
be considered in terms of a direct surface participation, i.e., a gas—solid
reaction.

In a previous paper [2] we discussed the gas-phase pyrolysis of nitroben-
zene (2), which, on applying an iron filament (770°C) surprnsingly gave

* For Part 6, see H. Egsgaard, P. Bo and L. Carlsen, J. Anal. Appl. Pyrol., 8 (1985) 3.

0165-2370/86,/303.50  © 1986 Elsevier Science Publishers B.V.
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minor amounts of benzonitrile (3). The formation of relatively large amounts
(5.3%) of 3 on pyrolysis of 2 has previously been reported by McCarthy and

O’Brien [4], but the presence of 3 among the pyrolysis products was not
discussed.

o~ . O~ O-

3

The nitrile 3 unambiguously contains an additional carbon atom com-
pared with the starting nitrobenzene 2. An obvious, but unusual, explana-
tion would be a reaction between phenyl nitrene (4), generated by consecu-
tive deoxygenation of 2 {2}, and elemental carbon present at the Curie-point
filament. It should be noted that with the application of uncoated wires, e.g.,
iron, carbonaceous deposits are typically formed, which can easily be
observed by visual inspection of the wires following use in pyrolyses
experiments. .

To verify the above assumption we studied the gas-phase pyrolysis of
phenyl azide (1) as the ideal precursor for the nitrene 4. The studies were
carried out using the low-pressure gas-phase Curie-point pyrolysis technique,
which hzs been described in previous papers [S,6], the products being
analysed by field ionization (FI) und collision activation (CA) mass spec-
trometry (MS).

EXPERIMENTAL

Gas-phase pyrolysis~FI-CAMS experiments were carried out as de-
scribed previously (5,6], applying a continuous-flow inlet system (7}.

Gold-plated filaments were produced as described in a previous paper (2].
The carbon coatings were obtained by treatment of the approprate gold-
plated filament with a thin paste of activated carbon (Norit W20) in water

followed by drying in vacuo. Prior to use the filaments were repeatedly
heated to the Curie point.

RESULTS AND DISCUSSION

Pyrolysis of 1 at 770°C applying a gold-plated (2] iron filament afforded
the expected products only (Fig. 1b), as aniline (5) (m/z 93) and l-cyano-
1.3-cyclopentadiene (6) (m/z 91) were observed. Both products result from
the presence of an intermediate nitrene. picking up two hydrogens from the
reactor surface (4 — 5) and rearranging (4 — 6) [8,9), respectively.
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Application of a gold-coated iron filament, further coated with a layer of
amorphous carbon, led to the formation of an additional product, exhibiting
a molecular weight of 103 on pyrolysis of 1 (Fig. 1c). Based on CAMS [6]
and comparison with authentic samples, this product was identified as
benzonitrile (3)/phenyl isocyanide (7). Hence, we conclude that the nitrene
4 apparently can react with elemental carbon, leading 10 3/7.
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Fig. 1. Field lomizauoca mass specira of (a} uupyro'~sed phenyl azide and after pyrofysis of
phenyl ande at 770° C ac (b) gold and (¢) goid/carbon surfaces.
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Obviously, the reaction between a nitrene and elemental carbon must
afford primarily an isocyanide. However, phenyl isocyanide (7) rapidly
rearranges into the corresponding nitrile 3 [10]. Further, it appears not to be
possible to distinguish between 7 and 3 by CAMS.

Q== Qmm- O
“ * 7 " 3

The presence of benzonitrile among the pyrolysis products from phenyl
azide has previously been discussed by Crow and co-workers {11,12]. They
proposed a mechanism involving the loss of an Nj radical from the azide,
the remaining phenyl radical subsequently combining with a CN” radical,
arising from a consecutive decomposition of l-cyano-1,3-cyclopentadiene
(6), leading to the nitrile (3). Based on the above, this mechanism can
obviously be ruled our under the prevailing conditions, as the study of the
pure unimolecular decomposition of 1 (Fig. 1b) did not lead to 3.

1o [ ic)
91

S0

S
a
T

g

t o

S0l

RELATIVE ABUNDANCE

78
l i 193 119

o0

——

39 100
m/t

Fig. 2. Field iomzation mass spectra of (a) unpyrolysed phenyl azide and after pyrolysis of
phenyl azide at 980°C at (b) gold and (c) gold/carbon surfaces.
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It can be mentioned that minor amounts of the low-volatile azobenzene
were also observed. Control experiments on the pyrolysis of azobenzene
under the above conditons did not show any formation of 3.

Increasing the pyrolysis temperature to 980°C resulted in a s’gnificant
change in the composition of the pyrolysis products, as shown in Fig. 2. The
relative amounts of the single products were shifted in favour of the
unimolecularly formed product 6, reflecting a decreased lifetime of 4, as a
consequence of the increased pyrolysis temperature.

The above results unambiguously demonstrate the possibility of direct
parucipation of the surface in the formation of pyrolysis products. There-
fore, it is strongly emphasized that the actual nature of the hot reactor
surface must be known in order to rationalize pyrolysis results properly.
Especially when pyrolysis results obtained with different pyrolysis equipment
are to be compared, it should be taken into. account that even munor
differences in surface composition may lead to an apparent irreproducibility.
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Gas-phase Thermolysis of a Thioketen-S-Oxide 2

By Lars Carisen * and Helge E d, Rise N it vy, DX—4000 ide. Denmark
Ernst Sch fnstitut fur Org Chamis und Biochemie, der Universitat Hamburg, D-2000 Ham-
burg, 13. Marun-Luther-King-Platz 6. Federal Republic of Gennany

The gas-phase thé; of 1,133 yi-2-thi h
{3) has besn studied as a function of temperature by a flash vacuum th (fv.r) The
detectad are the carbenes (4) and (5), the ketone (), the katen (7). tha thioketone (8}, and the thioksten (3). The
product rauo is highly on the The of (3) 13

by the of only two primacy . which are (a) of atomic
oxygen. leading 10 the thioketen {3), and (b) electocyciic nng closure nio the coresponding three-memoered

S-oxide

oxathuran (10). The jawer s at lower whereas higher thermaiysis temperatures favour
atomic oxygen At further primary re.
of SO and CSO isading to tha carb. (5) and {8). y. are Qwing 1o an apparently very short

haif-life of the oxathiraa (10). only the of the th: ne d have been
detectad. Thase are the thiokstone (8), formed by rearrangament of (10} into the a-thiolotactone (11) followed by
loss of CO, minar amounts of the ketans (6}, formed anaiogousty, and the keten (7). as a result of simple sulphur

extrusion.

I connection with our continuing interest in the thermal
and photoiytical transformations of thiocarbonyl S-
oxides (suiphines), we previously reported the electro-
cy¢lic nng closure of thiobenzophenone S-oxides (1) into

- Phn, 3
« 07 pyora . s
PhyC=5 /c\ 4. Pmc=0 + 5
Ph 0
) (2)

the corresponding 3.3-diaryloxathurans {2). as a ther-
mally 3 as well as a photoivtically ** induced reaction.
However, we found oxathiirans to be thermally highiv
1aui'e cempounds,?* which at room temperature rapidly
decompose into the corresponding | and elemental
sulphur.

In contrast to this we found that thicketen S-oxides
arc deoxygenized photolytically, presumably by reaction
between the excited thioketen S-oxide molecule and the
solvent.” The resulting thioketen was detected in 95%
yield together with only vamshingly small amounts
{<39%) of the keten. On this basis we concluded that

s0iv -0

the possible formation of a methvieneoxathiiran does not
play any major role in the photoiysis of thioketen S-
oxides.

In this paper we report results on the gas-phase

thermolysis of 1.1.33-tetramethyl-2-thiocarbonvicvcio-
hexane S-oxide (3),-* which at room temperature is a
thermally stable thioketen S-oxide. We have investi-
gated the thermal decomposition of {3) in an attempt to
study possible ring closure to the methvleneoxatiiran
and/or thioketen formation as a result ol extrusion of
atomtic oxvgen, analogous to the above mentioned photo-
deoxygenation.”

The thermolysis of {3) was studied by a flash vacuum
thermolytic ({.v.t) procedure? which secures detection of

>=C=S—6
(3

unimolecularly formed products aione and predomin-
antly, only primary thermolysts products.

EXPERIMENTAL

The thioketen S-oxide (3) was prepared by peracid
oxidation of the corresponding thioketen, as described
previously.*

Flash Vacuum Thermolysis  Technigue *—The vt
technique is based on the direct cormbination of a ther-
molysts unit with a double focusing mass spectrometer with
a field on source. The thermolvsis unit is constructed as a
modification of the Pye-Unicam PV4000 pre-column-
pyrolyvsis system, which is based on the Curie pownt pnn-
cipie, 1.¢. high frequency inductive heating in ferromagnetic
materials. The thermolysis umit s connected directly to the
100 source of the mass spectrometer via 3 heated line-of-sight
inlet system.

Sampies (ca. 50 ig) of the pure compound were introduced
(microsvringe) into the reactor vta a heated injection block.
The contact time in the hot zone has been estunated to be
ca. 107*—107* 5.* fullfilling the contact time requirement for
fvt equipment.’* Because of the geometry of the system
thermolvsis products with half-lives < ca. 107} s are assymed
to escape detection.! The internal geometry of the reactor
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{{ 40 mm, i.d. 2 mm) combined with the low pressure (ca. elucidated in Figure 1, depicting the field ionization and 70

10°¢ Torr) assure 2 very low freq y of inter i eV el impact mass spectra of the thioketen S-oxide (3).
ilist lative to the molecule-hot surface collision fre- Further structural inf on the !

quency. i.¢. only unimolecular reactions take piace.

The mass spectra were recorded on a Varian MAT CH 5D
instrument (the magnetic sector preceeding the electric
sector] equipped with a combined eleczron impact iomiz-
ation-field 10nization-field desorption ion source. The field
jon emitter was a2 10 um tungsten wire activated in benzo-
nitrile vapour, The maintenance of the vacuum in the

o]

]

{a)

504

P
may be obtained by the additi ding of the c.a.
spectra of the single field ionized molecules ?? as the col-
lision of field ionized molecules of high kinetic energy with
neytral target atoms (e.g£. He) is known to give rise to a large
variety of fragments. lo general these types of frag-
mentations resemble those formed under normal 70 eV
electron impact conditions.!* Furthermore, in cases of

198

170 182
| i

50 100

Relolive Intenslly
=3
o

150 ZOO

Ficuxe 1 Fieid omization (ot and clei'ron impact ionization (b} mass spectra of 1,1.3,3 2-thiocarboaylcy
S-axige .

system is based on differential pumping of the ion source,
analyser tube. and the eiectric sector. Pumping speed was
3 x 1501t

Collision activation (c.a.) spectra were obtained by intro-
ducing helium as the coilision gas via a needle valve inta the
second field free region between the magnetic and electric
sector of the mass spectrometer. The collision gas was
admitted as a molecuiar gas beam focused on the 1on beam
just behind the intermediate focus slit. Appropnate ad-
justment of the magnetic field secures passage of only the
desired ion through this slit.  The c.a. spectra of the single
ions were then obtained by scanning the electric field.

Owing to the relatively fast evaporation of the samples in
the injection block ($—10 5) the mass spectra were recorded
with a scan rate of 50—100 a.u. s} {signai: noise >1 000),
and the c.a. spectra within 5 5 (signal : noise ca. 50).

The paramount advantage of the use of fzld ionszation
mass spectrometry as a detection system is to be sought for
in the field jonization principle’t Since field ionization
takes place with no excess energy, excluding polarization by
the electric field, to the neutral molecuie ' it gives rise to
molecular ions, even of very unstable substaaces, accom-
panied only by few, i any, fragment ions. in general of low
wmtensity {175} In contrast electron impact mass
spectrometry may produce very compiizated eiectron im.
pact-induced fragmentation patterns; this mav be further
confusing in cases where they are to be descnibed as super-
positions of electron iMpact mass spectra of several, often
unknown, thermolysis products. This difference is cleariy

stable reaction products a direct comparison of the ca.
spectra with those uf authentic samples can be cartied out.

RESULTS

A priori. a variety of products can be expected by ther-
molytic decomposition of {3): the carbenes (4) and (5), with
molecular ions of 138 and 150, respectively, the ketone (6)
{M 154), the keten (7) (M 186), the thioketone {8) (M [70),
the thioketen (9) (A 182), and the oxathiiran (10) (M 198),
together with unchanged starting matenal (3) (M 198),

{6)

(10}

A wide range of ferromagnetic matenals with Curie points
from room temperature to ca. 1 400 K are readily avauable.
‘We have studied the thermolytic decoropositien of (3) at six
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temperatures in the 423—-1 043 K mge. The field ioniz-
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It is not possible to calculate the yields of the single

atnon mass spectra obtai lysis at these species directly from the field ionization mass spectra. as the
six temperatures are depicted m F:gure 2. individual compounds may exhibit rather different sen-
The spectra can be gned to of pounds  sitivities.!! However, by scanning mixtures of compounds
Relative yields, exp d as mole f of p ds (3)—(9) as a function of thermolvsis temperature *
’ Thermolys:s temperature (K)

Compound F» 43 831 353 783 883 1043

[t 080 =013 100 1.00 003 = 0.005 004 + 0003 Q01 = 002

(4 0.90 = 0.17 <001 <0.01 0. Q.01 = 0002 003 = 0006

(5) 090 %0174 <00l <0.01 <001 003 = 0006 0420

{8) 1.13 = 0.13 <001 <001 0901 = 0001 0.01 ~ 0.001 <0.01

M 2685 & 0.54 <00l <0.0¢ Qi5 =003 013 ~003 017 +003

(8) 1.35 2 0.14 <0.01 <0.01 0.2 . 016+ 002 <001 <001

{9 0.67 + 0.08 <0.01 <001 012—00( 0.64 = 0.06 0.38 + 0.07 037+ 003

weight sensiivity) 15 the value by which the actual observed
corresponding to the signal. * F(4) assumed to be equal to F(§).
of (9) {see Figure 3},

(4)~—(9). Itshould be noted that thesotopic patterns may
give valuable mnformation, ¢ g. compounds {(5}—{7) have
endently elimenated sulphur. since only iostopic clusters
corresponding to *C and 0 are seen. whereas the charac-
tensuc S isotopic peaks are lacking  Furthermore, the
ideatity of (8) and {9) was confirmed by comparison of the

* Yields are corrected for the amount of impurities present in the starting matenal.

* The F factor {reciprocal field omzation
ak height must be muiupiied to gve the amount of substance
4 F(5) caiculated indirectly from the partial thermal decomposition

(6}—(9) using varying mutual ratios, the individual relative
weight  sensitivities were calculated {see Tabie) The
sensitivity of the vinvhidene carbene {5) was caiculated in+
directly as 1.J1, based on the partial decomposition of the
thioketen (9) at | 043 K {Figure 3b). We further assumed
the sensitivity of the carbene (4) to be equal to that of {5)

{3} 423, (b) 831, (¢} 753, (d)

c.a. spectra of the single fieid ionized molecules with those
obtained from authenuc samples ¥ Unfortunately, it 1s
not possible to detect small inorganic fragments, owing to
the very low field iomzation weight sensitivity of these
compouads.*

° Furthermore. the geometry of the ion source may play an
importaat role (see ref. 113).

~ (@) 5 (b 1l
198 198 182
e
r
] 170 182 170 182 166 | 190
]
st 166 | s ey l s !l !
150 200 150 200 150 200
q (d) q(e} bt
182 182 l 182
150
1 . J
176 J
166] 150 166 186
. 170 198 138 154 [0 | 198
s sy | 138 115 : 38 i [0}
150 200 150 200 150 200
Figure 2 Field 1onization mass spectra of 1,1,3.3-tetramethvl 2-thiocar I S-oxide { g therm~lvsis at

783, {e) 883, Aﬂd 1043 K

As seen from Figure la the thioketen S-oxide (3) con-
tatned munor amounts of {7)—(9) as impurities.  Equal
amounts of these compounds are dezected upon thermolysis
at 423 and 631 K (Figures 2a and b) indicating that no de-
composition takes place at these temperatures. Using the
relative field 10n1zation weight sensitivaties we caiculated the
relative yields of the individual compounds formed at

— - —
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higher peratures, exp: as mole fracti corrected
for the imtial content of impurities in the startng matenial,
The results are given in the Table.

(@) !
12 150, .

>
3
H
s
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z
]
: 182

150

l
150 180 150 180
mir

Frcuse 3 Fieid sonization mass specera of 1.1.3.3-tetrametbvl-
2-thiocarbonvic ! g v at {a) 883
and (b) L 043 K

DISCUSSION

Easiest to explain is the formation of the carbenes (4)
and (5), which apparently are generated by simple
ruptures of the C=C and C=5 bonds, respectuively. Un-
fortunately, as mentioned above, field 1onization suflers
by the inabihity to detect small inorganic iragments, ¢ §
30 and SO.

e { c: + SO
(51

The formation of the vinylidene carbene {5} takes place
at a markedly lower temperature than that of (4) in
agreement with a fower C=5 bond energy relative to that
of the C=C bond.* Furthermore, 1t should be noted that
the high vield of the carbene (3) found by thermolysing
(3) at 1 043 K (Table! mav originate from two sources, as
the thioketen (9} at 1 043 K extrudes suiphur in hieh
yield {Figure 3b). However, almost no sulphur extru-
sion from (9) was observed for thermoiysis at 883 K
(Figure 3a). Based on the field 1onization mass spectra
depicted in Figures 2f and 3b we have esumated the
extent ot further thermoivsis of (9) to be <15% On
the other hand, it is generally believed 19-1¢ that the very
short contact times (ca. 1073—10 s) assure detection

® EvauiC=C} 811.2 k] mol! {cis-but-2-ene: R. W _Alder. R.
Baker, and . M. Brown, *Mechansm in Orgamic Chemistry,’

Wiley. Loadon. 1971, p. 7. EseaetC=S) §40.0 k] mol™ (' Thuo-
formaldehyde,” S. W, Beason, Chem. Rev., 1978, 78, 23).
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only of the primary products. Thus, we tentatively
suggest that the major part of (5) originates directly from
the S-oxide (3). Finally, it should be mentioned that the
thioketen (9} is the only product found to underge further
thermolysis within the temperature range studied.

1t should be noted that although we describe the
products {4) and (5) as carbenes here they may well be
isomeric structures, as ¢.g. (5) can undergo an easy intra-
molecular insertion reaction.’$ Nevertheless, we find
support for the carbene structure by studving the reiative
field ionization weight sensitivities (Table), which are
found to be comparable for the ketone (6) and the
carbenes, since compounds with non-bonding electrons
in general exhibit much higher weight sensitivities than
pure hydrocarbons.ti*

{sy

Additionaily, it can be noted that the carbene (5)
when generated :n solution, does not undergo intramole-
cular insertion,13®

Surprisingiy the major product from the gas-phase
thermolysis of {3) 1 the temperature range T33—833 Kuis

(3)

the cortesponding thioketen (9), apparently formed by
simple extrusion of atomic oxygen. Some reports on
atomic oXygen extrusion have appeared, e.g. it is well
known that pyridine N-oxide in the gas phase is photo-
lytically deoxygenized!¥ Several other thermal and
photolytic reactions, in the gas phase as well as in
solution, could also be explained by atomic oxyvgen
extrusion.™?? However, in these cases the reactions were
carred out ynder circumstances where it was not possible
to exciude bimolecnlar reactions. To our knowledge the
reaction reparted here is the first example of a thermally
induced unimolecular atomic oxygen extrusion from an
organic S-onide.! The apparently large decrease in the
yieid of (9) by changing the thermolysis temperature
from 883 to 1043 K (Table) is explained by the occur-
ence of the concurrent SO extrusion reaction, leading to
the carbene (5).

Since none of the products (6)—i8) can be formed by
simple bond rupture mechanisms, we lormulate, by
analogy with the thermal decomposition of thioketone S-
oxides*™ 3 primary ring closure into the methylene-
oxathiiran (10). However. oxathiirans are, as mentioned
previously, thermally highly labile compounds* ¢.g.
the decomposition of 33-diphenyloxathiiran has been
studied by a flash photalytic study of diarylsulphines,*
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the balf-life being estimated to 1.3 x 103 s (in aceto-
nitrile at room temperature). The diaryloxathiirans
decompose quantitatively into the corresponding ketones
and elemental sulphur upon thermolysis.** With this

=3 el

{10}

(3)

background the formation of the keten (7) is easily
explained by sulphur extrusion from the oxathiiran
(10). On the other hand, it has also been reported that
oxathiirans may rearrange into the corresponding
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structure (12) have, to our knowledge, appeared, but by
analogy with the decomposition of (11) we tentatively
assume that (12) either spontaneously rearranges into {11)
or extrudes carbon monosulphide to form the ketone
(6).% In recent reporis on oxathiiran rearrangements
migration to sulphur is found to be predominant relative
to migration to oxygen, in excellent agreement with the
very low yield of the ketone {6) and the much higher
yield of the corresponding thioketone (8), the former
tentatively being described as a result of migration to
oxygen.

In summary we rationalize the oxathiiran decom-
position as in the Scheme.

Taking the sum of the yields of (6)—(8) (see Table) as
an expression of the total amount of primanly formed

C=0 + S

‘o
1 —_—
C,
-G
$
(12)
SCHEME

thio-esters.*!* In the present case, with a methylene-
oxathiiran such as (10), this rearrangement would cause
formatior. of cyciic esters, a-thiololactones, andfor z-
thionolactones. Recently Schaumann and Behrens
reported the z-thiololactone {11} as the product from the
nitrone oxidatian of the thiok {9). The comp d
was found to be thermally unstable, decomposing at
348 K (tetrachloromethane) entirely to the thioketone
(8) and carbon monoxide.!™ We have studied the gas-
phase thermolvsis of (11) at different temperatures.

fie compound was highly labile under these conditions,
decomposing even at the lowest possible thermolvsis
temperature, 423 K, completely into a mixture of the
thioketone (8), formed by CO extrusion, and the keten
(7). apparently generated by loss of elemental sulphur.*t
However, no reports on the isomeric a-thionolactone

* 423 K corresponds to the temperature of the heated hne-of-
$1ZRt inlet system, e thermal won of
posaible formed (11) can be

|

oxathiiran (10}, it can be seen that the two concurrent
primary reacticns, atomic oxvgen extrusion and oxa-
thiiran formation, both proceed to an almost equal
extent at 733 K. An increase of the thermolvsis tem-
perature results in an increase In atomic OXygen extru-
sion with an equivalent simultaneous decrease 1n
oxathuran formation. However, the formation of the
vinvirdene carbene (5) at 1 043 K shouid be taken into
account in order to maintain the overall (9) : {10} rano
(Figure 4). These vanauons may be described as a
reflection of the concurrence of kinetically controlled
oxathiiran formation and thermodynamicaliy controlled
extrusion of atomic oxygen.

Similarly the decomposition of the oxathiran (10)

t Some temperature efiects on the thioketone keten ratio are
found the overali result, however. is independent of the ther-

molysis temperature.
T A n on the 1

energy surface
wnter reim 1¢

of the possible a-t
in progress (L. Carlsen. to be published|
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may be expressed in terms of kinetically versus thermo-
dynamically controlled processes, the former leading
to (8) {found to be present oniy for thermolysis at 753
and 783 K (Table)] via the strained three-membered ring

3
1 ’
3 100
[ e
g .
§os0
o §
3 :
= .
£ o000
700 800 300 10w
MR
FicUrE 4 Molar fractions (normalized) of oxathuran {10} (3}

and thioketen (9} (G} as a tunction ot thermolvus temperature.

The point X corresponds to the theoretical amount ol thio-

keten taking the amount of carbene ($) 1nto account
(11}, the latter to the sulphur-extrusion product, the
keten (7).

Conciusions.—The gas-phase thermolytic decompo-
sition of the thioketen S-oxide (3) 3ffords a variety of
products.  The product ratigs, which are highly de-
pendent on the thermolysis temperature, can, however,
be rationalized by the existence of only two concurrent
PIIMAry processes {aj extrisen o1 atomie Hxyvgen, wWhers-
by the tluoketen {9 1s forined, and (L) electrocvihic ring
ciosure 1o the methvieneoxathuran 110}, the jatter being
fullowed by several consecutive concurtent reactions
leading 1o the compounds (6}—:8). At higher tem-
peratures fusiher conc. meni primary r2alcons must be
taken into account. 1.e¢ the formation of the carbenes
{4) 3nd {5} by simpie bond rupture mechanisms.
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We are indebted to Mrs. J. Funck for her careful pre-
paration of the drawings.

[9/1186  Recerved, 23vd Juiy. 1979)
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Gas-phase Thermolyses. Part 3. Gas-phase Thermolysis of Silylated
Thionocarboxylic Acid Derivatives: a Route to Thioketens?

By Lars Carisen * and Haige d. C

Denmark

v D Risa N i { y. DK-4000 R:

Ernst Schaumann.' Herbert Mrotzek, and Wolf-Ridiger Klein. Insutut fyur Organische Chemie und
Biochemie der Universitat Hamourg. D-2000 Hamburg 13. Marun-Luther-King-Platz 6. Feaeral Repuoic ot

Germany
The iar gas-phase of three silylatrd boxylic acid [Vi-1N
(3). and {8) have been studied by the flash vacuum thermaiysis-fietd 1aNIZanON Mass speciromeatry lechnique in the
temperature range fram 783 10 1 404 K 1n order to its possidle as a routa to Oniy
very minor ol the were found, whaereas the corresponding ketens were odtained as the
major A pasudle for katen f s

THE f-elimination of hydrogen chloride from acyl
chlondes containing an a-hvdrogen atom is perhaps the
most important synthetic pathway to ketens? The
possible corresponding formation of thioketens from
thicacyl chlondes can, however, be applied oniy in
exceptional cases.™* Alternatively, thionocarboxylic

carboxylic acid silyl esters are found to be ca. 62 kJ
mol™ more stable than the corresponding thiolo com-
pounds.” Hence, the thermodynamucaily unfavourabie
thiono to thiolo rearrangement together with the
known ready elimination of silvi ethers from siviated
carboxylic acid derivatives.® suggest the use of siiviated

aut By s 8u! SSiMe,
N\, N 7 \
CH—C — CH—2C . <=

/ \ R:m /.'

] 21 R 0SiMe, H OSime,
() [£31 (&)
g, RaH
b. RaPri

ScHEME 1| Reagents. @ Pr NLi, o Me,SiCl ain. ByH,

esters may be expected to yield thioketens upon thermao-
lysis.  However, this method mav be of limited value,
since a competing reaction anaiogous to the Chapman
rearrangement is expected to lead to thiolocarboxviate
esters S rather than alcohol elimination. Thus, to
our knowledge only one example of tiioketen formation
from a thionoester has been reported.® the thioketen
betng isolated as its dimer.

In contrast to alkyl thionocarboxylates thiono-

()
/
s
coct |, <?
y - Sosime,
(1

{6}

§-

J
s iv. H,Op. v, Cr¥tor Mavit, vi 50C1,. vis, MeCENSiMe,

thiocarboxvlic acid derivatives as thioketen precurvors
In this paper we report on the gas-phase thermolvses
of three silylated thionocarboxvhc acid denvatives in
order to study the possible formation of thioketens.
The starting materials (2b), {3), and (8) (see Scheme 1}
have been chosen so as to prowide sterically stabilized
products, which would facilitate subsequent preparative
operations.

The thionoester (2a) was synthesized by reaction of the




1558

acyl chlonde (1a) with a dithiocarbamidate followsd by
silylation of the intermediate by chlorotnimethvisiiane
as reported by Kncheldorf and Leppert.® The stencaily
highly hindered ester {2b) was prepared by a reaction of
(1b) with the anwon of N-tnmethylsilvithioacetamide,
adopting the method of Luke.® The thionoester (2a)

1”8

i

Helotive 1ntensily

k1]

,,_—,_\_,,

(o e —

<

100 150 co
wle

Fictse | Field ;onization mass spectra obtained aiter
thermolysis of (3i at 1 043 K (&) and 1 404 K (b

could be reacted further with lithwm di-isc propyi
amine and chiorotnimethyisiiane to the keten OS5
acetai 13). A simular conversion was not observed in the
case of {2b}

The precursor i71 to the thionoester (8} was preparer
from homotenchene 141 by a procegure simiar 3 that
reported for the syathesis of 2-t-butvi-3.3-dimethyi-
butvryi chlonde.! By using KMnO, in the presence of
tetra-n-butylammonum bromide !* in the oxidation of
3: to 16} instead of chromuum trioxide the yield couid be
raised from 43 to 73%, The fnal siviation of (7) into
18} was performed as mentioned above using the metal-
lated \V-tnimethvistivithioacetamide reagent

Compounds (5)—8) can exist as ¢xo- and/or emdo.
conformers. The prnimary alcohol {5) exhibits two sets
of three methvi 'H nmr. signais. which strongiy
suggests the presence of both possible configurations
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at C-2. Similarly, more than three methyl signals and
two signals for 2-H are observed for compounds {7} and
(8). The carboxylic aad (8) apparently exists
exclusively as a single conformer. However, the very
small difference expected in the 4/ coupling between exo-
2-H and ex0-8-H, and endo-2-H and ants-7-H, respecuively
{see ¢xo- and endo-2-fenchoi ¥}, unfortunately affords no
possibilities for the determination of the actvai confgur-
atien, .

Gas-phase Thermoivses of (2b), (3), and (8} —The
urimolecuiar gas-phase thermoivtic decomposition of
the silylated thionocarboxviic acid denvanves (251, 131,
and {8) were studied by the flash vacuum thermoivsis—
field ionization mass spectrometry {f.v.t—fims.) teca-
nique 13 {see Expenmental section} in the temperature
range from 783 to 1404 K. Tield ionization 1s known
to give intense molecular 1ons and little fragmentation ¢

In Figures 12 and 2a the f.i.m.s. spectra obtained from
the thermoiysis at 1 043 K of compounds (3) and (8).
respectively, are shown. At this temperature the
compounds are aimost completely decomposed. Lower-
ing the thermalvsis temperature to 783 K did not change

‘08 104 *n

Retative intensily

R oK

' BYEL

|

|

1 ‘ i
| o

e i e e

o
i\\l!‘
Laik

[l

Ficung 2 Field-ionization mass spectra obtaned after
thermolvus of (8) at 1 043 K (a1 and 1 404 K {b)
the composition of the product mixture, but only th
relative yieids. Also the absolute yields are changed,
as ca. 95°%, of the starting matenals were recovered.
The spectrum depicted in Figure la extubits two
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p:aks at mfe 178 and 98. The compound responsible for
the latter peak evidently does not contain sulphur,
since only an isotopic cluster corresponding to *C and
0 15 seen, whereas the charactenstic %S 1sotopic peak
is lacking. The isotopic cluster surrounding the peak

SS5iMe, .
Bu'CHz=C
0S:Mey
()N 275}

[EXNLIS 3

BuiCH=C=0 . Me S-S - SiMe,

(9w 98) (10} (4 178)
ScrEmE 2

of mie 178 is consistent with the presence of two trime-
thyisiiyl groups and one sulphur atom, as the reiative
intensities of the peaks of mye 173/179,180/181 were
found and calcuiated to be 1.00:,0190.12.002 and
1.00/0.18/0.13/0.02, respectively. On this basis the
thermoivsis of (3) is then formulated as in Scheme 2.

An analogous analysis of the spectrum depicted in
Tigure 21 leads to the conclusion that compound /%
upon thermolysis decomposes into the ketea {11} and
trimethylsilanethiol (120, Additionally  a product
exaibiting a molecular 1on at mie 138, which mav be
assigned to carbene (13) or an 1somenc spectes, is {ormed
iScheme 2!

In cuntrist to these very simpie fragmentation
reaclions compound (15} exhubits a rather comp.icatea
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Changing the thermolysis temperaturc to 1404 K,
in the case of (2b}, did not give nse to any new product
formation, but caused only a change in tne relative
composition of the product mixture. For compounds
(3) and (8), however, small changes are observed by
elevating the thermolvsis temperature, as new sety of
peaks are deveioped in the fims. spectra obtained
{ollowing thermolvsis at 1 404 K {Figures 1b and 24
In both cases appearance of the new peaks can he
ratonalized as the result of competing thiokeren Hrm-
aton. [n the case of (8) the g..er temperature a0

M A

\OS«NE’
)
(8)(N 270)
1
|
i‘u IS LR
T
, 2 N
* <7 {/\
’ . MeSi-SH . / /
N w 18¢) (w106 [SESRQ IRET-Y]
Scuene 3

resuited in the appearance of a vanety Ji new pegas of
low ntensity, caused bv mere poonoun PlIe sl 3
of the carzan skeieton, probaoly simuiar 0 the therrn
tic pathways observed for {2b) {3cheme 3,

R' R
\
But /5 Neme=d + e
N\ 4 et gLk /
CH—~—C ——— I /e
pri CSiMey (1) (15)
(25
gut- e Prly Mei= H=CH; o MeySi-3d

decomposition pattern. The product mixture consists
ot the three possible ketens (14) and the three possible
carbenes (15} together with t-butvi and s-prooyl radicals,
methvipropene and propene as products of consecutive
radical decomposition. and the thiol (121 However, no
indication of any thioketen formation was found {Scheme
4.

()

[t should be noted that it is not possible to cai:uiate
the vields of the singie species directly from the f1m.s
spectra. as the singie compounds mav exhibit rather
different field iomization sensitivities ' However, as
the ketens ard thioketens probabiy it comparabie
sensitivities 131t 1s obvious that only very munor amounts
of the thioketens are formed.
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DISCUSSION

The eli ion of trimethylsil: hial {12} from (2b}
or (8} and of bistrimethylsilyl sulphide {10} from (3) to
gwve ketens is in apparent contrast to the relative
strengths of Si~S and Si-O bonds.” Moreover, (2b)
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steric effect may also favour transition states like (21)
incorporating sulphur, as the larger size of sulphur
compared with oxygen will diminish strain in the four-
membered ring.

The reactivity of sulphur in four-centre transition

SSiMe,
Bu'cH=¢ L0 pyten=c=5 . Me,Si =0 - SiMe,
OSiMe,
(3104 276) (16)H 114 ) 17) (4 162
s
p s
C< Tt (1L0LKY <? + Me,5l-0H
OSiMe, :
(8) (¥ 270) (19)(H 90

(18) (¥ 180}

Scuzwz 8

and (8} obviously cannot fumish ketens via a simple
one-step process. A rationale for keten formation in
these examples can be made by assumung primary
enthiolization to give (20a ani b), respectivelv, followed
by g-elimination of Me,5i-SH (12), whereas {ormation
of thioketen {18) at the more elevated temperature

i
S
/ s,
RC=C c=¢? siMe
/ N/ 1
OSiMe, °
20) (21)
But
a: R,Cs /C a.RaH
Per 8, R = SiMey
b R Cs

probably resuits from the direct 8-elimination of Me,Si-
OH (19) from (8). Elimination of Me,Si-S-SiMe, (10)
from (3) to give keten (9} would be in complete analogy
to the invoked cleavage of (20).

Previously studied g-eliminations of silanols from
N-silylcarbamates or imidocarboxylates have been
proven to follow intramolecular pathways wvia four-
centre transition complexes.'* This non-ionic mechan-
ism may also operate in the gas phase and thus be
applied to the thermolysis of (3) as well as (2b) and (8)
via (20). This leads to transition state (21a) from (20)
and {21b) from (8). The driving force in each case
seems to be the pr d leophilicity of sulph
which permits attack at silicon thus overcoming the
stability of the Si—O bond. Besides the electronic a

states involving silicon is also obvious from the relative
stabilities of bis-silylated amudes (22) and thioamudes
(231, Thus "compound {22; R = Ph) is gradually
cizaved to give benzonitnle only at redux temperature
{za. 470 K), ¥ whereas the corresponding thio-compound
(23: R = Ph) eliminates Me,Si-5-SiMey (10) in sufu on
silylation of N-tnimethylsiylthiobenzamude at 253 K.

Sime, SiMe
i
0 S
/ /
R—C Sy R—C( SiMe
N N
an [£5]

In the cases of (8) and (2b) 2 second possible reactinn
mechanism, a primary thiono-thiolo rearrangement
followed by rapid decomposition of the latter into the
ketens (11} and (14}, respectively, and the silanethiol
(12}, should a priori be considered. After thermolyses
at 1043 K only very minor amounts of the starting
materials are recovered, which implies that possible
primanly generated species are quantitatively decom-
posed into the observed products before reaching the
detection system (ion source). In general it is believed
that species with haif lives less than ca. 107 s may escape
detection.!? However, assunung aH, x 4G, ~ —62k]
ol (f.e. AS, ~ 0)7 for the thiolo-thiono rearrange-
ment, the equlibrium constants for the thiono-thiclo
system can, according to the van't Hoff equation, be
calculated to be log K (293 K) = 25 and log, X (1 043
K) ~ 7, respectively, i.s. even at the elevated temper-
ature the thiolo-thiono rearrangement will be rather
favourable. In the present case the latter rearrange.
ment shauld compete with the possidle rethermolytic
B-elimunation of silanethiol (12} from the thiolo-species,
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the latter totally suppressing the former, corresponding
to quantitative rethermolysis. Based on the above
figures and the fact that rethermolyses in general may
be expected to occur to only a small extent ¥ it seems
uniikely that a pnmary thiono-thiclo rearrangement
should be expected to piay any major role in the
thermolvses of (8) and (2b).

In conciusion, it appears that because of the electronic
and possibly also stenic efect of neighbounng sulphur
the Si—O bond is readily cleaved in the siylated thio-
carboxvhic acid denvatives (2b), {3), and (8) to give
ketens, thus excluding this method as a suttable route to
thioketens.

EXPERIMENTAL

I.r. spectra were recorded on a Perkin-Elmer 257 spectro-
graph. and the 'H n.m.r. spectra (CDC,) on Varaa T80,
Varian EM360, and Perkin-Eimer R32 instruments.

Flash Vacuum Thermolysis Techmque *—The (vt
technique used 18 based on the direct combination of a
thermoiysis unit with a double focusing mass spectrometer
with a field ion source. The thermolysis unit 1s constructed
as 2 modification of the Pye-Unicam PV4000 pre-column
pyrolysis system, which is based on the Curie-point principle.
ie the high frequency inductive heating 1n ferromagnetic
watertais  The thermuivsis unit is connected directly to
the 100 source of the mass spectror:eter via a heated line-of-
sight inlet system,

Samples (ca. 50 ug) of the pure compound were introduced
{mucro-syringel into the reactor vta a heated njection
block  The contact ime.n the hot zone has been estimated
to be za. 107'—10"* 5.** fulfilhing the contact time require-
Ment ‘ar {.vt. squipment. AcCOrGing o the grometry of
the system. thermolysis products with hall-ives < :a
107 s are assumed to escape detection.!* The internal
grometry of the reactor {length 40 mm, internal diameter
2 mm) combined with a low actual pressure (P ca. 107
Torr} assure a very low frequency of intermolecular coilisions
relative to the molecular-hot surface coilison [requency,
i.¢. only umimolecular reactions take place.

The mass spectra were recorded on a Varian MAT CH
5D murument equlpped with a combinad electron impact

fieid desorption ion source. The
field 1on emitter was 2 10 pm tungsten wire activated in
benzonitniie vapour.

Compounds (1a}.'" (1b).® (4)."' and N-tnimethyisilyl-
th de (from th de and hexamethyklisil-
azane) !t were prepared according to reported procedures.

3.3-Dimathyl(thiobutanorc) Acid  O.Trimethylsiiyl Ester
{2ay —Compound {2a) was prepared by reaction of (la}
with 2-phenylethylamine—carbon disulphide-triethylasne
followed by smlylation with chlorotnmethviniane-tnethyl-
amine® yield 49%; bp. 341343 K at 11 mbar: 1r
exlubies no absorption in the cacbonyl reqon: 8 038
{9 H, StMe,), 098 (9 H. Bu‘) and 264 (2 H. CH,).

3.3-Dimethyi-2-150prop: b Actd O-Trimethyl-
suiyl Ester (2b) -Tnmethyhnlyl:hnmeumnde (12.5 g.
0086 mol) in hexane (13 ml} was siowly added to BulLi
{0 086 mol) in hexane at 195 K. After 1 h (Ib) (143 &,
0082 mol) in hexane (20 mi) was siowiy added and the
soluion was allowed to warm to room temperaturc. The
precipitate was removed by filtration (with exclusion of
maoisture}. The filttate was concentrated in vacuo and the
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product was isolated by disullation, yreld $4%. op
356—334 K at 2 mbar: ir exhibits no absorption n the
carbonyl region; 30 4D (9 H Side,), 097 2nd 1 098 H. 4.
J ca. 1 Hz, diastereotopic Me of Pr), 102 (8 H. s, Bu¥,
2.00 {1 H. m. CH of Pr), and 277 {1 H. d, f 5 Hz. 2-H)
3.3-Dimathyi- | -trymathylsiioxy- | -irymathvisilylthiobwus- | -
ene (3). —Compound (2a) (9 4 g, 46 mmoh 1n dry THF (20
mi) was slowly added to a stirred solution of iithium di-
isopropylamine (5¢ mmoi) [prepared from di-isopropyl-
amine (50 mmol} and an equmolar amount of Buli
hiexane] at 195 K The sturing was contnued for 3 h
followed by dropwise addition of chlorotnimethvisiiane
(5.4 g. 50 mmol) 1n drv hexane (10 ml}  The mixture was
atlowed to heat up to room temperature and the prec:pitated
LiCl was removed by filtraton after 20 h (exclusion of
racuisture}. The scivent was removed in vacue and the
product isolated by disullation, yield 90 g (72%); bpo
348—350 K (at 0.9 mbar): v, 1640 cm™ (C=C), 30123
and 5 0 27 (both 3 H. SiMey), 1 103 (9 H BuY, and 4.70 /1 H.
=CH) (Found: C. 5265; H. 1035. S. Il.1. C,H,.
OSS1, requires C. 52 15, H. 10 13: S. 11 89}
1.3.3-Trimethylbrcycloi2 2.1 heptan-2-vimethanol (5 —
Compound (5), was prepared (rom (41 by reaction with
didorane followed bv oxidation of the resulting borane
with H,0,. yleld 89°,; mp 334 K. v (KBo 3340
em™ (OH): (a7,® —37.77(CDCl,); 80 8~1 8§ 7m, contaming
8 083. 088 096, l 00 103, and 1 12 {Me}] and 368 (d. J
7 Hz, CHM (Found. C., 7825, H, 1215 C, H,0D
requires C. 78 5 H. 120°%,)

1.3 3-Tremerhvidicyelo™ 2 Nhepiane-2.c rbosvlic Aad
(6} —Compound () was preferentiaily prepased bv ondmnz
{5) according to rel. 12, yieid 75%. mp 379 K. &
—44' (CDCL): v, (KBr} ca 3000br (OH) and 1 .00
em™ (€=D); § 09—23 [m. contaiming § 102 114 and
117 (Me)], 216 (4. [ ca 2 Hz. H-D. and 10.3br (OH)
{Found: C., 72.5; H. 100. C,;H,Q, requires, C, 125,
H. 9 959).

1.3.3- Trimathyibicvelo(2 2.1 keptane-2-carbonyl  Chioride
(7). — Compound (7) was prepared by reaction between {6)
and thionvl chloride. yield 6§0%,. b p. 347 K at 0 95 mbar:

. (film) 1805 cm™ (C=0); $ 0923 [m. conmmng
§ 1.00. 1.09. 1.14. 117, and 1.23 {Me)] and 2.61 and 2.7
(bath d. J ca. © Hz. endo- and exo-2-H) (Found C. §583;
H. 885 C, H,.ClO requires C, 65 3: H, 8.55°%,).

O-Tromethvisiivi  1.3.3-Trimethyibicyeloi2.2 1]heptane-2-
thiocarporviate (8) —The reaction was analogous to the
above preparation of (b} from (1b), yeld 25%. bp
383 K at L1 mbar: 1r exhibits no absorpuion 1n the
carbonvl regron; 8 041 {9 H, SiMe,). 0 8-—2.2 'm. contain-
g § 0.98. [.00. {14, and ! 16 {Me)]. and 2.76 and 2.87
{both ¢}, fca 2 Hz, endo- and exo-2-H)

Compounds (2a), {2b). and (8} did nont give satisfactory
clemental anaiyses due to their mghly hygroscopic nature

{(9/1880  Recerved. 23rd Novembder 1979}
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Gas Phase Thermolyses. Part 4.'* Gas Phase Thermolyses of Thietan 1-
Oxide and 1,2-Oxathiolan 2.Oxide. Evidence for the Intermediacy of

1.2-Oxathiolan

By Lars Carisen * and Melge Egsgaard. Chemistry Department. Rise National Lanoratory, DK—$GCO Rosk.ide

QOeamark

Dawvid N. Haroo, Department of Chemistry, McGiil Unwersity. Montreai. Querec. Canaga HIAZKE

The ummolecula gas phasa thermoiyses of thietan 1-oxade. 1.2-0xathiglan 2-0xice. and d:Methyl Suiphaxide nave
baen studied by the Masn vacuum thermolygs—tield 10MIZalioN Mass SCECrommetry techmaue 1IN the temperalure
tange 783 —1 404 X. Thareaclions are r3a1ioNauzed «n terms of ALOMIC 0Xygen eXIrusSIaNs and suiphoxide=suiphanate

q ] tor the
bath thietan 1-oxige and 1.2-0xat01an 2 2xige.

WE have previously reported on the thermal®3 and
photolvtic ¢ generation of the simplest cychic suiphenates,
the three-membered oxathiirans, whicii are found to be
thermaily highiv labile compounds.  The corresponding
tour- and five-membered cvcilc suichenates. 1.2.0xa-
thierans, and }.2-oxathiolans, respectively, are not
xnown. The {ormer has, however, been studied theor-
et:cally within the CNDO/B and CMNTO/S f{rame.
works.* To our knowiedge only one evamgie of a
stabie cyclic sulphenats has been rezoried.* the com-
pound being highiv substituted.  Attempts to synthesize
the parent five-membered sulphenate. 1.2-oxathiolan
(1*. Sy deoxvgenation of the corresponding stadie S-
oxide emp.wy'ng a series of reagents commaniy used for
reduction of swghaxides were unsuccassful.” However
evidence has been obtained for the sowt.on ot (1) by
cvelizatzon  of  S-phthalimido-3-mercaptopropan-1-ol.
Compound (1} exhibits a haif-life of ca. 3 h at room
temperature.?

As a part of our current interest in the ummolecular
gas phase themmolytic decompositions of organic suiphur
compounds,! we now report our results on the uni-
molecular gas phase thermolyses of thietan l-oxide (2}
and [.2-oxathioian Z-oxide (3) as possible precursors to
the unknown 1,2-nxathiolan (1). The thermolyses of
(2} and (3) were studied since suiphoxides are known
thermaily to rearrange to the corresponding suiphenates ?
ard orgamc S-oxides have been shown to extrude
atomic oxygen under pure unimolecular gas phase
thermolytic conditions.’ To elucidate the presence of
these two reactions we also studied the unimolecular gas
phase thermolysis of dimethyl sulphoxude (4).

4]

s .. -1 A
3 50 i cny~'s —cr,y
O Q
() (2) 3 {4}

The thermolyses were studied by the fash vacuum
thermolysis—field ionization mass spectrometry (f.v.t.-
f..m.s.) method.”® which secures detect:on of ummola-
cularly formed products only.

y ot 1.2-gxathiolan tram ihe nermoivses of

EXPERIMENTAL

Campnunds (2! 3t 1nd (3) ¥ were svnthesised accoraing to
pubhished procedures

Flasn tacuum Trermoivsis TecAnmgue —The [ vt tech.
nique. descnibed :n detail eisewhnere ® ts based on the direce
comoinauion ot a thermotysis unit with a double focusing
Vanan MAT CH 3D mass spectrometer. equipped witn a
combined electron impact lonuzation-fetd iomzation~fe.d
desorption et —i 1 = i )wnsource. Thethermoivsisumet.s
connected direct o to the 1on source of the mass specira-
meter via a hzatable line-of-s1gnt iniet system.  Samples
{(ca 30 wg) of the pure compounds were introguced (micra-
syringe) 1nto the hot rone !reactor) via a heated injection
block. The contact tme in the reactor has been estimated
tobeca 1077--10"*s. Thentemal geometwy of the reactar
(engen 57 mmn w. dtamecer 2 mm combined witn 2
low actuai pressure (P ca 10°¢ Tarrt assures a very low
frequency of intermoiecular collisions relative to the mole-
cule-hot surface coilisinn {requency. 1 . only untmoiecuiar
react:ony ke ptace. However, it shouid be remembered
that surface cataivuc erects may operate

The thermoiysis products are detected bv recording the
field jonizanon mass spectra immediately after the thermo-
tyses. F i gives nse to molecular ions teven of wery un-
stable substances) accompamed only by f{ew, :f anv, frag-
ment ions.}?

Further idennfication of the single compounds formed bv
the gas phase thermolyses are obtained by recordiog the
colhision activauon tc.a.) Mmass spectTa ** of the corresponding
molecular 1ons **

RESULTS

Several authors have racent!v reported an the gas phase
thermolvsis of dimetnvl suiphoxide (4177 From this
work a rather compiicated decompesition pattern could be
expectad upon thermoivais of (41, Two papers by Black
and his co-workers caugat gur attention as thev reporred
the formation of sulphine (thuciormaldenvde S-oxide: i
and methanesviphemic acid.!’? However, these studies do
not report on the unimoiecular decomposition of 4}.  The
same 18 true in a studv by Thvmon ¢ who rationalized a
compiete degradation of (41 1n terms of a sertes of specuiative
radical reactions. The fi.-m.s. specoum of t4) fullowing
thermolvsis (] 404 K), is however verv simpie. as oniv
three reacton products. dirmethyl suiphide (5) (M 82),
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methanethiol (8) (3 48). and formaidehyde (T) (M 30), are
observed (Figure ). The identity of these compounds was

100 82
> ,
:
2 ¥
]
oL % I X Al
30 0 50 [ ) 80

m/z

1187

ventfied by studving the corresponding thermolysis of
dimethyl {*H,jsulphoxide, which resulted 12 the formation
of products with molecular weights of 63. 52. and 32,
respectivety. No peak cofTesponding to ['H,jsulpaine
{M 84} was observed. Thermolysis of {4) at lower temper-
atures did not adord new products, as only the above three
reaction products were observed, albett, in Jower overail
yeid.

In the case of thietan 1-oxide (2) (M 90) we found that the
product composition 1s samewhat dependent on the thermo-
lysis temperature. Figure 2 depicts the [i-m 3. spectra
following thermolvses of (2) at 383. 1043, and 1404 K.
respecavely.  On the basis of these spectra. complementary
with colision activation mass spectra of authenue samples,
a product assignment of thietan (8) {M 741, acrolain (11}
(M 58), sulphine (9) (M 82), and products with the molecular

Ficurx | Field jonizauon mass specrum ~f dimethyl sulph-
oxide following ummolecular gas phase thermolynis at | 404 K
! S5
CHy s CH=CHO Il
1404 K
6 '
G
1 2
504 ]
A
01 02 @3 Q¢ 35 06 07 08 0% ¢
4
I @ " 0 30 @ 50 sy
o Ll —
100 -4 '
{ 1043 X
7%
~ ] a CS
= 4
< 9
£ 50+ 13
b4 4
2 ] Ll
el ] 59
4 SL‘ I 61 0z 03 0¢ 05 06 07 08 09 g
0 = T T T T T
1004 ) = VW 0 8 gy
{ d23n Ficurs 3 Cailision activation specera of field iomzed thirtan
90 and acrolen obtaiged aster thermolysis of thietan i-owde at
&2 1043 K
] compositions C,H,O (10) (M 58) and C,H, (12} (M 42},
50 respectively are observed. Due to the low intensity of the
peak with mye 58 1t has, unfortunately, not been possible
j to obtain sauisfactory c.a.-m.s spectra for a counclusive
6 idenafication.® Neither has it. by the c.a. method applied
1 here, been possible to disunguish between propene and
58 62 J cyclopropane (12) (M 42). Figure 3 depicts the Li.—<.a.
0 L1 l spectra of thietan and acrolemn obtained after thermoiysis
W L0 0 60 T 80 90 W0 of (2) at 1043 K. The spectra are identical to those
mit recorded from authenuc samples.

Ficunx 2 Fieid ionization mass spectra of thietan l.omide
following ummolecular gas pbase thermolyses at 383, 1043,
and | $04 K. respectively

In Figure 4, the product composition following thermo-

¢ C.a-mas. spectra of authentic samples only exhibit minor
quantitauve differeaces.
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Fizrre 4 Ficd :gmizavon mass spectra ol 1.2oxathinlan

I Swde (odowing Jaumolec.lar #as fhuse Nermoisis at
89, 1743, ant | 404 K respectiverv

lyses of 1.2-oxathiolan 2-oxide 13% 1M/ 108} at 883 1 043,
and 1 404 K, respecuively. is verv simiiar t0 the thermoivsis
of i2). Additionaly formaldenvde (1) (.M 30) 1s found 1n

J.C.3. Perkin II

compounds may exmbit rather different f.i. sensiuvities.?
However, the reiauve i -sensiivaues of (12, {11), ;101, and
(8) were determined using the gas iniet svstem of the mass
spectrometer.  Tentauveiv the sensiivities for propene and
oxetan. as representatuves for ‘12) and (101, respectiveiv
were used  From Figures 2 ind 4 supptemented Sv the
reiative {i.sensitivities. the reiative y:‘z;ds D1 these om-
pounds were estimated (Tabiel

DISCUSION

The product formation reported abuve can be d:scussed
1n terms Of the twn possibie reactinns mentioned 1 the
Introduction, fe atomie oxygen extrusion © and re-
arrangement of suiphonides to tne corrssponuing
suipnenate coupied with consecutive swphenate Je-
COMPUSITION reactions,

The existence uf these tvpes of reactions is easiiv
rationaiized in the case of dimethvi suiphoxide (4
(Figure 1). It has previouslv been reportsd thac
suionoxides that do not possess 3-hvdrogens thermailv
can be rearranged t9 the corresponding suipnenates. the

o /(C:*;:i(::;,
H~s—CH, @
SITRLY
CH5=0-0H, ——w CHpSH + W23
(133 (0 78) (BHHB) (TN 10)

latter consecutiveiv fragmenting mnto a tluoi and a
caroonvi comoouad.?  In the present case this reaction
wouid resuiz :n the formai.on of me thio 'V and
formaidehvde (7) Likety via methyi methiaresuiphenate
(13

However, a c.a.-ms. analysis of the peak with miz T8,
foijowing thermolysis of (4) a: temperatures berween

Relative yieids of {71, (121, (111, {101, and {8) following unimolecular gas phase thermoivies of {2) and (31 at 783

8831 043. «nd 1 404 K, respectivety. The

783 K
Compound M S (2 W) (=
i 36 i.00*
(12 a2 017 0.59 0.89
i 88 1.00 0.04 034 004
an 58 0.52 004 0.68 002
) H 0.83 0.53 0.04
Approx. overall yield 0.10 008 9 50

ngures are averages ior three ~xpenments

883 K 404 K

il ikl )

Q.02 Q08 008

037 037

958 0.47 0.48

030 oul 0.18 ot .09

DI
040 ti 0.80 1.00 0.80

* Retauve 11, sensiiviues, ¥ Assumed value equal to thut of acrolen.

low abundance. An {i-ca. spectrum of acroien dentical
tg that mentioned above was obtained

It s not possible to calcuiate the wields of the single
species directly from the fi-ms. spectra, as the single

Criy5m H,CO CS HCSO CyHe0

(5} (58} 18) (91 (10
HCCHCHO CyHe HC-5-0—CHy HSCH,CH,CHO
on 12) an i3]

883 and 144 K only showed unchanged (§). No
signais corr-sponding to a contnbuton of 113} to the
peak of m : T8 were observed, indicating the instability
of the latier under the conditions used.

v dirce rupture of the semipolar 35— bond 1n (4} appears t>
require 38.8 kcal mot™ {S. W Benson, Chem Rev.. 1878, 78, 23) the
apparent presence of thi mechaasrn suggests that the atomie
QXY ,EN EXIrusIoOn reaction mayv invol e sunace catalvis. How-
ever. since the hot filaments 1n the reactor are wires ot «:Ferent
alisvs 1the actual composition being determining 'or *he Curte
rrmperature of a given wirer different suriace catalvuc edects
mavoperate (¢f. Y. Nishivama and Y Tamai. Chemecn . 1980, 10.
G80). not of necessity giving nse to a smooth vanaton in yred
with temperature,
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A possible unimolecular formation of suiphine (9} viaa
pathway nvoiving primary loss of a methyt radical from
{4) followed by a loss of a hydrogen radical from the
resuiting Me30 radical is effectively ruled out due to the
above mentioned deuterium labelling expenment.

€o,~5—CQy

‘1’ / (W 68)
-0

C0y~5—CDy

N \’({“5

¥ -0 . .
C0y~5=0' ——= C0,=5-§
(#66) 60)

In the case of (2) (Figure 2) atomic oxygen extrusion
evidently resuits in the formation of thietan (8) (M 741.*
whereas the sulphoxid lpb rearrang would
afford formation of the unknown | 2-oxathiolan (1); the
latter, on the ~ther hand. would aiso be a result of atomic
oxygen extrusion {rom the S-oxide (3).

However, when (3} was thermolysed (Figure 4) no
product with molecular weight 90 is observed. This
could be explaned by a comsecutive quantitative de-
gradation of (1). It furthermore suggests that, if
formed, (1) exhibits a half-ii‘e <10°* s under the re-
action conditions.!®  Fiirthermore, formation of {10) and
({1} by rearrangements and/or fragmentations directiv
from both (2) and (3) can be explained only in terms of
highly speculative reaction mechanisms, whereas a

C;-a

(2) (% 90) \\ s
v I
(1) {¥90)
e

£-°
Ci

o]
{3 {N108)

straightforward rationalization is possible assuming the
exjstence of the common intermediate (1).

To elucidate the possible degradation pathway of (1),
we shall turn to a discussion of the formation of {10} and
acroletn (11), the common products for the thermolyses of
both (2) and (3}. There1s a remarkable constancy 1n the
(10): (11) ratios, when companng the product distn-
butions following thermolvses of (2) and (3) at the singie
temperatures (Tabie). This supports an assumption
that these products are formed ma the same species.

Acrolein formation can be explained in terms of a
fragmentation of suiphenate (1), analogous to that
observed far (13), resulting in the formation of methane-
thiol and formalidehyde. However, as the sulphenate
motety in the case of (1) is fixed in a five-membered ring
system the fragmentation would lead to generation of 3-

* Same [ootnote as on p. 1188.
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mercaptopropanal (14}, the latter only being known as its
oligomer.?# We find, however, that the oligomer of (14)
at ca. 400 K (in vacuwo) is smoothly cracked into the
monomernc species’® Cracking the oligome:ic species

s
CI ——a  HSCH,CHCHO
Q

[{}) (14}

under conditions where thermolysis of the iniually
formed (14) would closely mimic those for the thermo-
lyses of (2} and (3}, we found that (14} very easily
eliminates hydrogen sulphide affording acrolein (Figure
5). Thec.a.~m.s. spectrum of the latter is identical with

1001
0 K
%
. HS~CHy~CH,LHO
504
2
] o o
9
R A 1 ——
. ml‘
3 6t K
3 56
1
90
50~
o A
3¢ & S0 60 70 & 9 W0
mr .
Ficumx 3 Field iomuzation mass spectra of J.mercaotopropanal
£ g gas phasa ! at 801 and 1 043
K. reapectively

that obtained from authentic acrolein. We find that
even at 631 K [200 K below the temperature where {2)
and (3) thermolyse to an observable extent] a high
degree of H,S elimination from (14) is observed, and at
1043 K oniy very munor amounts of (14) are recoverad.
in addition, it is seen (Figure 5) that (10) (M 58) is
formed in low yield; the above menzioned (10V:(11)
rato 15 also found here to be 0.23 (1043 K). For
companson, the (10): {11} ratios following thermolvsis
of (2} and (3) at 1043 K are calculated to be 0.18 and
0.23. respectively.

It should finally be mentioned that the electron
impact iomzation mass spectrum of monomenc (14)
suggests some content of the 1somenc thietan-2-o[ 1™
which similarly may contribute to the peak with miz 90
(Figure 5), as well as be responsible for the thermal
formation of (10) by sulphur extrusion.  From the abave,
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it1s not surprising that we are unable to detect sulphenate
i1} andior the rearranged product (14), but oniv the
corresponding decomposition products, acrole:n and (10).

Remaining to be discussed. concerning the thermoivsis
of 12, s the formation of C;H, 112} 13 42}, apparently
generated by simple sulphur monoxide extrusion. and
sulphine :9} (M 62}, which 1s likely due to a 2 — 2.retro-
cvawaddition of ethyvlene and sulphine, as previousiy
reported by Block.’ Since sulpnine is formed only in

CHy=CHy + ST + HCD

\\(7)
57 cry
G
-50,,/(3) \o
’
CyHg —— HSTHCH,CHO

Q
{1&)

(IZ)\\<a / m

S

|

s

.. 1
<>s~3 X

[§e3)

8)

Suneue

very manor amonnts (Figure 2) the apoarent lack ot 1
pean orresponding to etnv.:ne L3 28115 not unreason-
abie owing to a very low i.i-sensiuvity of the jatter.’?

In conaection with the thermolysis of (3%, the wo
unidiscussed  products. (120 and (71, are apparentiv
generated by swphur dioxide extrusion and a simpie
rharrangement  analrgous to the recently reported
suipmnace thermotyses by Curst ez 207

In summary we rationalize the umimolecular gas phase
thermolyses of (2} and (3) as depicted :n the Scheme,

J.C.S. Perkin I1

taking the results reported into account for the inter-
mediacy of (1).  Although cumulative svidence for the
intermedtacy of 1,2-axathiolan :n the gas phase thermo-
Iyses of thietan l-oxide and 12-9xathioian Z-oxide :s
high, direct experumental verification under such <on-
ditions aoes not seem iikely

31837 Recerved. 27tn Octaber. 1950
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APPENDIX 11.

THERMALLY-INDUCED REARRANGEMENT OF METHYL ACETATE IN THE GAS
PHASE
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Gas-phase Thermolyses.

Part 5.!

J.C.8 Perkin I

Thermaily-induced Rearrangement of
4 g9

Methyl Acetate in the Gas Phase

8v Lars Carisen,” Helga £3sgaard. ana Paile Pagsperg, Chemustry Departme

4000 Rasxige. Denmark

TRa zure ummorecydr Jis Gnase tharmaivsis of

VACUYM g RS-t @l D

scecirometry -n ipe temcetature
A 30 a1 metRanol wers 3
Te.l 1 GITUD MIgr3non

‘ng Moges 3oserved
arg 1 403 K were Caicuiateg tram the

rarie

a4 intengy

Lesn germonsirated

1

SEtirtated T ne S 45 acd

na inothe

sstar

Lk

j]

aur

[-£ SRl et
siacenate The cea,

A1 K 04 Stainiess ste=: re30tar 3L 2 Drass
Torm ¥ Themas anaive.s ot
eaied that sriv minoe amounts of 2xvgen
sTamoang o the unreacizd ester had sccurved
au th 2 the intermediacy of an on
pair bein

metr:

)

ors

shyre exc, il
6orapd squiibrium with the ester. a<
reponsidie Inr tne decomposition producis. acktc 2
an iene, formed upan thermolvsis of ethvi acet
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st However. 1t should be noted that the thermoiv-
sts was carmed out under reiativeiy hign pressure crmi-
ns, suggesting The possibility of important imoiecuiar
ceactions.  Potentiai estar formation from acetic avid
and sthyiene 7 showid be mentioned particuiany

[n the present paper we teport 5n the pure unun
cular gas-phase chermolysis of #O0-abeijed methvi
acetate 135°; labeding n the carbonvl group: in the
temperaturs  mangs | 43—1 44 K, focusing on
possibile 190-"20) methyi group migration.

EXPERIMENTAL

Methvi 1V 4cetate —The 18Q.labeilad methvl acetate
was prepared bv hydrowvsing |.methoxvethvudeneamine
hvdrocnlonde (109 g%« pvndine <2 mi) by H,%) 02
mi: Prochem: 99.5% ennched}  After 15 h the precipitate
(NH,Cl and unchanged umino ether hydrochlonde) was
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RESULTS
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find that even at verv hugh temperatures methvl
acetate s rather stable and only lecomposes to a munor
extend. The products were keten and raethanol, in agree-
ment with the findings of Hurd and Blunci.t The fied.
wmzapon mass specw3 of unthermolysed methvi (4%
acetate together with that obtained following thermoivsis
at 1 404 K are depicted 1o Figure |

In Figure 21 the e — 2. mass spectrum of the molecular
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ion of unthermolvsed CH,Ci**O)OCH, (1a) is shown.!? No
electron impact induced *O-HO scrambling was observed
(Scheme 1;. Ia Figures 2b—d the c.a. mass spectra of the

* re callisron

8 - :
CH,CO J10CHy _—‘CN]

-
[
(la} tm/z 76) (2a) (myz &3)  {Jal(myz 3N

ScHExz 1

N > - . -
onyztor toew)] e gy cg1T /1 on)
(b} (m/z 76) (2b) (mfz 43} (3b)(m/z 13)
ScHEME 2
moiecular ions of undecomposed ester foilowing thermolvsis
at 1 043, 1 253, and | 404 K, respectivetv, are saown. The

presence of the rearranged methyl acetate (1b) 1s unamoigu-
ousiv demonstrated by the appearance of the corresponding

1

100 -
32 ’ﬁl

sck
z Lz
3
< 4 2.
z 1 )
£ 0 . .
$100F 26
3 xS a
o o)
@« B

CHy—C —~CCH,
SO <5
32
o1 : b
w0 §0 50 100
mix

Ficure 1 Fieid-ionuzation mass spectra of methyl [#)%acetate
tla, following thermoiysis at | 404 K {3) and without ther-
moiyus (b}

charactenistic fragments (2b) and (3b} upon heilum-coilision
(Scheme 2.

Based on Figure 2z and 4 the rato /15 ‘la; was cai-
culated to be V09 and 0.31 following thermoivms at 1 253
and 1 404 K, respectively

DISCUSSION

The responsibulity for the appearance of the rearranged
ester (1b) can a priors be ascribed to two fundamentaily
different mechanisms. (a) a purely intramoiecuiar methyi
group mugration via an  electron-deiocalized four-
membered cyclic transitton state or (b a primary
cleavage of the methyl-oxygen bond. foilowed by re-
combination to ester. The latter reaction can nvoive
either a homolvtic cleavage into the acetoxvl and methyl
radicals or heteroiytic formation of an 10n paur. How-

- Lia -
1257
x20 N 45
1404 K | [CH
2 @l
N~ y
g
1253 X 3 I 2 ()
3 4
—_— \_,_/V
20—
04 * e w
|
— | N ——
" 20
hg o n L5
; | @
CH3—C—OCH,
e PEY 38 £
0 w 60
miz

Freume 2 Collision acuvation mass specira of the eieciron
wwoact induced motecuiar on ot metavl {YDlacetate (lai
WILEJut Therths. s (&) and {oLuanz thermolvas at | )43 K
(bh. 1253 K (¢}, aga | L4 K {d). respectivesy

ever. 1on pair formation is much more energy demanding
than homoivtic radical generation and can accordirgiy
be leit out of consideration. On the other hand, 1t 15
necessary to discuss briedy the possibie invoivement of
the acetoxyl-methyi radical par.

It has been reported that acetoxyl radicals decompose
unimoieculariy 1nto methyl radicais and carbon dioxide.
The rate constant ‘%, has been esumated to be of the
order of 10°—10" s113 The concurtent bimolecular
radicai reactions (f.e. acetoxyl-methyl or acetoxyi-
acetoxyl, both leading to the formation of methyi
aczrater proceed with rate constants 4, ca. 10 1 moit
574.% whith give rise to the kinetic expressions (1} and (2)
for hie disappearance of the acetoxyi radicus.

{d.CH,C00"/d0, = & CH,CO0"] )
(d;CH,CO0 /a2y = 4, CH,CO0"TR": 2
R* = CHy or CH,C00"
Based on our previous study * the max:mum radical

concentrations in the reactor are estimated to be ca.
10 mol 1"t On thus background we conciude that ynder

¢ Radical recombination reactions generdilv proceed with rate
constants of ca. 10%=10'* I mol™* s°'. s.¢. the cholce of &, wm [04*
1 @oi™ 37! redects the more conservauve case.
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of 7(1bi] by equauion (4} and substitution into (3} gives
the rewntten expression (5). In the present case,

(aIl/{Ta]y — (L)) = Ruiky + kukyhed, (5)

again neglecting the very small 4O isotopic effect.
k, =k, = & Furthermore. the unimolecular escape
rate constants for the two esters must of necessity be
identical, 1.¢. Au = ky = &, which by wntroduction in
equation (5} gives (6).
= k{{(1a)]y — {(Ta)}}/ac(lai] — (Tall} =
KAL) — (0} (8
The unimolecular escape rate constant is equal to the
reciprocai value of the mean residence time, v, of the
molecule 1n the reactor,}® the latter being calculated
according to the Knudsen formula (equation (7)], where
V 15 the reactor volume (0.13 cm®) and A is the area of
the onfice (0.03 cm?). ¢, the mean molecular rate, can
be estimated according to the kinetic gas theory [equ-
auon 18)], T being the temperature and M the molecutar
weight of the molecule under investigation, i.¢. in the
present case 76,
v = 4Vjids ()
é =146 x 10MT{M)cm st (8)

Since the peaks 43 and 45 (Figure 2}, ansing from (1b}
and '}, respectizely, have equal c.a. probabthities © the
1ntensities of the peaks. /5 and /. can be akzn a5 2
direct measure of the mutual amounts of {ib) and (1ai.
On the above basis we are able to rewrite equation (8) as
(9}, which s directly applicable to the expenmental data
obtained. Relevant data and the caiculated rate

A=kl g — 1o =141y —1qg (9

constants at the temperatures 1253 and 1404 K ace

given in the Table.

Intensities of the peaks 43 and 45 1n the c.a. mass spec(r:x
tef Figure 2), mean resid umes. and
escape rate constants foc *Q-labeiled methyvl acetate,
and calculated low-pressure rate constants for the
{13) —e=(1b) reaction at 1253 and ! 404 K. The
unit for the peak :ntensities are arbstrary

K L, I 10073 107,870 107TRATE
1253 9 100 376 372
1404 3l 100 3.97 178

As the thermolyses are carried out in a reactor operat-
ing at very low pressure ! it 1s emphasized that the cal-
culated rate constants are low-pressure values. Un-
fortunately the construction of the reactor used.® even
fulhiling the requirements for a Knudsen reactor. does

* Thec.a probabulity of a given 1on X in the ¢ 3. mass spectrum

M-
of a single 10n with mass M 18 expressed by fq T [, (see L.
1

Carlsen and H. Egsgaard. submutted for publication).
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not allow us to determine the effective collision fre-
quencv. A further disadvantage, from a thermo-
dynarmic  point of view, is that the Cune Point
princinle only allows us to operate at a rather limited
number of temperatures. Hence, with the present
experimental resuits 1t 15 not possible to derive the high-
pressure {imit Archenius parameters foc methyl acetate
isomerzation.

Finally, 1t should be noted that the above discussion
has been carmied througn on the assumption that iso-
menzation proceeds as a pure unimolecular gas-pnase
reaction. The possibie involvement of a surface cataly-
tic effect. which compared with previous expenments ¥
seems rather unlikely, 1s simiariy left for further investig-
ation.

Conciusions.— Ve have by the present study demon-
strated thermally induced methyl acetate 1somerization
in the gas phase at elevated temperatures. The re-
action proceeds unimoiecularly via an electron-delocal-
ized four-membered cyclic tramnsiion state through
vibrational excitation of the OCO and COC in-plane
bending modes of the ester group.

{1/105  Recerved. 28iA famuary, 1981]
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The resuiting f.i. mass spectrum revealed only a singie
peak at m/z 90, strongly indicative of the formation of

- 230 -

“3

of {5) ¢ No deutenum incorporation in the reaction product
was observed. ie. the mass spectra remaned unchanged.

a compound (hereafter called '90") with 1 weight
90 a.m.u. as the only volatile product. Phthalimide was
d d asther b a the reaction chamber.
Electron impact {70 eV) induced decomposition of the
product "90° gave nse to the foll f T miz 90

g the absence of a possible XH group n the
compound "90.°§

To disunguish between the cyclic sulphenate (1) and
thietan l-oxide the gas-phase thermolytic decomposition of

g irag
(M=, 74}, 73 (171, 63 (7). 62 (11), 59 (17}, 45 {25}, 43 (10),
42 (24), 41 (1007, and 39 (15°;}. The actual composition of
the molecular ion tmsz 90) was. bv high resolution. estab-
lished to be C,H,0S (found 90-0139, caic.: 90-0139)

The simiiantes between the TQ 2V e mass spectrum
and that previcusiy reported for thietan 1-oxide! are striking;
however. miner but sidmficant difierences are observed,
especially in the cluster of peaks around m/z 80. Thus.
thietan l-oxide must be considered as a likely candidate for
the reaction product "90." in sprte of the 'H n.m.r. spectrum
recorded by Whitham and Dawis? which does not un-
ambiguousiy defne (1}

In addition to 1.2-oxathiolan {1} and thietan l-oxide a
vanety of cvectic and non-cyclic compounds have a priort
to be considered as possible candidates for 90 ° However.
2 common feature of these compounds s the presence of
an XH group (X = O, $) as a structurat umt. The possible
candidature of these compounds was ruied out by isolaung
the reaction product following cracking of the OD-analogue

.

P d ‘90" appeared to be advantageous. since thietan
j-oxide 1n addition to the common products (2} 31nd (3)
gives nse to the formauon of considerable amounts of
thietan and C,H, by O and SO extrusions. respectively *
Application of Hash-vacuum pyrolysis-rield-ionization mass
specirometry* {(f v t.~fims) revealed a fims. spectrum
exhibiung molecular :ons corresponding to thermaily
generated product.  Scrutiny of the fim.s. spectrum
{oilowing thermolvsis at 1043 K revealed intense peaks ar
m/: 56 and 58. whereas a total absence of peaks at ms: T4
and 42. corresponding to thietan and C,H,. respectively,
was also noted. on which basis we unamiiguously assigned
1.2-oxathiolan as compound ‘99"
Field-tomzatuon—collision-acuvation 4f.i.—c.a.) mass spec-
tra of the consecutiveiv formed products. exiibiting moi-
ecular 1ons m/ s 36 and 38, were found to be :denncal to
those of authegtic acroiein and ally! aiconol.” respectiveiy

(Recesved. 8th 4pri 1981 Com. $16)

$ 'n order to avord D~H exchange the gas iniet was first saturaced with D,0 vaoour

§ The applicatality: of this technique has unequivocally Leen dcmonstrated ov studving 3-mercaptopropanat (4) as a representatve

of the XH-veanng C,H,05 isomers (rer 51

€ Since onlv quanttauve diferences in the i < a. spectra of alivl aiconol propanal. and oxetan are observed. we are not abie ta
elucn ate whether minor amounts of one of the iatter twa compounds are present 1 addicion o ailyt aiconol
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Part 7.}
thiolan 2-Oxide and Thiiran 1-Oxide.

Gas-phase Thermolysis 0f 1.2,3-Oxadi-
On the intermediacy of 1,2-Oxathi-

By Lars Carisen * and Helge Egsgaard, Chemustry Department, Fise Nauonal Laboratory. DK-4000 Roskiide,

Denmark

The unimarecufar gas-phasse

yses of 1.2.3

2-9xide ana thuran 1-oxide have been stydied by

the 11asn vacuum thermolvsis—fisid 1omzation mass spectrometry (f v 1 ~f ..M s.) tecnmgue in the temperature range

from 1043 10 1 404 K. The reactions are ranonahzea .n terms of luhenat arrang 1t ang
atomic oxvgen. suiphyr monoxide. and suiphur dioxige 15 B tor the nter-
mediacy ot 1.2 from the yses of botn 1.2.3-0xadithiolan 2-oxide and thuran 1-oxice

VERY recentlv we reported on the :ntermediacy of 1.2-
oxathioian® in the gas-phase thermolyses of 1
oxathiolan 2-oxide  and  thietan l-oxide’ the five-
membered cyclic sulphenate bemng charactenzed partly
based on its thermal decomposition into acroiein and
allvl alcohol. \We have likewise n a senes oi papers
reported on features of the three.membered cyclic sul-
phenates. i.. the oxathiirans.* However, to our know-
tedege. no reports on the corresponding {our-membered
sulphenates, the 1,2.oxathietans, have appeared.’ In
the present studv we report investigations nn the passible
intermediacy of the parent L2-nxarmetan (1) in rhe qas-
phase thermolvses of 1.2.3-9xadittuolan 2-oxide {2}, and
thuran loxide (ethyiene sulphoxide i3)

S\O -
(33
0/
—
@ s
O
— o

P )
[i-3
3

The choice of the compounds {2) and (3! as possible
1 2-oxathietan precursors was based on the following
assumptinns [t has previousiv been reported that
cyciic sulphites upon thermolyvsis ehimunate sulphur
monoxide: ¥ hence, an anaiogous sulphur monoxide
extrusion from |2; seems [easible. apparently leading to
(1). In connection with our recent study on 1.2-o0xa-
thiolan we reported on the thermally induced nng ex-
pansion of thietan l-oxide inco the five-membered sui-
phenate: ? analogouslv, the three-membered suiphoxde
{3) was expected to afford {1} by nng expanston.

EXPERIMENTAL

1.2.3-Oxadithiolan 2-oxide {2} ¢ and thiiran l-oxide (3} 7
were synthesized according to previousiv reported proce-
dures.

Flash Vacuum Thermolysis Techmique —The f.v t. tech-

+ The parent ), 2-oxathietan has been studied theoreucally by

sequ-emoinical CNDO methods (. P Sayder and L. Carlsen, J.
Am. Chem. Soc., 1977, §9. 2931).

mque used has been descnibed in detail eisewhere ! and 15
based on the direct combination of a thermolysis unit with a
double focusing Varan MAT CH 3D mass spectrometer,
equipped with 2 combined electron impact 10012at0n-neid
ionization-fieid desorption (e -fi~fd.) 1on source. The
thermoivsis unit 15 connected directiy to the :0n source of
the mass spectrometer via a heatadple line-of-sight inlet
system  Sumples (ca. 50 ug) of the pure compounds were
ineroduced [microsvringe) into the Lot zone (reactor) via a
heated injection block. The contact time in the reactor
has been esumated to be ca 107—10"* 5. The internai
geometry of the reactor  4umm. 1d 2 mmy combined with
a low actual pressure (P ca 107t Torrt ass:res a very low
frecaeacy of antermoiewuiar collisiuns relative to  the
moiecuie-iiot surtace colliston {requency. te. only um-
molecuiar teactions take place  However, it should be
remembered that surface cataiyuc erfects may operate.

The thermolvsis products are detecterd by recording the
feid wonization mass spectra immadiateiy slter the therno-
Ises. F... gives nse to mouecuiar ions (even of very un-
stable substances) accompanied only bv few, if any, frag-
ment 1ons.*

Further idenufication of the single compound formed bv
the gas-phase thermolvses is obtained by recording the
cothsion activation {¢.a.] mass spectra 1® of the correspond-
ng molecular wons.® The oxiran and acetakdehyde 1ons are
distiaguishabie by c.a.ms't However. the conclusive
discrinunation between the possible C.H,O isomers 1s
strongiy facilitated by a studv of the ummoiecuiar meta-
stable :0n spectra * [n the present case DADI (Direct
Anaivsis of Daugnter lons) spectra of the molecular ion
(miz 44) of oxiran and aceta:dstvds abtainea by TP eV
electron impact 1ontzation, have been appiea

RESULTS

The thermolvses of compounds {2} and :3) have been
studied bv the fash vacuum thermoivsis-feid 1onization
mass spectrometry (f.v t.-[1m.s/ tecanique * in the tem-
perature range from 1 043 to | 404 K.

In Figurs | the t Lm.s spectra recorded after thermolvsis
of the monothiosuiphite () (M 124) at 1 043, 1 253, and
1 404 K. respectively, are shown. Based on these spectra
and by companson {ca.ms. or DADI, ¢f. Expenimental
section) with authentic samples, the foilowing products have
been idenniied: ethvlene {4) (M 28), {ormaidehvde (5} (M
301, keten (6} (M 42), acetaldehvde {7) (M 44), and thuran
(ethylene suiphide) (8) {.W 60).
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In recent vears several authors have reported on the gas-
phase thermolysis of thiiran l-oxide 314 It was concluded
that the main reaction was the extrusion of sulphur mon-
oxule, adording ethviene in high yeld. Additionally,
Saito  reported the formation of minor amounts of C,H,S,

’
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28 R L]
i0 . e
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Fioure | Field somization mass spectra after gas-phase thermo-

Tvsis of 1,2 J-oxadithiolan 2-oxide at 1 043. 1 253, and 1 404
K

C,H,0. and formaldehvde. It should, however, be em-
phasized that the thermolyses were carried out under condi-
tions where bimolecular reactions certainiy couid not be
excluded. The thermolysis of (3) under pure unimolecuiar
conditions resuits, nevertheless, n a product composition
qualitatively quite sumular to that reported by Saito !

(33

@ ~
4,043k HL=CH, + H,C0
7 @ )

[i-3
{3

Figure 2 shows the product composition obtained alter
thermolysis of {3) at 1043 K. The products are shown
t2 be identical to those generated by thermoivsis of (2).*

* [t should be noted that the C,H O isomer (M 44}, unequivoc-
ally tished by the DADI o be o, was

J.CS. Perkin [1

Scrutiny of the spectra depicted in Figures 1 and 2
reveais the presence ot a peak at miz 76 In the case of (3)
the peak was a prior1 assigned to undecomposed sulphoxide.
However, careful c.a.m.s. analvses disclosed that in both
the case of (2 and (3} the correct assignmenct of 12 76 was
carbon disuiphide. The appearance of (3, among the
reaction products seems rather obscure. but the authors are
convinced that catalymc erfects on the hot surface ia the
reactor play an important role *

Seo]

%ﬂco 1CL3 K 60

2 '

H |

3 {

¢ 53 |

3 zie ik 73
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& |

30 &0 50 50 0 80
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Ficure 2 Field ionization mass spectrum after gas-phase
thermoiysis of thuran -oxwie ac 1 043 K

In additudn, it shouid be emphasized that ca.m.s.
analyses of the m/z 7§ peak following thermolvses of (3) at
temperatures between 531 and 1 043 K showed, besides an
increasing amount of carbon disuiphide, only unchanged
{3). No signals corresponding to a contrnibunon of other
prssible C,H, 0% isomers. £ ¢ tre suiphenate (1), to the peak
miz 76 were observed.

DISCUSSION

The above reported product formauon is discussed in
terms of sulphoxide-sulphenate rearranzement, atomic
oNYEEn extiusion, and su.phur mon.- or di-cxide elimu-
nation. The latter reaction. however, cannot be dis-
tingrushed from an atomic oxygen extrusion con-
secutiveiy accompamed by a rapid suiphur monoxide
elimination, as the f.1m.s. tecimique does not enadle us
to venfy the possible existence of smail i orgamc
fragments such as O, 5, and SOt among the reaction
products.?

The presence of an atomuc oxvgen extrusion reaction is
obvious 1n the case of thuran l-axide (3), resuiting in the

+ H,CC0

&)

/\
*  HCCHO +  HC—CH,

(%] (8)

formation of a considerable amount of thiiran (8) (M 60)
(¢f. Figure 2). We have previously reported extrusions
of atomuc oxygen from organic S-oxides; 343 however,

teportad by Saito !¢ as ethylene oxide. However. m-’ present
study revealed no evidence for the presence of ethylene oxide
amoag the products.

+ T Y it 18 sugg that suiot.1c monoxide is involved,
since we have not been adle to detect SO obviously ehimunated at
least from {3). by normal 70 eV electron impact mais 3pectro-
metry.
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rupture of the semipolar $-0 bond apparently requires
ca. 90 kcal moll® which may suggest that surface
catalytic effects are operating by this reaction. Ewi-
dence for an anaiogous reaction in the case of {2}, which
apparently would result in formation of 1.2 3-oxadithi-
olan. is not obtained. since no signal correspuiding to the
latter {3/ 108} was detected. Thus. we conclude that,
if formed. the 1.2.3-0xadithiolan exhibits a half-life < ca.
1 ms under the actval conditions used.? However. a
rapid series of consecutive reactions. the pnmary one
being a suiphur extrusion from 1.2 3-oxadithiolan, cannot
be excluded.

~\pan from the ethviene formation {

ERVAN

om (3), bv SO
o) mIl wddilonaily onginate from ethvlcne
sun. hide (8). Thermoivsis of (3} at 1043 K revealed
nearly quantitaiive ethvlene formanon which led us to
suggest that formation of the latter by rhermolysis of
2} most probably appears as a secondary product onein-
ating from prima generated thiiran (§), the latter
being a resnit of suiphur dioxide elimination from (2}
We shail now tum to a discusston oi the formation of
keten and acetaldehvde. It has previously been reported
that sulphoxides that do not possess 2-hvdrogens can he
rearranged thermailv into the corresponding sulphenate,
the latter consecuniveiv fragmenung into a thiol and a
carsonyi compnund #47 In the case of {3} a sulphoxide-

128« %
3 ‘
134
i 76
g T " T
1234 i
3
-~ ’ 1251 «
< 594 1
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¥ 100
e iee
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1 ; 1043 K
53+ :
a 7
a
120 .
i76
HS-CH.-CHO {
504
o -
10 <0 11 &0 10 80

Fisurg 3 Field onization mass spectra of mercaptoacetaide-
hvde before thermoiveis and after gas-phase thermolvsis at
1043, 1253, and L U4 K
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sulphenate rearrangement evidently would resuic in the
formation of the unknown 1.2-oxathietan (1). On the
other hand, 2 cheiotropic elimination of sulphur
monoxide from the monothiosulphite (2) analogousiyv
would lead to {1}.

As mentioned above, we have not been able to detect
any product with motecular weight M 76 corresponding
to C,H,0S, other than thiiran l-oxide (1). It s, how-
ever. obvious that {1) formed under the present reacrion
conditions wiil be generated in a vnbrauonal excited
state. Analogous to 1.2-oxathiolan*3 it is higiiv
likely that the vibrational reiaxanon of (1) wiil iead
to a quantitative degradation of the latter. This indi-
cates that, if formed. (1) exhibits a half-life < ca. 105
under the actual reaction conditions.?

Formation of keten (6) and acetaldehvde (7) by re-
arrangements and/or fragmentations directly from both
(2) and (3) can be expiair=4 only in terms of highly
speculative mechanisms, whereas a stra:ghtforward
razionalization is possible assuming the common nter-
mediacy of | 2-oxathietan {1).

Drawing a parailel to the previously reported thermal
decomposition of 1.2-oxathiolan *3 the first step on the
decomposition path for (1) 1s suggested to be a ring open-
ing to mercaptoacetaidehvde (9), consequentiy followed
by loss of sulphur and hvdrogen suiphide to give acet-
aldehvde and Reten, respectitviy. It has been reported
that mercaptoacetaldenvde (91 15 generated by cracking
the corresponding dimer 2,5-dihvdroxy-14-dithian.!s
Smooth cracking of the latter in vacno followed by fdash
vacuum thermoiysis of the generated (9) indeed arfords
a muxture of {6) and (7} (Figure 2, the AV : {7) m.tensity
ratio being qualitatively in accord with those observed
foilowing thermolysis of (2) and (3), respectively

With this background we rationalize the unimolecular
gas-phase thenmolvses of (2! and (3) as visuaiized in the
Scheme, taking the above results into account for the
intermediacy of (1). Although cumulative evidence for
the mtermediacy of (1) in the gas-phase thermoivses of
1,2.3-oxaduthiolan 2-oxide and thiiran l-oxide is high a
direct expenmental verification under such conditions
does not seem feasible.

Finaily the appearance of formaldehvde (5) shail be
discussed. The unimolecular decomposition of 1.2-di-
oxetans affords the formation of two carbonvi com-
pounds ' in general as the onlv products By analogy
to this it mugnt have been expected that 1.2-oxathietan
would lead to [urmnaldehyde and thioformaidehvde. at
least to a reasonable extent. However, oniy verv minor
amounts oi formaidehvde are detected. and 1215 believed
that thioformaldehyde formed in equimolar amounrs
may weil have escaped detection owing to a lower
sensitivity of the latter relative to formaidehyde. Its
generally assumed that the first step in the case of de-
composition of 1.2-dioxetans is a homolyuc cleavage of
the 0-O bond. The drving force in the consecurive
cleavage of the carbon—carbon bond o form the two
carbonvl compounds mav weil be the high energy gain
by generation of the carbon—oxygen double bonds. In
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the case of (1) a simiiar decomposition pathway wouid
be accompanied by a smailer snergy gan.  {n addiuon,
the rearrangement mav be strongly facilitated in the
monosulphur case, leading to (9), due to steric erfects,
the size of the sulphur atom apparently minimizing the
strain (n the transinon state.

[1/865 Recesved. 23th Mav. 1981)
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Gas-phase Tharmolysis of Methyl and

By Lars Carlsen * and Helge Egsgaard, Chemisty Department. Rise National Laboratory, 0K-4000 Roskiide,

of the four methvi and ethvl monothioacetates {5) —(8} have peen studied

v tachnique :n the temperature range 883 —

tor keten £ are . and s

struciure. wnereas the decompasition of

Oenmark
The g
by the tiash vacuum teid mass
1404 X. The tvpes of reacttons verified were keten tormation. thiono—thioio rearrangement, and. in the case of the
ethvi estees, &l The o
that the the vid an
the apparently via qirect 1.2.enminanon of the thiots.

RECENTLY. we investigated the unimoiecular gas phase
thermoivtic decomposition of a series of tnmethslsiivi
thiorocarboxvlates (1) in an attempt to study the
possibie appiication to thioketen synthesis? However.
the cunciusion was rather surprising, as we found the
masor products to be the corresponding ketens 12!
whereas oniy very munar amounts of the thioketens .3
were generated. A possible explanatinn of this reactinn,

12 .
. g rRRTCO - tusosH
New_oF 1
2 ~Ng-r
R O-TMS ™ gt 2t cacss o T - on

m 1)

invoiving = primary rearrangement to the corresponding
thuolo-ester, foilowed by an immediate. and quantitative
rethermolysis, was ruled out. partly based nn an estimate
of the thermodynamics of the former reaction.  Assum-
ng 3H. x AG, = =82 K] moit (1e as, =t odor
the  thinlo-thtono  rearrangement, the  equiibrium
constant for the thiono-thiolo system can. according
to the van't Hoff equation. be calculated to be log,-
Ri{293 K) = 25 and log,K(1 43 K) = 7. respectiveiy,
t.¢. even at very elevated temperatures the thiono-esters
will be the thermodynamically more favourable isomers
On this background we conciuded that the ketens most
probablv wer= eenerated directlv from the thiono-
carbosyiates. The mechanizm was tentatively formu-
lated to nvolve an enethiolized intermediary Linucture
(#).

SH

s
_ )
R'RIen-¢7 ¢

— r'R7c=¢
No-Tus

N
~TMS
(4] °

!

RIRIC=C20 + TMS-SH

Although the gas-phase thermolyses of some thiono-
and thiolo-esters havs been reported previousiv.®® we
here report. initiated by the above studv, on the pure
nnnnolecuiar gas-phase thermolvses of the simple methvi

and ethvi monothivacetates (3)—:%i

focusing o pos-
sible weten formation

X
we? 2.

Ny
R X Y

5) CHy s o

(61 Cry o s

(N Cymg H o

(81 CyHg [ s

EXPERIMENTAL
The esters G and (8} were svnthesized by alkvistion ot

tinoacetis actd by methvl and ethyvl iodide. respentive. -
Compound b had bo 97—18°C (.27 98 °C) ana ‘b p
Pis—iin °C at ' 1164 °C; Compounds (5) " anu 5"
Were svatiesizetd 3ccording to presiousiv Jescrided metiods

Flasn Vacunum  Thermoiysis —The  thermoivses werr
varried out usng the dash vacuum thermolysis-feid toniz-
ation mass spectrometrv {({.v t ~[1m$) techmque. which
has been described 1n detail previouslv '*  The meznod
hased on a direct combrnanion of 3 thermolvsis umt fui-
fihng the requiremencs tor a [Nnudsen reactor. with a Var:-
an MAT CH 3D double focusing mass spectrometer equipped
with a combined eiectron impact lonizition-fieid 1ontzation-
field desorption (e.r-f1-f.d.} 10n source. The [ spectra
after therinoivsis were recorded with a scan rate of 30—i00
a.u. 7' (signai-to-naise >1 000},

Coilision activation mass spectra '' were obtained by
introducing helium as the collision gas via 2 needle vaivento
the second field-free region of the mass spectrometer. The
colision gas is admutted as 3 moiecuiar gas beam focused on
tne :on beam just behind the intermediate focus shy  The
c.a. spectra of the single 1ons were obtained by scanning the
eiectrostatic field

The c a.m.s. analyses of the thermolysate mixtures are
generaily carried out on the singie fieid lonized moiecules.'*
However, the compound exhibiting the highest moiecular
weight in the reaction mixture, 4. i0 the present case the
undecomposed esters. mav advantageously be analvsed by
€ a.n s. of the molecular 1on in the electron impact induced
mass spectrum. as this won evidently 1S not a result of e
mduced fragmentation. The sensittvity of the cams.
analysis 1s hereby enhanced strongly. The cam s spectra




1082

of the single ions are recorded within 3 3 s gnal to-noise
¢a 3 ficams) >I000 e1—cams))

The refative e 1.-c a.m's and [ sensitivities of the singie
compounds avaiiable were determined using the gas niet
system of the mass spectrometer. The reiative ester {1
sensitivities were found to be thiono.molo 1.7, the
sensitivity of ethviene was calculated to be ) )7 reiative to
ethvl thionoacetate  Additionally. & shouid be mentioned
that the thiono- and thioio-esters exmibiz equal et —am's
sensitivities

In the present work the thermolvsis unit was shghtv
moified compared to the ongnal version ¥ as the mjection
block was substituted by a 100 ml glass buib connected to
the reactor via a glass capiilary leak. the leak rate bemng
equat toca 3 « 107" Torr i ™' Samples of ca 10 ui of the
single esters were :ntroduced nto the evacuated bub This
set-up 1$ advantageous for recording < 3. spectra. as it
ailows a continuous flow of thermolvsis products =2 the
lon source, it :s. howevsr oniy sustahie for compounds witn
rather high vapour pressures

RESULTS AND DISCUSSION

During the past decades the zas-phase thermnivses ot
alkii carponiiates as weii as the correspondiy mnno-

thio durvaties, have been studied :ntensivesw &%
However  *he peestigations have almost esciysivciy
bewtt iruted to cnmpannds possessing 3 3-hvdrogen atom

i the ester athvl gronp in order 10 ewsciate the ghmn.
ation +f aoacmes from these osters 0 vie.d the enrrespondd-
g luis cScheme 1) fn Cnntzast 1o tius metin esters

X

P
R RicH-c”
Ny~crlatocaasat

1

XH

R'Ricw-c » ”R'R'czcr'R®
Y
Scweme |

haive only been studied rareiv 53334 apparently due to
their lack of abrlity to undergo a similar reaction. In
Ao tases thermoivses under pure molecuiar conditions
have deen reported.  From a very recent study in the
unimolecuiar gas-phase thermoivsis of methyl acetate in
the temperature range 1 043 —1 404 K we concluded that
the predominant reaction is an oxvgen-oxvgen methyi
3roup migration accompanied by \ery minor amounts 1
xeten formation only 3

Thermoivsing (5) and (6} at 1 43 K resuited in the
devewopment ot nearly :dentical spectra (Figure 11, In
both cases the major products are keten (9) (M 42) and
methanethici (100 (M 48). The low ntensity peak at
miz 38 which a prior could be explained as a munor
amount of throketen. was, upon tugh resolution, sur-
prsingly found to be a C;H O 1somer, the unumol zular

* A posuwble candidate 15 acetone. however, owing 0 the verv
minor amounts of C,H,0 formed. we were unabie ts obtan

satisfactory c.a. spectra to eiucidate the actual structure fcf
rer 118}
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formation of this compound, however. at the present
bewng unciear *

[t 1s observed (Figure 1) that considerable amounts of
the esters (M 90) are recovered. In this connection ¢
should be noted that Figure ! ts only a representation of
the reiative product distnibutions following thermolyses
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: P Fiend wnication s s0ectid of metiv: thiono-
AceAte amd MeEmt thiomacetate Intiusing tACFTIo s 3t
JRAENIN N

Nl the sespective estors whereds aoniitial Cafts artsen of

€ A Bda Visids s nnt possinle 1°
Fe 125 Beed reported presunsiy
Ye rearranged thermads nto the corresponaing therm
dvnamicaily more favourable tusio-comoounds *
On i Dacmgrowna, 10 come.matton with the aloves
mentioned oroduct distibution. it s concsivable that
Sesules irect Keten formatinn ieom the sinzie esters. one
shouid. in the 2ase a1l (31 tane 4 react:ion invoiving
prrmary thienu-thisio reareangement foilowed by me-
thanetiuot ehimunation from 161 into account ¢/ Scheme
2 Hence, it 15 0bvi0us that a detatied examination of
the pean with vz M0 (7f Uigure 13 corresponding to the
so-culed unreacted =ster is appropnate.  For this pur-
pose we studied the ¢ 2. spectra ot the peak with m:r yg
aiter thermoivais of the two esters

o Hieesters may

CH=228 « CHySh
s e SHp=t )
cu,-‘:7 19 (101
AN

In F:gures 2a and e the ¢ a spectra of the molecuiar :on
(m:z 90) of unchermoiysed 15/ and /61 are shown, respec-
tively  Adaitionally. the c.a. specird of the peak with
m.z 90 after thermoivsis of (5} at 333 1043 and 1 404 K
are depicted i Figures 1b, ¢, ana d. respectivety. Bv
elevating the thermotysis temoerature a progressive
relative increase in the wntensity of the pean of my:z
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43.* corresponding to a thermally induced intramolecular
thiono-thiolo (5 — (8)] rearrangement, is seen. The
(51 .16) ratios are. based on the spectra depicted n
Figure 2, calcuiated to be 3. 1.0, and <0.05 following
thermolysis at } 043. 1 253 (not shown), and 1 404 K.
respectively. Thereversereaction, s e. a possible (61 —=
(51 rearrangement. 1s not observed, tn agreement with
the much hugher energy of activation for the latter reac-

0 Q
.
CHy—C—S$CH, te)
a
1406 K (a)
—
|
10&3 K [ (<)
—
883 x J (b} 1
a
e .
i
CH—(—0CH, 4 {a)
‘wL A _’Ii
0.2 Q4 08 o8 [
L 20 < 50 mie |
Fioure 2 Cullsion activation masy spectra ol the eiectron

impact-indugced Mmolecular 1ona of methvi thionoacetate without
shertaivaa (a). following thermolveis at 383 K by, | 043 K
et and | 403 K od), réspectively, and unthermois sed methyi
thioloacetate ()

tion, due to the thermodynamic stabiiization of (K} by
ca SO KJ mol ! refative to 1533

To elucidate the relative impoctance of the possibie
mechanistic pathways tor keten formation outhined
above. the keten methvi thivioacetate ratio ({0 - (8)}
seems to be crucial.  Taking the abovs calcuiated (3) - (6}
ratio as well as the relative thiono-thiolo f.i. seasitivities
(1.7, see Expertmental section) 1nto account. the (9} : (6}
ratios after thermolvsis of (5) and (B) at 1 043 K were
calculated to be 8 R and ¢ 8. respectivelv (¢f. Figure 1.
Thus. by therniysis ol (3} no more than ca. 10%, of the

* The presence of an m's 43i0n (CH,CZ0") in thec.a. spectra of
thionoacetates refiects the thiono-thiolv somerization \n the
wonized state {A. Ohno, T Kowzumi. ¥ Ohmismy. and G Tsuchi-
hashi, (rg Must Spectrom . 1970,
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keten formed can be generated via a pathway involving
primary rearrangement nto (6) foilowed by quantitative
rethermoivsis of the latter. However. in general the
f.v.t. method used oniv causes verv low degrees of
rethermoivses. owing to the verv short contact times
applied ‘ca. 300 «5:.'% On tlus background we conclude
that the major fraction of the keten formed nriginates
directiy from the single 2sters [5) and (B respectiv
Finally it shouid He mentianed that the absoiute vieid of
Keten 1sva 1.3 times hugner aiter thermolysis of (61 than
of {51 at I43 K

In Freure 3 the f1. spectra recorded aiter thermoivsis
of the ethyl monnthinacetates i7) and 13 at 1 404 K ar2
shown. It s immediately seen that the =thvl case. not
unexpectedly, 15 much more comphicated than the above
methsd case

Four thermally generated fragments dom:nate the
prcture.  These are ethilene (1) (M 29, keten () 1M
42), acetaldehvde (12y {M ). and ethanethiol (I3}
(3 621, In addition consulerabie amouats of so-called
unreacted gster (M 1U4) are ubserved.  As:n the methyi
case the low intensity peaks at m:r 33 were ideaunied as
“C4HO ' In the following we shail nrst tum 20 a
discusson uf the actudi cumposiuion of the ester peax at
m:z 104 based un a c a m.s. analysis

The ¢ am s soectea of unthermulvsed {7) and '8 are
aepicted in D

Tigures $a and e, respectively  In igures
4b—d the c.a. spectra of {7) alter thermalysis at 383,
1043 and 1 404 K. respectinety, are shown  Simular o
the metlivi ester case 2 smuonth progressive conversion

00 (el o N
' o D
My —C—3C, M
1 TS0
1. 160
S0k
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2 “
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E 0 p— '
100 1oy ) e ~
s i i I
3 Cry=C—5C,Hg | {
& i h
sob i \ 3
n 52
“w
0 %
)
ol : ! o
; ) 50 30 00 mer )
Fiotre § {heid omzation mass spect?a of ethyvl thionoacetate

and ethvi thioioacetate tollowing thermoivsis at | 4t K

from the pnre unthermoivsed thiono-ester (Figure 4a) to
the corresponding thiolo-ester (Figure 4¢) as a junction of
temperature s observed. Based on these spectra we
calcutate that foilowmg the thermoivsis at 1434 K >
959, cf the so-called unreacted ¢thyl thionoacetate 179
has rearranged into the thermodynamicaily more staple
thiolo-ester (8}, 1.¢. the peak at m.: 104 :n Figure 3a
reflects the rearranged sster (83 and not unceacted (54
On the ather hand the m:z 104 peak in Figure 3b truly
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refects unreacted (S). as nu thiolo~thiono rearrangement
has been vbserved in the temperatire range studied.

As mentioned above the thermaivsis products ob-
tained from the ethvl monotinoacetates incinde ethvlene
(TIY (2 28) and acetaldehvde (12) s #) (of Figure

(e)
1504 K 2 tay
A
J
1041 % ) te)

883 x 8 (o)

I I‘th_/j

C

1
WCHL M ‘ | l ta) l
J2 K 98 08 [N
x G 50 80 s |

Tint we & Cahaon acUitation niass spuctra ol the clectron
HULLE 18AUCEN MOK-CIAr s 1 AT HhoBoacClale without
Thermoissts ta olhowme tharmaivarc at sat b [ odit 10,
and Lad Roqdh meectineiv, and aathermuevsed  cthivy
tiomacetate ()

30 Both prodncts are bhewise found after thermolyvsis
of ctiivi acetate he ethyiene tormation i expiamed by
the pretiousiv mentioned arrangement {¢f. Scheme 1)
The acetaidehvde 15 tentativeiy suggested o onginate
raclasin e from the oster athony morety, partiv based on
viacetate U and partivdue to the fact that

W 15 ubes el ter thermolvsis of the
Sortespomnding metiin,

STers (see above,

Finalie the seten-ethanethiol formatian s discussed
in contrast to keten-methanetiuol formation toliowing
thermoivsis of {51 and 3j. the possible eincidation of
“he formation of (h and (131 {ollowing thermoiysis of (73
and i$) 15 somewhat comphcated. owing to the concur-
rent formation of monothivacetic acid (14) {¢f Scheme 1),
since a possible rethermnivsis nf the latter will lead to an
additional keten formaton *  However studving the

* [lash vacuum thermolssis of i 14 has been shown to fead to

conmderaule amounts ol heten '* apart from the presiously
-scnibed CUS and riethane * ¥
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ratios hetween the absolute vields of keten (9), ethvienc
(L1}, and echanetiuni {13! foliowing thermolysis of (7)
and (8), respectively, at | 404 K, mves valuable inform-
ation. These ratios were calculated. based on the mass
spectra. to be keten ca. 5. ctirvlene ca. 4—3. and ethane-
thiol ca. 2-3. respectivelv. The vaiue for ethviene
formation ts in closc agreement with previousiy reported
data by Bigiev® and Louw ¢ shewving the agher de-
composition  rate for the uono-ester The cruciai
figure, however, 1s the vaiue far ethancthiol formation.
of necessity following keten furmatinn, which unambigu-
ously demonstrates that 23 t more Keten-gthane-
thiol are generated from (7, than from {8). excluding a
rethermolysis of primariiy generated :8) as responsidle
for the major part of keten—thanetinoi detected follow-
ing thermolysis of (7}

On the above backgraund we are forced to consuder 4
mechanism for keten formation by unnnuiecuiar gas-
phase thermolysis of thmnacetates wlick dues not
wmvulve a prmary rearranzement to the thernudiname-
1callv more stable thivioa tates although the eastence

of the jatter reaction has boen denvnstrated uneqvn-
clly The ondy reasonable aitoratn e appears to be t

o
assumpton of @ prntaey L3 carbon tosalplosr ivdrogzen
migraton, followed by chavaatn o the mercaptan
However, 1t s eraphasizad that we are raable to gon-
chude whethier the encthivized ston thee can e reganded

As At

Lol state

date i thes reacton e ampdy s o transe-

The hetcu-mercaptan et from the -
entrs st ether fnad, et proibiv: Gikes plac n
r SH
o]
oM, =0 -
“ Nz

o]

S o RSM +—— CH:—:4
Ns-R
Hoeoor

direet 1.2 ebmmatum since ne evidence has been ohe
tamed fur a primary enolizatons, whieh sudacds has been
ruled out in the cises of methvl and ethyl acetate by HO
labeiling experiments 18 1

LU ESUG iecerved, Sth Decemver. 1981;
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UNIMOLECULAR GAS-~PHASE THERMOLYSIS OF £THYL ACETATE®

HELGE ESSGAARD and LARS CARLSEN

Chemistry Department, Riso National Laboratory, DK-<300 Roskiide {Lznmark]

ABSTRACT

The unimolecular gas-phase thermolysis of etnyl acetate has been invest:gated
by the Flash-vacuum-Thermolysis/Field-lonization Mass Spectrometry (FVT/FI-4S)
methad in comoinatian with Callision Activation (CA} mass spectrometry at 1233K.
Two predominant reactions are opserved: elimination of ethylere afforcing acetic
acia, the latter to some extent consecutively yielding ketene, and intramolecu-
lar oxygen to oxygen ethyl group migration. Agastronally minor amounts of acgt-
aldenyde 15 formed. The mecnanistic asoects are discusses tasee on 190 ang €0
'C lapeiling.

INTROQUCTION

In the past decades several groups have stucred the fata of carcoxylic ac'a
2sters uncer Gas-pnase thermolytic conc tions (ref.i). Especrali’s eslers £OSsEs-
sing 3 (-aycrocen in the ester alkyl moiety nave been stygrec exigns:vely, owing
to the ap1lity to eliminata alkene yielding tnhe corresponaing carcorylic acis.
A variety of reoorts on tha2 gas-phase tharmolysis of =tnyl acetite, focu. -7 or
tha faemarecn of etnslene ang aCetil 3CTS, have appedred (ret.I). nowever, nc
dez21led study on the mechamisms, pessibly invoived, based Ch estansive 1SCISRIL
lapeiling, has been reported.

The present paper regorts on the mecnanistic aspects of the thermal deccmposi-
tion of ethyl acetate (la) in the gas-phase, based on ]80 and ]80/]3C labelling.

Q L) g
cH,-C” CH,-c? CH,-C”
0-CH,CH, 0-CH,CH, AN
la 15 1
Tne thermolyses were carried out using tre Fiasn-Jacuum-The~mCiys-: Tieiz-l2-

n1zazion Mass Spectrometry (FVT/FI-MS) techmigue, which A

detar! previcusly {ref.3-3). To eliminate Rossible surface catalyt:

thermolyses were carried out using gold-plated filaments; (ref.3).

RESULTS AND DISCUSSION

Gas-phase thermolysis of ethyl acetate {la) at 1253k affordea farmatian of

*Gas-Phase Thermolyses part 9. for part 8: see L. Carlsen ana H. Egsgaard, o.
Chem.Soc. Perkin Trans, 2, (198Z) 0000

0020-7381/83/0000—0000/503.00 ® 1983 Elsevier Scientific Publishing Company
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ethylene (# 28), ketene (¥ 42), acetaldenyce (x 44, ethanol (4 46}, ana acetic
acid (i 60)7 (Fig.la). Significant changes are goserved by iantroduction of 189
in the carbonyi group (Jb), as the following products are observed: ethylene ('
28), ketene (4 42}, ketene-180/acetaldehyde (« 4%y, ethanol (4 46), ana a-etic
acid- 80 (# 62) (Fig.lb). Acditional isatopic lateiling with ]3C in the ester
group (lc) afforas furtrer cha;ACEerist1c Crarges in the procuct comoosition:

13. Pa 2 .

etnylene- 3» (2 29), ketene (' 423, ketenesl”o [N qcetal:a*y:e-]zC (S
3. . 18, P

etnancl-i‘\ (47}, anc 3cetic 3cra- "3 (gl i

8ased cn these results tne 7gllowing coaclusicr: ~an ce oriwn congerning the
formation of acetaldenyce and keiane: The Ffarmation of acataldehyde is excluss-
vely associated with the ethoxy qrout in ethvl acetate, since only acetaldenyde-
]3C (#: 45) and no acetaldenyde-]EO/ljc (-7 47) was coserved arter thermolysis of
lc (Fig.lc). In aadition thermolysis of e:nyI—DS acetate resulted in the forma-
tion of acetaldehyde~0: only. A mechamism involving a hemolytic clezvage cf the
C-0 tona, leading to acetyl- and ethosy ragicais, the latter consecutively cecom-
posing into H° and acetaldenyce Seems nci t¢ te operating, 3s ethoxy radicals
are known to decompose uatmoliecularly to metnyl radicals ang formaldenyde; only
very minor amounts of acetzldenyae could be cdetected {r27.7). Furthermore, the
aonciytic [-7 bond cleivage would rejuire . 83-30 hcallmel {ref.2), uwnicn
most probably is not acrievaple by the method here applied. A more razzanadie
explanation appears tc be elimination of acetaldenvae vic a five-centered frans-
ition state, involving an a-hydrngen i- the ethoxy group. leaving CH,lG#, wnicn
1s suggestad to deccmpose consecutively into methama and carton monQ;lCé.

Ketene may 2 prori dDe generated by two possiole pathways: a) directly freom

the ester by ethanol elumination, or b) caonsecutively from primary formed scet::
actd. Taken the Fi-sensitivity of ethanol into account, it can be estimated that
ne latter is formed in very minor amounts only, ¢... 3 predominant ketane form-
ation directly from ethyl acetate can be excluded. in agreement with the regorted
thermal stapility of methyl acetate towaras ketene;methanol formation (ref.3).
Consequently ketene is generatec consecutively {vom acetic acid by water elimin-
ation.
CH,=C=0 + CH,CH,0H
40
CH;-C |
0-CH,CH, , 04
CH,-C — CH,=C=0
~CH N 0
e Q
An interesting feature of the ketene formation is the apparent involvment of
the carconyl- as well as the ether oxygen in ethyl acetate, the two ketenes ap-

5bue to differences in Fi-sensitivities the relative intensities or the single
peaks cannot te taken as a measure of chamical yieids.
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parently being formed in identical yields, as demonstratac Sy 33 laoeiling ‘a2,
Fig.'s Tb,Tc).* However, since the water elimination from acetic 3c1d involves
the OH group only, t.2. the ketene retains exclusively the carponyl éxygen, the
acetic acid of necessity has to be completiy isomerizeq ia crae” %o exolain the
results visualized in Fig.l.

130
e o tet
4, < Au(1253K
30 it ‘I' | o< 2emgm ul }
!
Y -
w3 i
1004
B Avrinye e tet
H o . ———
i —
T . v - (Uv(n‘:i"
F i ] . "9
é w .
g e,
PSRRIt Jue rel Q-CHCH,
oo e
1 P e
oL e~
[ IEE |
k) ar al a3
50 150
miz N
Pt : i . 7 vy “n - Tnn maic
re 1. er.q-»on\z;t en Fiaure ._Co. 1sien 2077 3TIoN Mt
mass soectra of the etnyl Spectra or tne 2ieclron 1KLALl andh-
acetatec la, it, ana lc c2a molecuiar ‘on of @inyl acmtat.
following thermolrsis at J¢ witnour trermoiys:s ing foilowing
1253K nermolysis at 1Z

The existence of the iscmeric mixture of acetic acid may either be a result
of primary isomerization of the ester followed by ethyiene elimiration, or a con-
sequence of an isomerization of the acetic acid itseif. Fig.2 decicts the CA mass

spectrum of the E£.-'nducec molecular ifon of lc befare and aftar thermeissis, un-

amoigucusly demonstrating the isomerization of the esier {c- rar. ).

The deqre2
of isomerization, £, is reflected in the m/z 73:71 ion intersity ratio, changing
from 0.27 in the authentic sample to 0.42 after thermolysis, in agreement with
previous results reported for Ib (ref.5). On this basis @ is estimated to be
0.17. Obviously, @ should be equal to 1.0 in arder to explain formation of fully

XThe rejative intensities of m/z 42 and m/z 44 have to be corrected due to con-
tributions from acetaldehyde (m/z 44) (Fia.lb) and the amounts of “etene (n/s 42)
generateq via unlabelled acetic acid (Fig.'s ib.icj.
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isomerized azetic acid by ethylene elimination. Furthermore, an equal m/z 42:448
ion intensity ratio is observed following thermoiysis at 1043K, at wnich tempe-
rature no isomerization of the ester could be detected. Hence, we conclude that
the isomerization takes place in the acetic acia state.

[t should in this connection be noted that intramoiecular isomerization of a-
cetic acid appears to be ratfer energy demanding, the activation energy being
calculated to be cz.50 kcal/mol (ref.9)f'0n the other hand, the activation ener-
gy for ethylene elimination is 48.0 kcal/mol (ref.2). Thus, an intramolecular
isomerization of acetic acid, even taken into aczount that the lattar is genera-
ted in a vibrationally excited state, will propadly not occur. Analysis of the
gas-pnhase thermolysis of ethy1<05 acertate, ooviously resulting in the formation
of acetic acid(0D}, revealed only unlabelled acetic acid. Hence, we conclude that
the apparent isomerization is a result of surface promoted hydrogen exchange.

Finally the ester isomerization reaction shall be discussed. In the case of
metny] acetate (ref.3) it was demonstrated that isomerization takes place vic
a four-centered transition state. [n the present Ease a five-cantereg transition
state, involving a simultineous hydrogen snift has a pricr: to be taken 1nto ac-
count. However, Fig.2 unampiguously demonstrates that no scrampling of the car-
bon atoms in the ester group “2kes place upon thermolysis, since only m/c 7€,
corresponding to ltoss of CHi is goserved.

. .
"o—ch '0-cHjen,
CHy-C  al H — Cry-C

o
N /,H/’ H,
0

4

CHy-C?
O-CH,CH, \ " .
#0.3 "0 en,cn,
e CH,-CQO,CHﬁu, —_— CHy-C
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Thermal Decomposition of 1,2-Oxathiolane in the Gas Phase?
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The cyclic suifenic ester 1,2-oxathiclane (1) decomposes thermally (400 - 450 K) exclusively to
give acrolein (3) via 3-mercaptopropanal (2) by loss of hydrogen suifide. Isotopic labelling experi-
ments reveal the presence of a 1,2-oxathiolane-thietane 1-oxide equilibrium (1 = 4).

Thermischer Zerfall von 1.2-Oxathiolan in der Gasphase

Der cyclische Sulfensaureester 1.2-Oxathiolan (1) zersetzt sich thermisch (400 -450 K) iber
3-Mercaptopropanal (2) unter Verlust von H.S ausschlieBlich zu Acrolein (3). Experimente mit
1sotopenmarkierien Verbindungen weisen auf ein 1,2-Oxathiolan-Thietan-1-oxid-Gleichgewicht
(1=4).

In recent papers we reported the decomposition of the simple five-membered cvclic sulfenate
1,2-oxathuolane {13 1n the gas phase under flash vacuum pyrolytic (FVP) conditions'a =3, Acro-
lein {3) was found 10 be the major product '2-2%; however, a sigmificant amount of ailyi aicohol was
supplementary ~bserved >3, Formaily, the products are formed by elimination of hydrogen
sulfide and ¢lemental sulfur, respeciively. The present paper reports a study on the thermal de-
composition of gaseous 1.2-oxathiolane ) 1n a stauic system in the temperature range 300 — 450 K
(£(1) = 0.1 Torr). The reactions were carried out 1n the thermostated gas-iniet system of a doubie
focusing mass spectrometer. the progress of reacuons being [oliowed by field ionization (FI) and
collision activation (CA) mass spectrometry 3-4.53,

Results and Discussion

Thermoiysis of the sulfenate 1 (M = 90) in the temperature range 400450 K af-
forded, in contrast to the FVP studies, formauon of acrolein (3) (M = 56) as the
exclusive product (Fig. 1a).

CZ — s HSCH,CH,CHO —= H;C=CHCHO * H;S
1 2 3

We have previously discussed the formation of 3 in terms of a primary rearrange-
ment of 1into 3-mercaptopropanal (2) (M = 90)'*~ ¥ as sulfenates have been reported
to decompose into a carbonyl compound and a mercaptane®, and since an identical
decomposition pattern for 2 and 1 was observed®. Also under the present conditions
identical thermal behaviour of 1 and 2 was seen, [, e. 2 decomposes exclusively to acro-
lein (3). Thus, following the thermal decomposition of 1 by means of collisional
activation (CA) mass spectrometry of the moiecular ion m/z = 90, the intermediacy of

© Veriag Chemie GmbH, D-6940 Weinheim, 1984
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2 in the thermal decomposition of 1 was clearly demonstrated by the appearence of a
new set of signals in the CA mass spectrum as a function of time (Fig. 2). In Fig. 2b
and ¢ the CA mass spectra of the ion m/z = 90, present in the mass spectrum obtained
after 35 and 50 min thermolysis, respectively, of 1 at 450 K are shown. Comparison
with the CA mass spectra of the molecular ions of authentic 1,2-oxathiolane® (Fig. 2a)
and 3-mercaptopropanal” (Fig. 2d) unambiguously lead to the assignment of the
spectra in Fig. 2b and c as sdperpositions of the spectra in Fig. 22 and 2d, hence,
demonstrating the intermediacy of 2, the latter apparently being formed by intra-
molecular rearrangement of the sulfenate.

100+
Q 6
504
- J
H 1 90
CHER —t— . . + T
100
H {b 57 .
—B -
3 ]
»] o
] 92
o ! _J
- v T T - T
50 m/z 100

Fig. 1. Field lonization Mass Spectra Obtained Following 25 min Thermolvsis (425 K) of 1,2-Oxa-
thiciane (1) (a) and (5,5-2H,;-1,2-Oxacaiolane (1) (b) .

No data on the strength of the S~ O single bonds in sulfenic esters have been report-
ed. However, it seems reasonable 10 assume that the 1 —2 rearrangement involves a
S~ O bond cleavage followed by transfer of one of the hydrogen atoms in the 5-posi-
tion to the sulfur atom, 3 being consecutively generated by a 1,2-elimination of hydro-
gen sulfide. To obtain experimental verification on the actuai mechanism we studied
the thermal decomposition of the [5,5-?H,]-1,2-oxathiolane (1'). Thermolysis of 1
(425 K) surprisingly gave rise to formation of two deuterium-labelled acroleins with
molecular weights 57 and 58, corresponding to the presence of one and two deuterium
atoms, respectively (Fig. 1b). The actual identity of the acroleins 3' and 3" was estab-
lished by CAMS. In Fig. 4 the CA mass spectra of the field ionized molecular ions of
the acroleins 3 (m/z = 56), ¥ (m/z = 57), and 3" (m/z = $8), obtained by thermotvsis
of 1 and 1', respectively, are visualized. A predominant feature in the CA mass
spectrum of 3 (Fig. 4c) appears to be the presence of an [M - 1]* ion. the hvdrogen

gz —  H,C=CHCDO + D,C=CHCHO
D

¥ 3
r

Chem. Ser. 177 (1984)
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HS CH, CHyCHO

b JUAUL

01 02 03 04 Q5 06 07 08 09 E

01 Q2 03 g4 0S5 36 OF 68 J9 E
20 40 60 msz 20 40 60 m/z

Fig. 2 Fig.3
Fig. 2 (lefr). Collision Activation Mass Spectra (CAMS) of the Electron Impact-Induced Mole-

cutar tons of Authenuc §,2-Oxathiolane (1} (a) and 3-Mercaptopropanal (2) (d), and of the lon
m/z = 90 Obtained Following 35 (b) and $0 {¢) min Thermolysis (450 K) of 1, respecuvely

Fig. 3 (right). Collision Activation Mass Spectra (CAMS) of the Electron Impaci-induced
Molecular [ons of Authenuc Thietane [-Oxide (4) (a) and ot the fon m/2 = 90 Obtained Foilowing
4 (b}, 40 (<), and 80 (d) min Thermolysis (450 K) of 4, respecuivety

L being lost from the aldehyde group®. On this background the mono deuterium-iabelled
acrolein (3') (Fig. 4b) immediately can be identified as (f-’H]acrolein, since an
[M - 2]* ion was detected. By analogy, it is obvious that the double labelled species
3" does not exhibit deuterium labelling in the aldehyde function. A detailed study on

Chem. Ber. /17(1984)
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the CA fragmentations (Fig. 4, central sections) does not disclose the idenuty of 3", as
both the [3,3-2Hy}- and the [2,3-H,] derivatives would give rise to the spectrum depicted
in Fig. 4a. However, formation of {2.3-*H.Jacrolein has to be a resuit of primary
formation of J-mercaplo-IZ,J-IHz]propana]. which by H.S/HDS loss would lead to a
mixture of [2,3-*Hy)- and [3-*Hlacrolein, the latter, however, unequivocally being
ruled out, as the only mono-labelled acrolein found (cf. Fig. 4b) exhibits the labelling in
the aldehyde function (vide supra). Hence, we coaclude that 3" has to be assigned to

[3,3-*H,}acrolein. ,
a
. il 57
CH,0,0 HE3e o
f
/ JW*"'M
30
29 i
(L N& ) ‘
W VARG Y i ioamind € st
b 55|
e
C,H,00 c,@"}l\cc-é
29 / }\ f‘\
| WA
27 44 ¥
iy |
MM\ oy et W k\,wm-\lv\.w—".—ww"w“
[+
54
CH,=CH-CHO
o
:N.‘ncné
. AR
28 / ]
y L
A 5

T T

01 02 03 0¢ 05 06 07 08 09E

Fig. 4. Collision Activation Mass Spectra of the Field lonized Moiecular Ions of the Acroleins 3
(<), 3 (b), and 3" (a) Obtained Following Thermoalysis of 1and 1', respectively

Chem, Ber, /17(1984)
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Obviously, the apparent formation of the acroleins 3' and 3" from 1’ is a resuit of
primary formation of the labelled 3-mercaptopropanals 2 and 2", consecutively elimi-
nating HDS and H,S, respectively.

DSCH,;CH,CDO ——= H,C=CHCDO + HDS
b ¥

HSCD,CH,) HO ——= D,C=CHCHO + H,S
2 3’

The formation of 3’ is in complete accord with the above proposed mechanism. On
the other hand, the presence of 3" among the reaction producis is, by anzlogy, easily
expiained by decomposition of [3.3-"H,J-1,2-0xathiolane (1), i. e. apart from the
1" - 2' ~ 3 reaction, a I’ = 1" isomerization has to be taken into account. It has been
reported that suifenates may rearrange into sulfoxides™, and in previous papers'*'® we
reported on the thermally induced rearrangements of sulfoxides into sulfenates. Hence,
it seems reasonable to formulate the 1' & 1" [somerization to proceed via the suifoxide,
[2.2-*H,Jthietane 1-oxide (4'). Experimental verification was obtained by a study on the
gas phase thermolysis of thietane 1-oxide (4) under conditions as described above. In
Fig. 3 the CA mass specira of m/z = 90 originaung from 4 before thermolysis (3} and
following thermolysis at 450 K for 4 (b), 40 (c), and 80 min (d). respecuvely, are
depicied. Companson of Fig. 3b and 2a strongly suggests the presence of considerable
amounts of 1in the reacuon mixture resporsible for the former spectrum, the signifi-
cant 1on being m/z = 45. Proionged thermolysis (Fig. 3¢ and d) resulted in the charac-
terisuic change of m/z = 73 (loss of "OH) 1o m/z = 72 (loss of H,0), the latter being
accompanied by an increase in the relauve intensity of m/z = 57. Both these fragments
ap,~3- te he characienstic for the mercapie aldehyde 2 (cf. Fig. 2d). The eveniual
product in the thermai decompositton of 4 was exclusively found to be acrolein.

Cslo— ——— H,C=CHCHO
4 k3

On the presen: background we are able 10 rationalize the thermal decomposition of
the sulfenate 1 as illustrated in Scheme 1 by the thermoiysis of 1'.

Scheme |
DD
S . S
C| —_ QS—O‘ =" |
Q (o]
DD DD
I e r
| |
12
HSCD,;CH,CHO DSCH,CH,CDO
|7 7
D,C=CHCHO + H;S H,C=CHCDO + HDS
3 3’

Chem. Ber. 117(1984)
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It should be noted that the here observed sulfenate-suifoxide equilibrium to our
knowledge is the first example of this type of reaction, which involves purely aliphatic
species.

On the present knowledge no conclusions can be drawn on the actual pathway for
the 1 — 2 rearrangement. However, we suggest that a 1,5-biradical is involved formed
by homolytic cleavage of the S~ O bond. Detailed studies, including kinetic measure-
ments on this reaction, are left for separate investigations.

Experimental Part

3-(Phthalimidothioj-1-propanol and 3-(Phthatimidothia)-{1, 1~2H1/-l-propanol were synthesi-
zed according to Davis and Whitham 'V,

]-Memzp/o-[l.I-’H,/-I-propanol: Under nitrogen 28 g (0.26 mol) of 3-mercaptopropanoic
acid dissolved in 100 mi of dry THF was slowly added (ca. 2 h) to a slurry of 8.4 g (0.20 mol) of
LiAID, in 200 ml of dry THF. The resulting mixture was refluxed for 2 h. After cooling to 0°C
D,0 (40 m) was cautiously added (ca. 1 drop/5 s) to deacrivace the complex. After completion of
the deactivation the reaction mixture was filiered and the precipitate washed with 3 x 50 mi of
THF. The combined THF-phase was dried (Na,SO,) and evaporated. The crude product (11.9 ¢)
was punfied by distillation: b.p. 86 —87°C/14 Torr (lit. '9 87°C at 14 mmHg), yietd 5.7 g (23%).

A substanual amount of the corresponding 3-mercaplopropanal oligomer was abtained as by-
product, owir 3 tc the r2pid oligomerizaton of intermediary 2-mercaptopropanal ia the reduction
(cf. ref. 1,

The _{..’-oxa(lua/anc: 1, I’ wers geepaced ia the gas phase by smooth cracking (in vacuo) at
about 30 - 100°C of the corresponding pathalimidothiopropanols. The gaseous sulfenates were
collected directly in the thermostated gas-inlet systzm (2008 ml, &z = 107" Torr, T400-350K) of
the mass spectrometer, which acted as reaction vessel in the thermolysis experiments.

Authentic 3-mercapropropanal (2} was prepared by smooth cracking in vacuo (= {00°C) of the
corresponding oligomer, which was synthesized as described previously by Schnabel et al '? (cf.
aiso ref. M),

Mass Specirometry: Varian MAT CH 5 D double focusing mass spectrometer with combined
EI/FI/FD ion source. Fl-spectra: 10 pm tungsten wire, activated in benzonitrile vapour, as
emtter. In the MS/MS analyses the primary ions were selected at a resolution of ca. 500 and
collisionally activated in the second field free region by means of a molecular He-gas beam. The
CA mass spectra are obtamned under identical conditions (i, e. energy resoiution, collision gas
pressure) and are uncorrected for contributions of ummolecular fragmentation processes. The
application of Fl and CA mass spectrometry as analytical procedure for gas phase reactions has
been described in detail previousiy -4\

1) Gas Phase Thermolyses. part X; for part 1X see H. Egsgaard and L. Curisen, Int. J. Mass
Spectrom. fon Phys. 47, 55 (1983). - ' L. Carisen, H. Egsgaard, and D. N. Harpp, J.
Chem. So<., Perkin Teans. 2 1981, 1166.

B L. Carlsen, H. Egsgaard, G. H. Whitham, and D. N. Harpp, ]. Chem. Soc., Chem.
Commun, 1981, 742.

N H. Egsgaard, E. Larsen, and L. Carisen, J. Anai. Appl. Pyrol. 4, 33 (1982).

“ L. Carisen and H. Egsgaard, Thermochim. Acta 38, 47 (1980).

? Field ionization gives in general rise to molecular ions only. The fragmentation pattern obser-
ved by CA induced d ion closely r les that observed by electron impact induced
decompositions (cf. ref. "),
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8 D. B. Barnard-Srmuth and J. F. Ford, Chem. Commun. 1965, 120: W Carruthers. I, D. Ert-
wusie, R. A. W. Johnstone, and B. J. Millard, Chem. Ind. (London) 1966, 342; £. G. Miller,
D. R. Rayner, H. T. Thomas, and K. Misiow, J. Am. Chem. Soc. 90, 4861 {1968).

™ The idenuty of 2 was established by IR spectroscopy (L. Carlsen, H. Eysgaard, F. S. Jérgen-
sen, and F£. M. Nicolaisen, J. Chem. Soc., Perkin Trans. 2. in pkss). The possible presence of
the isomeric species, 1-thictanol (Givaudan, L.. et Cie. S. A. (inv.: P. Dubs. H. Kunuzel, and
M. Pesaro), Ger. Offen. 2. 314, 103 (18. Oct. 1973) {Chem. Abstr. 80. 148330 (1974}]), 2an be
exciuded, ac least in che actual temperature range, since calcutation of the heat of formation of
the two isomers, ¢f. S. W. Benson, Thermochemical Kinetics, 2nd ed., Wiley, New York 1976,
revealed that 3-mercaptopropanal is the more stable isomer by ca. 15 kcal mol ™',

B M. Budzikiewtcz, C. Djerassi, and D. H. Wiiliams, Mass Spectrometry of Organic Com-
pounds, pp. 130 —131, Hoiden-Day, San Francisco 1957,

N A. G. Schuitz and R. H. Schiesinger, Chem. Commun. 1970, 1294; R. W. Hoffmann. P. Ger-
facn, and S. Goidmann, Tetrahedron Lett, 1978, 2599, and references quoted therein.

0 ¢ Curisen and H. Ezsgaard, J. Chem. Soc.. Perkin Trans. 2 1982, 279.

" 4. P Davess and G. A, Whicham, J. Chem. Soc.. Chem. Commun. 1981, T41.

13 S, Harding and L. N. Owen, ]. Chem. Soc. 1954, 1536.

1 Farbwerxe Hoecast AG iinv.: H. W. SchAnabel, D. Grimm, and H. Jensen), Ger. Offen.
2,337,446 (13. Fed. 1975) (Chem. Absir. 82, 1710060 (1975)].
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Gas-phase Pyrolysis of Methy! Dithioacetate. The Absence J. Chem. Researcn

of a 1,3-Methyl Group Migration't

LARS CARLSEN" and HELGE EGSGAARD

1984, 3401417

Chemistry O Aisp Natonal L Y. DK-4000 Roskiide. Denmark

We have studied the flash vacuum pyrolysis of methvl
dithioacetate (1) by application of the gas-ohase Cune.
pomt pyroivsis iechmgue, with mechamisue miormation
being oblained bv use of specific sulphur-34 labeiling;
appiteation of a D.O-saturated pyrolvsis svstem revealea
evidence for the termedidcy of an enethiolized
tautomer of (1).

[ recent papers we reported on the unimoiecutar 1.3-
oxvgen-to-oxygen methvi group migration . methyl
acetate.’ as weil as the thioxo-to-thiolo rearrangement
of methyl ate? under flasi pyrolytic
conduttons. [n contrast to carboxylic esters. reports on gas-
phase pyrolyses of the cor g dithio iog
are rather hmited. and oniy esters possessing a §-hyaro-
gen i the ester alkvl functron have been considereg,®
owing to their abiiity 0 ehminate alkene. In order to
studv the unimolecular ester pvrolvsis we studied the
flash vacuum pyrotvais of methyl dithroacetate, possibly
w0 elucidate an expected 1.3-sulpnur-to-sulphur methyi
group m:gration.

it has been reported that methvt dithicacezate (1), 1n
*t.¢ Josence of surface-caraive:c reas .ons, ypon garohase
pyrolvsis apparentty grves nse 10 the thioke.ene {1} angd
methanethiol (3) ontv | However, owing 10 the equality
ot the two hetero-atoms in (1), we were unaole to ¢luc-
date the possible simuitan¢ous ooeraton of a 1.3-
sufphur-te-sulohur methvl group migrauon. In order 0
€ntn meeniaste meie 1t sulohur-34 iabeiling of the
thiocarbonsl group of (1) was carned out.

Resuits ana Discusston
The mass-spectrometric anaivsis of the product
composition following pyrolvsis of *S-iabeiled (1)

h -
s 'Biniae) .
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Figure t Field-1onization mass spectra of 3S-labeliea
methyl a) before pyrolysts and (D1 of the
proguct mixtyre tollowing pyralysis at 1253 K

“To teceive any correspondence

*This 13 3 Short Paper as defined in the [nsiructions for Authory
{J Chem. Research 15). 1984, lssue |, p 1v]; there is therefore
no correspanding matenal in J. Chem Research (M}

(T < 1253 K) revealed that the isotopic pauern in the
resuiting thioketene mumicked that in the starting
matenal. whereas the corresponding methanethol
exhibited only the naturai abundance of S (Figure 1}
Hence, we conclude that the exclusive formation ot +2}
is a result of a {.2-euminauon of (3}

In previous papers we have. by application of coilision-
acuvauon Mmass speciromerry. unamoiguousiv demon-
strated the presence of pyronncaily inguced 1somenza-
uons of methvl acetate’ and methvl thioxoacsiate *
However, tn contrast o meitvi acerzie’ ina methvt
thiovoacetate? an anaiveis of the malecular ron of e
1S.lavelled (1) (m/2 108) by coilision-activation mass
spectromerry reveaied that no 1somenzaton of (1)
apparenilv takes place (T < 1253 K), since the spectra
appear virtuailv identical before and after pyroivas. on
this basis we are forced to conciude that no 1.3-sulpnur-
to-sulphur methyl group MIgrauon takes piace (o any
sigruficant dzeree upon pyrolvsis of (1).°

s

ol \ s
THy=C ———

s.aly N

The apparent absence of the 1.3-methyvl group
migrauon seems surpnsing for the following reasons: (a)
geomerncally the 1somenzauon wouid be as favourable
as that of methyl acetate.? the reaction passing througn
a svmmetnic transion state; {b) (1) possesses cu-
geometry in the gas phase;’ and (¢) the involved bending
modes (< SCS and < CSC) are expected to exhibit force
constants of lower values than the cotresponaing moaes
in methyl acetate. Although no knowiedge of the actual
magnutude ot these force constants in (1) 15 avaiatie,
the latter argument has been supported by semi-emornical
MNDQO calcuiations. suggesung the acuvation bamer for
the isomernization of (1) 1o be ca. 30 kJ moi~' lower than
that for methyl acetate ®

From this background we concluded that the isomen-
zation reaction was hindered. most probably owing to
change of the thiocarbonvi function. A priort it s
suggested that pyrolvuc fon .auon of the enethiol
tautomer (4) of (1),% the latter immeaiateiv reversing
10 (1) by thermal quenching upon coiliston with ihe
cold reactor wails. is responsible for the thiocarbonvi
biockade.

It 1s well established!? that labile hydrogens. 3s ¢33
HS—. mav exchange with hydrogens, present as surtace-
bound water by molecuie-wall collisions, in ¢contrast to.
¢ g.. CH hydrogens, which in general are left unarfected




To study a possible exchange reaction, which apparenacly
would demonstrate the presence of the enethiol structure.,
we studied the molecular 1on pattern of (1) before and

J. CHEM. RESEARCH (5), 1983 341

From the sbove we conclude that, although the 1.3-
methyl group migration from a theoreucal point of view
appears reasonable 2nd feasible, the expernments,

after pyrolysis appiving a reactor being
saturated with DO (cf. Expenmental secuon). Following
pyrolysis the relauve ntensity of the ion of miz 107
unambiguously increased (relatve m/: 106/107/108;
intensity rato before pvrolysis, 100/5.0/9.1; after
pyrolysis (T = 1043 K), 100/11.1/10.5), unequivocally
demonstraung incorparatidn of deutenum in the ester,
which escapes the reactor undecomposed (C,H,DS,":
miz 107).

In order to elucidate the actual position of the
deuterjum atom 1n this ester we studied the coiliston-
acuvauon mass spectra of the 1on miz 107 before and
aiter pyrolysis of (1) n the presence of D.0. Figure 2

(a » [1:70

\_ |
ase ass e aso ass a0
E 3
Figure 2 Partial CA mzz3 soectra (0.5-0 6 €1 & the
sieciron.impact.inguced m/2 147 1on of methy!

aithioacetata ray in the presance of 070 belore oyrolysis
ang (D} atter pyrolysis at 1043 K

visudaic2s  pactial  collision-actuivation  mass  specira
{0.5-) 6 E) ot the 1on muz 107 bezore and afier pyroivsis.
Before pyrolysis this ion consists of contnbuuons trom { 1)
carrving one **C or one 3'S. The peaks atmj2 59 and 60
in the collision-activation spectrum {Figure 2(a}] retlect
the permutatton of these isotopes in the CH,C=S" on.
The m/z $9:60 intensity ratia can. based on the natural
abundances of C and ¥S. be calculated to be 0.63.
which agrees with the patiern depicted in Figure 2(3).
Obviously incorporation of a deutenum atom in the
acid methyi group tn (1) would, upon cofliston-activation.
resuit in an ncreased intensity of the miz 60 peak
refauve 0 m/z 59. owing to a contnbution from
CH.DC=S*, corresponding (o the contnbution of
CH.DC(S)SCH,* to m/fz 107, whereas deuterum tncor-
poration in the ester methyl would increase the m/2
$9:60 rano. The spectrum demwcted in Figure 2(b)
unambrguously demonstrates the former effect. In the
case of methyl acetate, whereas no indicanons of an
intermed:ary enol structure have been obtamed.’ an
analogous experiment reveaied no deuterium incorpora-
uon. re. no direct H-D exchange of the methvl
hydrogens apparendv takes place. Hence. the mter-
mediacy of the enethiol tautomer {4) 15 heredy visualized.
i.e. the gas-phase pyrolysis of (1) can be rationalized 1n
terms of (wo cOncurrent reactons, which are (a}
methanethiol eliminaton togenerate t2) and (b)a(1)~(4}
tautomenzation.

SH P
wo=el == el — M. ITOTS - CHSH };’“:' 433
: > seuy Sseny - ? M Egsgaardana L. Carlsen./ Anal. Appi Pvrol.. 1983.5.1
‘v 1 HH. Egsgaard and L. Carisen./ .4nat Appi. Fyrol . in the dress.
o4 o BC P Klages 3nd ] Voss, Agnew. Chem . 1977, 89, 743
N ST R

aung the op of the {1)+4) tautomen-
zagon, ¢xplain the absence of the former reaction.

A comprehensive study on the possible sigmificance
of enoi/enethiol structures 1n the thermaily inducea
reactions of simpie acetic esters, and the corresponding
mono- and dithio-analogues. is presently bemg
conducted. {t shouid, nevertheiess. be noted that the
thioketene/methanethiol formauon apparently takes
piace directly from the non-enethiolized (1): however,
the present technigue does not allow determination of the
{4):(1) rauo at pyrotysis emperatures.

Expenimeniai

The flash vacuum pyrolvsis expenments were camed out By

the FVP-FIMS tecnmique as described in previous papers.' 1%
Product compositions were obtained by fieid-iomzavon mass
p v:!! possible feacuons were studied
by call 10n Masy v of the ¢l -
induced molecufar sons.* [n general the pyroiysis techaique
here applied (FVP-FIMS) gives nse only (0 umimolecular
reactions. ) L2 All pyrolyses were carmed out by apptication of
goid-plated filaments in order 10 avod sunace-cataivic
reacuons,

Cao-pyroivdis cxpenments were camed out by simuitaneous
introduction of the ester (1) and DO 10 the pyrotysis reactor
using the conuinuous-flow-inlet system. '

S-Methvl {13S11Dimoecaigie. ~ The ester (1) (1 mmol) was
heated 10 100 °C for sU h together wich 'S {1 mevor) (90%.
Monsanto Reseatch Corporation) in 3 sedied. evacuated g13ss
ampoute ¢/ ref. 15). The reactuon austure. contdin.ng
CHWP*SISCHy 1 ca. 30% yield. was used without fusther
puniication.

We are grateful i the Carisberg Research Foundauen
for {rancal support, wnich enaoied us 19 purchase the
suiphur- 34 necessary for this siuay.
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Summarv: Pyrolytic decomposition of the eight-membered
BN S, ring has been studied by field ionization mass
spectrometry and uv-photoelectron spectroscopy. Eviden-~
ce for the formation of the parent sulphur diimide is
presented. A similar behaviour was observed for the

methyl derivative Me N S5

Key-words: Sulphur Diimide, Pyrolysis, Field Ionization
Mass Spectrometry, Photoelectron Spectroscopy
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838 L. CARLSEN AND H. EGSGAARD

Sulphur diimides ] (R = alkyl, aryl) are well known
compounds, their physical properties being well estab-
lished.! However, the parent species, sulphur diimide 1
(R = H), has hitherto remained undetected. The present
communication describes the formation of sulphur diimi-
de (1, R = H) by pyrolytic decomposition of the eight

-membered ring system R“N“s“ 2 (R = H).

As part of a progressing study on the possible forma-
tion of thionitroso compounds (R-N=S), we studied the py=-
rolytic decomposition of 2, since the latter formally can
be regarded as a-R~-N=S tetramer, the pyrolyzates being
analyzed by field ionizaticn mass spectrometry (fims)?2.

and photoelectron spectroscopy (pes).3

To elucidate the decomposition of 3 (R = H), we py-
rolyzed the latter under flash vacuum conditions, apply-
ing the Curie point pyrolysis principle? at 1043 and
1251k, the reaction mixture being analyzed by fims (Fi-
gure 1). In order to avoid surface promoted reactions,

all hot surfaces were gold-plated.®

Pyrolysis at 1043K revealed the formation of a sing-
le major product only, exhibiting a molecular weight of

62. Increasing the pyrolysis temperature to 12S1K af-
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Figure 1, Field ionization mass spectra of

undecomposed 2

(R = H)

(a), and following

pyrolyses at T043K (b} and 1251K (c), re-

spectively.
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90 L. CARLSEN AND H. EGSGAARD

forded a pronounced decrease in the yield of "62" with
a simultaneous appearance of a product with molecular
weight 30, Taking into account that the two products
can consist of hvdrogen, nitrogen, and sulphur atoms
only, we unambiguously could assign the "62" to HZNZS

and "30" to HN,, respectively.

A priori sulphur diimide ! (R = H) as well as two
further HZNZS isomers, the thiaziridine (3) and the
thionitroso amine (4), respectively, have to be consi-
dered as possible candidates for "62", whercas diimine

(5) most probably can be assigned to "30".

HN=S=N HN —N H_N-N=§ HN=NH
H s/ # 2

|-
s

4

jun

For comparison we carried out an analogous series
0f experiments using the tetramethyl derivative of

R,N,S, (2, R = CH,).

\
AY
vp~fims at 1043K revealed formation of compounds
with molecular weights of 90 (major) and 58 (minor),

respecé@vely. In accordance with the above discussion,
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the "90" could be assigned to (css)zst' i.e. the sul-
phur diimide, the thiaziridine, or the thionitroso amine
isomer. The pes analysis of the pyrolyzates disclosed,
on comparison with known ip.'s, dimethyl sulphur diimide$
being generated from 2 (R = CH,: ip.'s 8.1¢, 9.05, 10.91,
11.60, 12.50, 13.1, and 13.7 eV) *“asides traces of S2
ac T < 8Q0K, S

#,5, N and methyl radicals being the

2! 2f
main products at temperatures above 1000K. In contrast
to the parent compound, 2 (R = CH3) was seen in the pe

.

spectrum, as this species was easily volatizable.

It has previously been reported that 2 (R = H) ther-
mally decomposes uncontrollably, the final products be-
ing S“N“, Sz’ and NH3.6 Ti.ls was confirmed in tie pre-
present study by analyzing the pvrolyzates using uv-pes:
Apparently 2 (R = H) did not sublime from the sample
reservoir, but rearranged obviously in the molten state

under extrusion of Sth, sy, NZ, S, NH3, and HZS, all of

2
which were identified by comparison with known pe data.
It should be noted that small inorganic fragments in ge-
neral escape detection by the fims technique.? However,
it must be considered that some of the decomposition
products observed by the pes analysis, which apparently

are results of extensive degradations, obviously may be

a consequence of surface (Mo as well as Alzoa) promotion,
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Taking the data obtained for the methyl derivative as
supportive, we conclude that flash vacuum pyrolysis of
2 (R = H, CH,) leads to the formation of the sulphur
diimides 1 (R = H, &Ha)’ thé formation of the parent
compound 1 (R = H) hereby being established for the
first time. At higher temperatures, the sulphur diimi-
des apparently eliminate sulphur, possibly via the
three-memoera2d thiaziridines to form the corresponding

diimines.

A 4
R“N“S“ .——e= RN=S=NR ——= RN=NR + S
2 1 5

R = H, CH,

A thorough discussion of the pe spectroscopic data with
special emphasis on conformational features of 1 (R =

H) will be given elsewhere.’
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