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Tonisation potentials for tautomeric 2-hydroxy-
thiophenes, -selenophenes, and -furans have
been analysed by comparison with IP data for
compounds derived from either tautomeric
form. The enol isomer was not seen. Of the
two possible «,f- and B,y-unsaturated lactones
the former was the major isomer; the ratios,
however, depend on positional alkyl substitu-
tion and on the heteroatom.

The determination of appearance potentials
(AP) and ionisation potentials (IP) has recently
been found very useful in structure analysis of
gaseous molecules in the mass spectrometer;
such data for the tautomeric hydroxy and
amino pyridines have been interpreted in favour
of the hydroxy and amino forms.!=® Five-
membered heterocycles with a potential hy-
droxy group constitute another important class
of tautomeric compounds (Scheme 1). The
tautomeric behaviour of 2-hydroxy-thiophe-
nes,%*® gelenophenes,” and furans ®° have been
elucidated in solution, in solid and in liquid
states. In this work we have used IP in structure
analysis of the gaseous species from 2-hydroxy
derivatives of these five-membered heterocyles.
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The IP values were obtained by the semilog-
plot method as previously described.’® In most
cases the molecular ion signal was the base peak
in the spectrum; in the remaining cases the
molecular ion signal was strong. For analytical
interpretation of the IP data knowledge of the
IP’s for the possible tautomers is required. The
data for the latter are obtained indirectly from
the alkylated tautomeric derivatives; the alkyla-
tion prevents tautomeric interconversions. Data
for such model compounds are presented in the
tables. Before discussing the tabulated values it
is pointed out that the influence of a substituent
on the ease of ionisation depends on the nature
of other substituents as well as on the ring
system and relative position; generally an
electron releasing substituent decreases the
IP.111 The aromatic properties of thiophenes
resemble closely those of corresponding ben-
zenes; substituent influences in benzenes and
thiophenes are therefore assumed to be similar,
especially in derivatives derived from the hy-
droxy tautomer (c). Good models for the
substituent effects in the lactones (a) and (b)
are not available for comparison. Substituent
effects on the ease of ionisation in these struc-
tures, however, will be seen in the discussion
below to be of the same order as in the ‘aro-
matic’ systems. The selenophene and the furan
systems are treated in the same way. The
thiophenes have been studied most extensively
because of the availability of a considerable
number of model compounds. Findings in the
thiophene series are then applied in the structure
analyses of the furan and selenophene series
assuming similar substituent influences.
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Introduction of a methoxy group into benzene
decreases its IP with 0.7 to 8.83 eV (anisol);1
the IP’s for thiophene? and for 2-methoxy-
thiophene (10) were found to be 8.80 and 8.14
eV, respectively. For methyl, ethyl, isopropyl,
and ¢-butyl benzene the IP’s have been deter-
mined by photoionisation; the successive de-
creases in IP from the previous member in the
geries were 0.42, 0.06, 0.07, and 0.01 oV.?® The
IP values determined by photoionisation are
generally lower than those obtained by electron
impact methods;!* the differences in & homologue
series determined by the two different methods,
however, are assumed to be similar. The IP
difference between 2-methoxythiophene (10)
and its 3-t-butyl homologue 12 is 0.47 eV (Table
1); the IP differences between 10 and the
methyl homologue 11 and 13 are 0.09 and 0.13
eV, respectively. The presence of the methoxy
group will by analogy to the benzene system
slightly reduce the influences of the alkyl
substituents. Non-bonded interaction between
ortho substituents presumably has little influence
on the ease of ionisation in the compounds
studied since IP for o-methylanisole (8.68 eV)
was found to be only 0.25 eV lower than the
value reported ! for o-cresol; the difference is in
the usual range (0.2—0.3 eV) for reduction in
IP on O-methylation.1»'! In the five-membered
ring the substituents are further apart than in
benzene and consequently non-bonded interac-
tion between the vicinal substituents is expec-
ted to have less effect on IP than in benzene.

From Table 1 it is seen that IP of 2-methoxy-
thiophene (10) is 8.14 eV; the estimated IP
value for the enol (¢) is thus of the order 8.4
eV (Table 2). IP for 3,3-dimethyl-4-thiolen-2-
one (15) was measured to 8.77 eV; using the
effect of the C-methyl group in the methoxy
systems 11 and 13, the IP for the g,y-unsatur-
ated lactone (b) can be estimated to ca. 8.9—9.0
eV (Table 2); a similar estimation is arrived at
from the methyl ¢-butyl derivative (16) by
application of the alkyl substituent effects in
11 and 12. The model compound, 5,5-dimethyl-
3-thiolen-2-one (18), for the «,B-unsaturated
lactone (@) was not available; estimation of IP
by the above technique was thereby prevented.
Fortunately the unsubstituted structure I has
significantly higher IP (9.78 eV) than the
estimated IP’s for (b) and (c¢). Hence IP for
isomer (a) is at least 9.8 eV which shows that

Table 1. Tonisation potentials fo thiophenes.

R R R? R
I T = l’]
R~ 0H R*As-S0
1-9
R R;’l
R /EI sI' OMe R3£s io
10— 14 15—-17
Com- R R2 R? 1P
pound +0.05 eV
1 H H H 9.78
2 Me H H 9.60
3 t-Bu H H 9.25
4 H H Me 9.16
5 H H Et 9.08
6 Me H Me 9.35
7 Me Me H 9.44
8 H Me Me 9.13
9 t-Bu H Me 9.07
10 H H - 8.14
11 Me H - 8.05
12 t-Bu H - 7.67
13 H Me - 8.01
14 Me Me — 7.78
15 Me Me H 8.77
16 Me t-Bu H 8.38
17 Me Me Me 8.53

1 exists almost entirely as the «,B-unsaturated
lactone (a) in the gas phase. This conclusion
parallels the results from studies in the non-
gaseous states which showed only the presence
of the «, f-unsaturated lactone (@) within experi-
mental limits.® It is also known from previous
studies that the IP of a pure compound is
rapidly decreased in a non-linear manner on
admixture of an isomer with significantly lower
IP.1912 Therefore the high IP for 1 excludes the
presence of lactone (b) in significant amounts.

The IP is a measure of the ease of ionisation.
The tables operate with IP values which arise
as a mathematical result from the semi-
empirical evaluation technique of the ionisa-
tion efficiency curves for components with the
same mass number.'®»* AP may therefore be a
more correct term for these potentials. IP is
used in this work, however, because the meas-
ured ionisations lead to molecular ions.

The estimated IP’s for the three tautomeric
forms (a), (b), and (¢) of I show significant
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Table 2. Estimated ionisation potentials.

Me 7[_?10

Me
(18) (@) 9.8
I:S: Lo :I S:I “oH
(b) 8.9 (c) 8.4

differences (Table 2). These values are applied
to the interpretation of the figures for the
tautomeric compounds I — 9. The figures are all
above 9 eV which excludes important contribu-
tion from the enol (c) (8.4 eV) in the gas phase.
Hence further structural discussions are limited
to the two lactone isomers (a) and (b). It is
understood, however, that the IP technique
does not exclude the presence of minor amounts
of the enol (c). For the reasons discussed above
the parent compound I is assigned the «,f-
unsaturated lactone structure (a). An alkyl
group in the 3-position will conjugate or hyper-
conjugate with an «,f-double bond; this effect
adds to the stabilising effect from double bond-
carbonyl conjugation in locating the double
bond to the a,p-position. Not unexpectedly,
therefore, IP for the 3-methyl derivative 2
shows that tautomer (a) is the dominant
gaseous species, the IP is 0.18 eV lower than
for 1 and corresponds to the expected influence
from the first methyl group. The same con-
clusion is reached for the 3-t-butyl derivative 3.

It is seen from Table 1 that the IP for the
3-methyl derivative 2 is 1.5 eV higher than for
the isomeric 2-methoxythiophene (10). For the
other C-methyl isomer 4, however, the IP is 0.6
eV lower than for the parent compound 1. This
difference is too large to be inherent in the
methyl group and must reflect another lactone
ratio than for the 3-isomer 2 in the gas phase.
The IP for 4, however, is higher than the
estimated value for the B,y-unsaturated tau-
tomer (b); it is concluded that the gaseous
species are composed of both lactones (a) and
(b). Solution studies have shown that hyper-
conjugation from a 5-alkyl group stabilises the
B,y-double bond. In fact, both lactone tautomers
can be isolated separately. These readily rear-
range, however, to a thermodynamic equilib-
rium mixture under acid or base catalysis.
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Depending on substituents and medium, the
equilibrium mixtures for simple 5-alkyl deriv-
atives contain 10— 20 9, of the B,y-isomer.® The
available sample was such an equilibrium mix-
ture which seems in accord with the gas phase
data.

For an easily affected equilibrium mixture
the question of thermal influence on the
equilibrium position becomes important. The
tautomeric compounds in this investigation
were readily evaporated at 30— 35 °C using the
indirect insertion system. Intramolecular tau-
tomeric changes in the gas phase are probably
slow;! any changes after evaporation will there-
fore have to occur on the heated walls of the
instrument. The reservoir and its connecting
line to the ion source were kept at 130 °C while
the ion source temperature was varied from
below this temperature to 285 °C; only a very
slight increase in the recorded IP’s were noticed
with increase in temperature. The sample was
kept in the reservoir for more than one hour
to complete these measurements. The normal
time for measurements is of the order 10— 15
min and hence equilibration towards a gas
equilibrium position in the reservoir is probably
of little importance; nor is the equilibration rate
in the liquid sample exceptionally rapid.® The
compounds were readily evaporated at 30— 35°C
and consist essentially of the two lactone isomers
which have similar boiling points; the «,8-
unsaturated lactone (a) has the higher boiling
point.® Selective evaporation, therefore, prob-
ably plays only a minor role and hence the
ratios of the lactones (a) and (b) are not very
different in the gas phase and in the liquid
sample. Support for this conclusion was de-
monstrated by using samples with different
tautomeric compositions. The isomer ratio can
be changed through the polarity of the solvent.®
Thus nitromethane decreases the amount of the
less polar B,y-isomer from the usual 15—20 9,
in the liquid to 6—10 %® in the mass spec-
trometer the IP for 4 was increased from 9.16
to 9.25 eV after pretreatment of the sample
with nitromethane. Further support for direct
evaporation is provided by the results in the
furan series (Table 3); the available «,f-un-
saturated and the pg,y-unsaturated 5-methyl
tautomers had significantly different IP’s as
discussed below.

The IP for the 5-ethyl homologue § shows a
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similar lactone ratio in the gas phase as for 4.
A 4-alkyl substituent will conjugate with the
double bond in either form. Not unexpectedly,
therefore, the isomer distribution for the 4,5-
dimethyl isomer 8 appears to be similar to 4.
The IP for the 3,5-dimethyl isomer 6, however,
is 0.22 eV higher reflecting a relative increase
in the «,f-unsaturated lactone; either double
bond is conjugated by only one of the methyl
groups. A similar conclusion is reached from the
IP value of the 3-t-butyl analogue 9. The
highest IP (9.44 V) for the dimethyl isomers
was obtained for the 3,4-dimethyl isomer 7.
The 4-methyl group in this isomer will stabilise
either double bond while conjugative stabilisa-
tion from the 3-methyl group is limited to the
a, B-double bond. The IP difference between 7
and the parent compound I is close to the
expected substituent effect from two methyl
groups. Hence the gas phase molecules consist
mainly of isomer (a).

In the furan series (Table 3) available
model compounds were restricted to 3,3,5-tri-
methyl-4-oxolen-2-one (21). By means of addi-
tional data from the thiophene series, however,
structure analysis is possible. Thiophene and
furan have closely similar IP’s, 8.80 and 8.85
eV, respectively.’? 2,5-Dimethyl-3-methoxy-
thiophene and its furan analogue also have
closely similar IP’s, 7.89 and 7.86 eV, respec-
tively.'® By analogy 2-hydroxyfuran is expected
to have IP ca. 8.4 eV which on methyl substitu-
tion is reduced to ca. 8.3 eV; the observed
values (9.62 and 10.12 eV) for the 5-methyl
derivatives 19 clearly exclude the enol form as
a major species in the gas phase.

The heteroatom effect on IP is pronounced,

Table 3. Ionisation potentials of furans.
Cl = ] 7
R7~07S0 R7~070 R”~070H

(a) (®) ()
R IP +0.05 eV

—_—
<~

(19a) Me 10.12
(19b) Me 9.62
(20) t-Bu 9.03
Me
T
Me”~0"0
(21)

IP 9.00+0.05 eV

Table 4. Ionisation potentials of selenophenes.

_— ——— me—
— | = [ 1
Me@o Me’CSelo Me~~Se” ~OH

(a) ) (e)

(22) IP 8.84+0.05eV
Me
| Me
Me” ~Se” N0
(23)

IP 7.98+0.05 eV

however, when the heteroaromatic system is
broken. This is evident from a comparison of
the IP data for 3,3,5-trimethyl-4-oxolen-2-one
(9.00 eV), and the selen analogue (23, 7.98 eV)
and the sulfur analogue (17, 8.53 eV). The
same type of IP differences exist between the
isomeric 2,2,5-trimethyl-4-thiolen-3-one and its
selen and oxygen analogues.’® In six-membered
oxygen and sulfur heterocyclic systems such
differences have also been observed.

The available lactone isomers 5-methyl-3-
oxolen-2-one (19a) and 5-methyl-4-oxolen-2-one
(19b) were found to have IP’s 10.12 and 9.62
eV, respectively. The high value for 19a is
consistent with the a, -unsaturated formulation.
The IP for the p,y-unsaturated lactone is
estimated to ca. 9.2—9.3 eV by adding the
methyl group substituent effect onto the IP of
21; the experimental value lies between the
estimated value and the experimental value for
the «, f-unsaturated lactone 19a. It follows that
the B,y-unsaturated isomer has been partially
tautomerised presumably before evaporation.

The IP (10.12 eV) for 19a suggests that IP
for the unsubstituted o,f-unsaturated lactone
(@, R=H) is ca. 10.2—10.3 eV which is in fair
agreement with 9.8 eV as estimated for the
sulfur analogue I; almost the same IP dif-
ference is experimentally observed between the
3-methylthiophene 2 and 5-methylfuran 19a
systems which both have been assigned the o, 8-
unsaturated lactone structure in the gas phase.
The same comparison between the 5-methyl
analogues 4 and I9a gives a much larger IP
difference; it will be recalled that 4 was found
to be a mixture of both lactone isomers in the
gas phase.

The ¢-butyl sample 20 was an isomer mixture;
the IP suggests that the f,y-unsaturated lactone
(b) is the major isomer.
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The assignment of different isomer ratios in
the gas phase from the two 5-methyl isomers
19 is supported by differences in fragmentation;
of special interest is the relative intensities of
the molecular ion and the [M—Me] fragment
(Scheme 2). 19a has the lower molecular ion
intensity but much larger [M —Me] fragment.
This observation can be rationalised in terms of
the carbonium ion fragment (d) where the
positive charge is stabilised by conjugation from
the double bond and from the heteroatom. A
similar stabilisation by direct methyl group
expulsion from the (b)-form cannot be visual-
ised. The relative intensity differences also
show that extensive tautomerisation does not
occur in these molecules on ionisation after
electron impact.

Memo Memo

(a) (®)

M+ [M —Me]+ mle 55
19a) 579 34 Y 100 %
51.%)) 98 <yA; 2 % 100 4

_|+'
— -Me* ——
e oRo L&,

(a) (d) (e)
Scheme 2.

In the selenophene series (Table 4) the IP
(7.98 V) for the 3,3,5-trimethyl derivative 23
suggests that the ,y-unsaturated lactone isomer
(b) of the 5-methyl derivative 22 has IP ca. 8.2
—8.3 eV. In the thiophene and furan series
discussed the difference in IP between the
lactone forms (a) and (b) is about 1 eV; if a
similar difference is assumed in the selenophene
series, the data lead to the conclusion that the
o, f-unsaturated lactone (a) is the major isomer.

EXPERIMENTAL

The ionisation efficiency curves were recorded
on an AEI MS-902 mass spectrometer and
interpreted by the semi-log plot method.!® The
ionising current was 20 A and the repeller was
at cage potential. Xenon was the reference gas.
The ion source temperature was 230 °C unless
specially discussed in the text.

The IP data are the average of three deter-
minations, the deviation being + 0.05 eV under
standardised conditions. The compounds were
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introduced into the instrument by the indirect
inlet system at 30— 50 °C. The reservoir and
the connecting tube to the ion source were at
130 °C.

The compounds used in this investigation
were available from other work or were prepared
according to the literature; 1, 4;® 5;% 3, 9, 12,
14—16, 2377 7, 8, 13, 21;® 19, 20;* 2;18 6;° 10;*
112 22.%
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