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Abstract: The He I photoelectron spectra of thioacetylacetone, 2-acetylcyclohexanethione, 2-thioacetylcyclohexanone, and 
the S-methyl derivative of thioacetylacetone has been recorded and interpreted by comparison with PE data on related compounds. 
The interpretation has been supported by semiempirical molecular orbital calculations based on the CNDO/B, CNDO/S, 
and MNDO methods on the enol and enethiol forms of monothiomalondialdehyde. The three lowest ionization energies were 
determined as ns » ir3 < x2 for the enol form and as ir3 < n0 < ir2 for the enethiol form. The influence of hydrogen bonding 
on the electronic structure is discussed. Attention is called to the possibility of distinguishing generally by means of PE spectroscopy 
between the enol and enethiol forms of a tautomeric equilibrium system under consideration. 

A major problem in recent years has been to determine the 
structure of the intramolecularly hydrogen-bonded enolic form 
of /3-dicarbonyl compounds I.2 The enolic form may be repre-
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sented either by an electron-delocalized structure (IB) or by an 
equilibrium system of two rapidly interconverting enolic structures 
(IC ^ ID). Recent experimental and theoretical investigations 
strongly suggest that the enolic form actually exists as the IC ^ 
ID equilibrium system.3-6 

Replacement of one of the /3-diketone oxygen atoms by a sulfur 
atom leads to /3-thioxoketones 2.7,8 /3-Thioxoketones that are not 
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unsuitably substituted in the a-position are known to exist as 
rapidly interconverting, equilibrated tautomeric forms 2C and 
2D.9 1 1 

This paper reports on the photoelectron (PE) spectra of thio
acetylacetone (3), 2-acetylcyclohexanethione (4), and 2-thio-
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acetylcyclohexanone (5) since these compounds represent /J-thi-
oxoketones with comparable concentrations of both the enethiol 
and enol forms (3),10 with predominant concentration of the 
enethiol form (4),u and with predominant concentration of the 
enol form (5),u respectively. Supplementary, we report the PE 
spectrum of 4-(methylthio)pent-3-en-2-one (the S-methyl deriv
ative of thioacetylacetone) (6) existing exclusively in the "ene-
thiolic" form.10 The interpretation of the PE spectra is based on 
comparisons with PE data of related compounds and the appli
cation of Koopmans' theorem.12'13 The assignments have been 
supported by semiempirical molecular orbital calculations based 
on the CNDO/B,14 CNDO/S,15 and MNDO16 methods. 

Experimental Section 
The syntheses of the compounds 3-6 have been described previous

ly.10,11 Purities were checked by 1H NMR spectroscopy before recording 
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the PE spectra. The PE spectra were recorded on a PS-18 spectrometer 
(Perkin-Elmer) with a He I source and calibrated with a mixture of argon 
and xenon introduced into the target chamber simultaneously with the 
sample. For all compounds the spectra were recorded at room temper
ature. The experimental resolution was 25-35 meV. The reported ion
ization energies are averages of four determinations. 

Qualitative Molecular Orbital Considerations 
The enol as well as the enethiol form of /3-thioxoketones are 

effectively planar molecules with intramolecular hydrogen 
bonds.9"11'17 For the parent compound, monothiomalondialdehyde, 
the IT orbitals of the enol form, S = C H - C H = C H - O H , can 
be derived as combinations of the ire—s> ^ c - o a n d C*2p frag-

ments.18 With use of the ionization energies of the simplest 
substances in which these orbitals are present,19 the signs for the 
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Figure 1. Photoelectron spectrum of 4-(methylthio)pent-3-en-2-one (6). Figure 3. Photoelectron spectrum of 2-thioacetylcyclohexanone (5). 
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Figure 2. Photoelectron spectrum of 2-acetylcyclohexanethione (4). 

three possible combinations can be outlined (Chart I). A similar 
qualitative orbital picture can be outlined analogously for the 
enethiol form, HS-CH=CH-CH=O (Chart I).22 Additional 
low-energy orbitals of the enol and enethiol systems are the ns 
and no lone-pair orbitals, respectively, which are orthogonal to 
the TT orbitals mentioned above. 

Photoelectron Spectra of fl-Thioxoketones 
The PE spectra of the /3-thioxoketones 3, 4, and 5 as well as 

the 5-methyl derivative 6 are depicted in Figures 1-4. 
The PE spectrum of S-methylated thioacetylacetone 6 containes 

three well-resolved bands below 11 eV with maxima at 8.54, 9.03, 
and 10.57 eV (Figure 1). The corrected areas are nearly identical, 
reflecting undoubtedly single ionizations.21'23 The highest lying 
•K orbital in methyl vinyl sulfide 7, mainly localized on the sulfur 
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atom, has been observed at 8.45 eV,24,25 for which reason we assign 
the 8.54-eV ionization as arising from a ir-type orbital, ir3 (cf. 
Chart I). The second IT orbital in methyl vinyl sulfide 7, mainly 
irc=c, appears at 11.00 eV.24-25 An extension of the molecular 
framework with a carbonyl group (i.e., 7 -»- 6) will reduce this 
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Figure 4. Photoelectron spectrum of thioacetylacetone (3). 

value. In 3-penten-2-one (8) a value of 9.90 eV has been attributed 
to the TTc=C orbital.4 Introduction of an 5-methyl group (i.e., 8 
-»• 6) will stabilize this orbital due to interaction with the S3p lone 
pair. Hence, it is reasonable to associate the ionization of 10.57 
eV with the TT2 orbital (cf. Chart I). Consequently, the remaining 
ionization at 9.03 eV is assigned to the n0 orbital. The corre
sponding orbital in the ketone 8 is reported at 9.27 eV.4 

In 2-acetylcyclohexanethione 4 the enol-enethiol equilibrium 
is shifted strongly in favor of the enethiol form 4C.U The PE 
spectrum of 4 (Figure 2) exhibits three low-energy ionizations 
at 8.34, 9.16, and 10.34 eV. These values can analogously be 
assigned to the ir3, n0, and 7r2 orbitals, respectively. The desta-
bilization of the Tr3 (0.19 eV) and T2 (0.20 eV) levels are due to 
the extension of the carbon framework,26 whereas the replacement 
of the S-methyl group by a SH group effects a stabilization of 
the n0 level (0.26 eV).27 

In contrast to the former compound, 2-thioacetylcyclohexanone 
(5) exists predominantly as the enol form 5D." The PE spectrum 
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of 5 (Figure 3) displays only two bands below the a onset. The 
relative intensities of the bands suggest that one of these corre
sponds to two ionizations and the other to a single one.21,23 The 
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Figure 5. Energy level correlation diagram for /3-thioxoketones assuming 
the validity of Koopmans' theorem. The numerical values refer to the 
experimentally determined PES ionization energies (eV, cf. Figures 1-4). 

maximum of the first peak is located at 8.30 eV, exhibiting a 
shoulder on the low-energy side approximately at 8.08 eV, whereas 
the maximum of the second peak appears at 10.24 eV. 

Unfortunately thiocarbonyl compounds have been investigated 
only sparsely by PE spectroscopy.30 Nevertheless the assignment 
of the PE spectrum of 5 can be made adopting the ionization 
energies of thioacetone and thiobenzophenone as basis values. In 
thioacetone 9 the sulfur lone pair (ns) and the 7rc=s orbitals have 
been reported at 8.60 and 10.46 eV, respectively.29 Replacement 
of the methyl groups by phenyl groups (affording thiobenzo
phenone 10) effects destabilization of both the ns and x c=s or
bitals.31 The ns ionization energy of 5D is a priori expected to 
be found between those of 9 and 10, observed at 8.6029 and 8.00 
eV,31 respectively. The X0=S ionization energy of 5D, on the other 
hand, may be expected equal or lower than those of both 9 and 
10 (10.4629 and 8.77 eV,31 respectively). Hence, the values ob
served at 8.08 and 8.30 eV are to be assigned to ionizations from 
the n s and x3 ( x c = s ) orbitals, although it is impossible to dis
tinguish between them. The lower peak at 10.24 eV is attributable 
to ionization from the x2 orbital, which has mainly irc=c character. 

Since PE spectroscopy is a "fast" technique, the recorded 
spectrum will be a superposition of the spectra of all individual 
species present.32 In the PE spectrum of 5 (Figure 3) the minor 
signal in the region about 9 eV arises presumably from the n 0 

level of the minor tautomer, the enethiol 5C." In the case of 4 
(Figure 2) a shoulder observed on the low-energy side of the first 
band ( ~ 8 eV) suggests the presence of minor quantities of the 
enol form 4D" (the ns and x3 levels). 

For thioacetylacetone 3 the enol form is the dominating tau
tomer, but the enethiol form is present to a comparable extent.33 

Therefore, the PE spectrum of 3 (Figure 4) must visualize ion
izations arising from both tautomers. On the basis of the above 
findings the PE spectrum of 3 is easily interpreted (Figure 5). 

The PE spectrum of 3 (Figure 4) contains three bands as 
expected. The band at 8.73 eV and the shoulder at 8.55 eV 
correspond to the x3 orbital of the enethiol form 3C, and the ns 

and X3 orbitals of the enol form 3D. The band at 9.29 eV arises 
from ionization from the n0 orbital of the enethiol tautomer 3C. 
The third band at 10.77 eV, accompanied by a shoulder (~10.5 
eV), corresponds to ionizations from the x2 orbitals of both tau
tomers. 

Molecular Orbital Calculations 
In order to gain further insight into the electronic dissimilarities 

of the enol and enethiol forms of /Mhioxoketones, we have per
formed molecular orbital calculations on relevant conformeric 
structures. 

MNDO calculations16 on hydrogen-bonded enol and enethiol 
tautomers of monothiomalondialdehyde 11 lend strong support 
to the above interpretation of the PE spectra. Calculated orbital 
energies and densities for the complete geometry/energy-optimized 
structures HC-F are depicted in Figure 6. 
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Spunta, Z. Naturforsch., A, A33, 468 (1974). 
(32) J. H. Eland, "Photoelectron Spectroscopy", Butterworths, London, 

1974. See also ref 13, pp 82-83. 
(33) Electronic absorption spectroscopy of 3 in the gas phase (308 K) 

suggests the enol-enethiol ratio to be ca. 2:1 (L. Carlsen and F. Duus, un
published results); see also ref 10. 
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Figure 6. MNDO molecular orbital correlation diagram for the enol and 
enethiol forms of monothiomalondialdehyde. Numerical values refer to 
the calculated MO energies in eV. The circle diameters are proportional 
to the square of the contributing atomic orbital coefficients. 
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Figure 7. CNDO/S and CNDO/B molecular orbital correlation dia
gram for enol and enethiol forms of monothiomalondialdehyde. Nu
merical values refer to the calculated MO energies in eV. The circle 
diameters are proportional to the square of the contributing atomic or
bital coefficients. 

It might be of interest to compare the MNDO-calculated orbital 
energies and densities with results using other MO methods. In 
Figure 7 the orbital energies and densities of the hydrogen-
chelating enol and enethiol forms of monothiomalondialdehyde 
(HD and HC, respectively) are displayed. The structures were 
obtained by a complete geometry/energy optimization using the 
CNDO/B procedure;14 these structures were also applied to the 
CNDO/S calculations.15 When MNDO results (Figure 6) are 
compared with those obtained by using CNDO/S and CNDO/B 
(Figure 7),34 it is obvious that consistent results are obtained in 

(34) The CNDO/B conformational energies have been discussed in L. 
Carlsen and F. Duus, J. Chem. Soc, Perkin Trans. 2, 1080 (1980). 
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Table I. MNDO-Calculated Conformational Energies (kJ-mol"') 
and Orbital Energies (eV) for 3-(Methylthio)-2-propenal and 
Nonchelated 3-Mercapto-2-propenal (HF) 

12 
cis,s-cis 

13 
cis.s-trans 

14 
trans, s-trans H F 

Elel 7.5 2.2 
e(HOMO) - 9.64 (ir) - 9.7 8 (ir) 
e(H-l) -10 .71 (o) -10.76 (o) 
e(H-2) -11.94 M -12 .09 (it) 

0.0 
-9.75 (IT) -9 .79 (it) 
-10.87 (a) -10 .80 (a) 
-12.08 (w) -12.29 (IT) 

the enolic case, whereas substantial differences characterize the 
enethiolic case. 

The three MO methods applied show that the frontier orbitals 
of the enol system exhibit a 2:1 pattern with the HOMO and H-I 
orbitals nearly degenerate and the H-2 orbital lying significantly 
below these.35 In accordance with experimentally determined 
PE data, MNDO predicts for the enethiol form a 1:1:1 frontier 
orbital pattern. In contrast, the CNDO/S and CNDO/B methods 
indicate that the HOMO and H-I are nearly degenerate. The 
difference may be associated with the characteristics of the orbital 
placed in the plane of the molecule. MNDO suggests this orbital 
to possess electron density solely on the oxygen atom (no) (Figure 
6) in contrast to the CNDO methods, which indicate about equal 
contributions from both the sulfur and the oxygen atoms (ns-no) 
(Figure 7). Accordingly we suggest the MNDO method in this 
particular case to be superior to the CNDO methods for inter
pretation of the PE spectroscopic data. 

The effect of hydrogen bonding on the orbital energies in the 
enol and enethiol forms were evaluated by optimization of the 
nonchelated conformers HE and HF (Figure 6).36 By MNDO 
we calculate the hydrogen-bonded forms to be 17.6 and 5.0 
kJ-mor1 thermodynamically more stable than the nonhydrogen-
bonded forms of the enol and enethiol systems, respectively. This 
is in accordance with earlier findings predicting that an intra
molecular S-H-O bond is stronger than the S-H-O bond.37 The 
above energy differences are smaller than those predicted by 
CNDO/B (enol, 22.6 kJ-mol"1; enethiol, 12.5 kJ-mol"1),34 con
firming that the MNDO method is less appropriate for hydro
gen-bonded systems.38 However, MNDO still favors the enol 

(35) For simplicity HOMO, H-I, ..., refers to the highest occupied mo
lecular orbital, the next highest occupied molecular orbital and so on. 

(36) The transitions HC — HF and HD — HE are believed to reflect 
the rupture of hydrogen bonding,34 although the chosen nonchelated structures 
HE and HF do not of necessity refer to actual minium energy conformations. 

(37) W. R. Snyder, H. D. Schreiber, and J. N. Spencer, Spectrochim. 
Acta, Part A, 29, 1225 (1973); T. Schaefer, T. A. Wildman, and S. R. 
Salman, J. Am. Chem. Soc, 102, 107 (1980); E.-M. Sung and M. D. Har
mony, ibid., 99, 5603 (1977). 

form by 12.6 kJ-mol-1, in accordance with experiments.10 Thus, 
although some of the orbital energies are affected of hydrogen 
bonding, the general picture remains unchanged. The largest 
orbital energy differences are found for the n0 orbital of the 
enethiol system and for the ns orbital of the enol system. These 
orbitals appear stabilized by 0.25 and 0.49 eV, respectively, on 
introducing the hydrogen bond, in harmony with the reported 
effect of hydrogen bonding on electron-donating orbitals.3^""41 

In our interpretation of the PE spectra we have used the S-
methyl derivative 6 as model of the enethiol form. In order to 
justify this choice, we have examined 3-(methylthio)-2-propenal, 
the corresponding S-methyl derivative on the enethiol form of 
monothiomalondialdehyde. The energies found by MNDO were 
7.5 (12) and 2.2 kJ-mol"1 (13) relative to the trans,s-trans form 

yr :tf A^ 
CH3-' CH3^ CH3 H 

14. The orbital energies (Table I) are almost unaffected by these 
structural changes and appear to be close to the values calculated 
for the nonchelated enethiol form HF; hence the choice of 6 as 
a model compound appears justified. 

Conclusion 
The present study has demonstrated characteristic differences 

between the electronic structures of tautomeric enol and enethiol 
forms derived from /3-thioxoketones. A priori, it lends support 
to the established picture (ref 1, 9-11, 17, and 34) that simple 
(3-thioxoketones do not exist as such but rather as equilibrium 
mixtures of rapidly interconverting intramolecularly hydrogen-
bonded enol and enethiol tautomeric forms. More important, 
however, it calls attention to the PE spectroscopic method as a 
useful tool for distinguishing between the individuals of a tau
tomeric couple and, accordingly, for furnishing information, at 
least in a semiquantitative manner, about the site of a tautomeric 
#-thioxoketone enol-enethiol equilibrium. 
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