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Ab&xt-The He(l) photoelectron (PE) spectra of the orthothiocarbonates 1-3 have been investigated. To 
understand the splitting pattern in the low energy region a comparison with chemically related molecules has been 
made. In addition, molecular orbital calculations based on a ZW model and semiempirical calculations were carrjed 
out with variation of dihedral angles. The split of the first four orbitals, which depends very much on the geometry, is 
explicitly discussed. The splitting due to spiroconjugation amounts to I.1 eV for 1.0.55 eV for 2, and 0.45 eV for 3. 

The concept of spiroconjugation put forward by Simmons 
and Fukunaga3 and Hoffmann, Imamura and Zeiss’ has 
stimulated theoretical’ and experimental interest.6 In this 
paper we would like to report on the He(I) photoelectron 
(PE) spectra of the sulphur compounds 1,’ 2,’ and 9 
which are well suited for an investigation of spiroconjuga- 
tion because of low ionization potentials of the 3p type 
lone pairs on the sulphur atoms. 

1 2 3 

The PE spectra of 1 to 3 are shown in Fig. 1 and the 
vertical ionization potentials, Iv,, of the first bands are 
collected in Table I. A comparison of the PE spectra 
shows that there are four bands below 10 eV. This view is 

supported by comparing the half band width of the first 
peak with the second peak in the PE spectra of 1 and 2 and 
by comparing the third peak (band 0) with the tirst two in 
the PE spectrum of 3. Furthermore one notices by looking 
at Fig. 1 that bands 0 to 3 become closer together on 
going from 1 to 3. In contrast to this, band 0 remains 
relatively constant. These observations are summarized in 
Fig. 2. 

Dl!XUSSlON 
Sulphur lone pair ionizations in alkyl sulphides 

Substituting the hydrogen atoms of H2S by alkyl groups 
we observe the following change in the first ionization 
potential (Table 2). 

As anticipated the ionization potential decreases 
strongly when we replace the hydrogens in H,S by alkyl 
groups due to both the inductive and hyperconjugative 
effect of these groups. This view is corroborated by the 
observation that in diethyl-sulphide and the 5- and 

Table I. Vertical ionization potentials for orthothiocarbonates, assignment and comparison with calculated 
values. All values in eV 

Compound Band Iv, 
Assignment 

(D,) 

Koopmans values -6, 
ZDO EH MINDO/3 

cc 8.26 a,(YJ -8.M(Y,) -lL91(Y,) -8.71(‘4,) 
e 8.71 -8.72(Y ,) -12.lS(Y,) -8.%Y’,) 

1 
: 

9.01 I 
e(Y,, Y,) -8.97(Y,) -12.34(Y,) -9.18(Y,) 

9.36 MY,) -9.36(Y.) - 12.63(Y,) -10.20(Y,) 
0 10.77 

0 8.09 a,(Y,) -7.95(Y,) -11.75(Y,) -8.66(Y,) 
0 8.64 b,(Y,) -8.69(Y.) -12.02(Y,) -8.7YYJ 

2 B 

I 
8.85 e(Y,, YJ 

-12sqY3 -8.75(YJ 
0 -8.88(Y,, Yu,) -12.30(o) -9.15(o) 
3 10.40 

3 

0 8.29 b,(Y,) - -I 1.33(Y,) -8.52(Y,) 

0 - 1 I .92(Y,) -8MYz) 
0 8.69 a,@.), e(Y,, YJ -12.10(9,) -8.79(Y,) 
0 - 12.22(Y.) - 10.30(Y,) 
(s: 10.42 
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Fig. I. PE spectra of 1, 2 and 3. 
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Fig. 4. Qualitative model for the spiroconjugation between the sulphur lone pairs in orthothiocarbonates. 

interaction of the four lone pair orbitals on sulphur. It is 
assumed that through space interaction between S,-S2 
and S, - S,. respectively, dominates. This assumption is 
based on semiempirical calculations assuming nonplanar 
structures for 4 and 5. 

Model calculations 
In Fig. 4 we assumed two different interactions: the 

through space interaction between S, - & and S,- S, 
described by the parameter /3’ and the spiroconjugation 
described by /3. 

The above choice of relative phases of the basis 3p 
atomic orbitals makes the value of the through space 
interaction term negative (tfi'). The two resonance 
integrals are defined as follows: 

B = - (~z.,lHl~.c) = (Pz.,lHl~x.J = (P~JIHIPM) 

= -(P~JIHIP,,) (7) 

B’ = (p,,lHl~z.J = (PJHIPA. (8) 

In order to derive the interaction matrix one must first 
specify the following resonance integrals: 

H,;, = WY,IHI’%) = W,lW',l = ht.4 = As - B’. (9) 

As is the Coulomb integral of a sulphur 3p orbital. 
For the off-diagonal element we obtain 

H,., = (O,~H’~Y,) = H,, = 2/3. (10) 

This leads to the following secular determinant: 

I As-/+-e 28 
28 

(11) 

To solve this equation numerically we have to estimate 
As, /3’ and p. 

The basis orbital energy (A,) of sulphur in 1 and 2 
should incorporate the inductive and hyperconjugative 
effects of the methylene chains but not the hyperconjuga- 
tive effect of the central C-S bonds. We therefore expect 
different basis orbital energies of sulphur in 1 and 2. 

Varying the basis orbital energies of sulphur between 
-8.8eV and -9.3 eV we obtain quite a good fit with 
experiment by adopting a value of -9.3 eV in case of 1 
and -9.1 eV in case of 2. 

For our planar model we adopt an intermediate value of 

As = -9.2 eV. (12) 

To evaluate /3’ we make use of the following assumption: 

= S s s=-ll.lSs..s[eV]. (13) 

In (13) SC= is the n-overlap integral for two carbon atoms 
separated by 1.34A and /3cK is the corresponding 
resonance integral. 

Assuming a tetrahedral SC-S angle and a S-c bond 
length of 1.80 A we obtain the following overlap integrals: 

S *pUO: (3Pz.,l3P,.J = 0.037 

S thrmqb,pre: (3~~,,13~,3 = + 0.024. 

From (13) and (14) we obtain 

(14) 

B = -0.41 and /3’ = -0.26 eV (15) 

which, if substituted together with (13) in (ll), yield 

cj = -8.12 eV and E, = -9.76 eV. (16) 

The degenerate eigenvalues amount to c, = cz = -9.46; 
the corresponding wave functions Y1 and Y, are given in 
(5) and (6). 

The result obtained does, however, not correlate with 
the experimental splitting pattern (Fig. 2). 
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Semiempirical calculations of the EH16 and MINDO/3” 
type suggest that in addition to through space interaction 
and spiroconjugation also through bond interaction” 
between e(q) and e(u) has to be taken into account. This 
through bond interaction is illustrated in Fig. 5 for one 
possible linear combination. 

Fig. 5. 

In addition, the non-planar structure 1 of the ortho- 
thiocarbonates investigated, has to IX incorporated into 
the model. 

Deviation from Dzd symmetry 
A consideration of molecular models for 1 and 2 shows 

that the assumed planarity for the rings in 1 and 2 is not 
valid, and that the degree of nonplanarity is larger in 2 
than in 1. We express the nonplanarity by the deviation of 
the 3p orbital on the sulphur centers from its original 
position, i.e. perpendicular to the plane defined by C,, S, 
and S, (x-y plane) and C,, S, and S, (y-z plane) 
respectively. The original position of the 3p orbital of S, 
or S1 is parallel to the z axis. Its deviation from this 
direction can be described by two angles 6 and 4 defined 
in Fig. 6 for S1, 

Analogously, each 3p orbital on the centers S,, S2, S, 
and S, can be expressed in terms of pX, pv and p. as a 
function of the angles 0 and I$ (for details see Appendix). 

As a consequence of a non-planar structure, the four 3p 
orbitals on the sulphur centers are arranged as shown in 
Fig. 6. There are three different Spiro resonance integrals 
&, & and 8, and one non-Spiro resonance integral /I,. 
These resonance integrals can be evaluated as shown in 
the Appendix and thus our ZDO model can be extended to 
the non planar case. 

The best fit between the recorded PE spectra and our 
model calculations is found when we choose 8 = 5” and 
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,J+ = 30” for 1 and 8 = 24“ and 4 = 45” for 2. The numerical 
values are listed with those of other semiempirical 
calculations in Table I. Comparison with the observed PE 
spectroscopic ionization potentials (Fig. 7) demonstrates, 
that our modified model now incorporates all essential 
features of conjugation in orthothiocarbonates. 

Structure approximation for C(SCHI), 
The structure of 3 is unknown. To interprete its PE 

spectrum (Fig. I) we adopt a similar conformation (Fig. 8a) 
of the methyl-groups as it was calculated for trimethyl- 
phosphate.19 EH calculations on 3 are in good agreement 
with experiment for a rotational angle w -SW (Fig. 9). 
The angle o is defined in (Fig. 8a). 

In such a conformation the arrangement of the 3p 
orbitals on the sulphur centers is the same as in 2 (Figs. 
8b, 8~). This explains the close similarity of the PE 
spectra of 2 and 3. 

Summary and concluding remarks 
Assuming the validity of Koopmans’ theorem, for 1 a 

good agreement between calculations (ZDO and EH) and 
experiment (Table 1) is obtained only if we allow the five 
membered rings in 1 to be nonplanar. The splitting, E) - e,, 
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Fii. 7. Comparison between the calculated and observed splitting patterns for the cyclic orthothiocarbonates 1 and 2. 
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Fig. 9. EH eigenvahtes for orthothiocarbonate 3 as a function of 
the rotational angle 0. 

due to spiroconjugation amounts to 1.1 eV. Although 
MINDO/3 predicts for 1 some u levels between 3p lone 
pair levels we consider this prediction to be an artefact as 
experienced in similar cases.16 

For 2 the results of a ZDO model and of semiempirical 
calculations ditfer (see Table 1). The ZDO model predicts, 
analogous to 1, that the first four ionization potentials 
should arise from the 3p lone pair orbitals 0, to Y, if we 
adopt nonplanar six membered rings in 2. The splitting 
due to the spiroconjugation then amounts to 0.55 eV. The 
observation that the center of gravity for bands 0 to 0 in 
2 is about the same as for 5, is in line with the assignment. 

The results of EH and MINDO/3 for 2 (Table l), 
however, suggest that two u or three u orbitals are placed 
above Y,. These orbitals are schematically sketched out 
in Fig. 10. 

Fig. IO. 

They represent linear combinations between the sp2 
lone pairs or 3p orbitals on sulphur and the 2p orbitals on 
carbon, forming high lying “ribbon orbitals”.‘O A final 
answer is not possible at the present stage due to the 
complexity of the interrelation between geometry (which 
is unkuowa) and orbital interactions. 

The PE spectrum of 3 is very similar to that of 2. In 
contrast to the case of 2, EH calculations predict the tirst 
four ionization potentials of 3 to arise from the 3p lone 
pair orbitals. Their calculated splitting pattern compares 
well with the observed one. 

Summarizing, a comparison between calculation and 
experimental result indicates a good agreement if the 
through bond interaction is taken into account. It is 
interesting to note that in 1 the splitting due to 
spiroconjugation is nearly twice as large as in 2 and 3. On 
the other hand, the splitting due to through space 
interaction is larger for 2 and 3 than for 1. This can be 
rationalized by adopting different dihedral angles. 

The preparation of compounds 1,2 and 3 has been described in 
the literature.” All compounds used were analytically pure. The 
PE spectra were recorded on a PS 18 photoelectron spectrometer 
(Perkin Elmer Ltd, Beaconsfield, England). The recording 
conditions were 1: 90°C. 2: 9o”C, 3: 25°C. 

For the EH and MINW/3 calculations standard bond lengths 
and angles” were used. As basis set only s and p orbitals were 
taken. 

Acknowledgements-We are grateful to Mrs. P. Hitziger for 
technical assistance. The work at Darmstadt was supported by the 
Deutsche Forschungsgemeinschaft and the Fonds der Chemis- 
then Industrie. 

‘Part 20 of “Electronic Structure of Sulpbur Compounds”, and 
Part LX of “Photoelectron Spectra and Molecular Properties”. 
Parts 19 and ILX see Ref. 2. 

‘R. Gleiter and R. Gygax, Topics in Currenf Chem. 63,49 (1976); 
B. Solo&i and H. Bock, Inorg. Chem. in print. 

‘H. Simmons and T. Fukunaga, J. Am. Chem. Sot. 89, 5206 
(1967). 

‘R. Hoffmann. A. Imamura and G. D. Zeiss, E&f. 898215 (1%7). 
‘A. Tajiri and T. Nakajima, Tetrahedron 27, 6089 (1971). 
6R. Boshi, A. S. Dreiding and E. Heilbronner, 1. Am. Chem. Sot. 
92, 123 (1970); A. Schweig, U. Weidner, J. G. Berger and W. 
Grahn. Tefrahedron 29.557 (1973): IJ. Weidner and A. Schwein. 
Angel. Chem. 84, SSi (1972); A. Schweig, U. Weidner, 6: 
Hellwinkel and W. Krapp, Ibid. 85, 360 (1973); A. Schweig, U. 
Weidner, R. K. Hill and D. A. Cullison, 1. Am. Chem. Sot. 95, 
5426 (1973); C. Batich, E. Heilbronner, E. Rommel, M. F. 
Semmelhack and J. S. Foos, Ibid. 96, 7662 (1974); hf. F. 
Semmelback, J. S. Foos and S. Katz, Ibid. 95, 7325 (1973); H. 
Diirr and H. Kober, Chem. Eer. 106.1565 (1973); P. Bischof. R. 
Gleiter, H. Diirr, B. Ruge and P. Herbst, Ibid. 109, 1412 (1976); 
F. Gerson, R. Gleiter, G. Moshuk and A. S. Dreiding, I. Am. 
Chem. Sot. 94, 2919 (1972). 

‘D. L. Coffen, 1. Heterocyclic Chem. 71, 201 (1970). 
“H. J. Baker and P. L. Stedehonder, Rec. Trao. Chim. 52, 923 
(1933); Organic Synfhesis. Co/l. Vol. II, Wiley, New York, p. 41 I 
(1943). 

‘D. W. Turner, C. Baker, A. D. Baker and C. R. Brundle, 
Molecular Photoelecfron Spectroscopy, Wiley-Interscience, 
London (1970). 

‘OH. Bock and G. Wagner, Angew. Chem. 84, 119 (1972); Angew. 
Chem. Int. Ed Engl. 11, IS0 (1972); G. Wagner and H. Bock, 
Chem. Ber. l&7, 68 (1974). 

“S. Pignataro and G. Distefano, Chem. Phys. Lorr. 26,356 (1974). 
‘D. A. Sweiaert and D. W. Turner. 1. Am. Chem. Sot. 94.5599 

(1972). - 
“U. Stein, Diplomarbeit Universitit Frankfurt/Main (1973). 
“W. Schulz, Diploma&it Universitit Frankfurt/Main (1973). 
‘T. Koopmans, Physica I, 104 (1934); W. G. Richards, 1. Mass. 

Spectroscopy Ion Physics 2, 419 (1%9). 
“R. Hoffmann, I. Chem. Phys. 39,1397 (1%3); R. Hoffmann and 

W. N. Lipscomb, Ibid. 36, 2179. 3489 (1972); 37, 2872 (1972). 



Spiroconjugation in orthothiocarbonates 439 

“R. Bingham, M. J. S. Dewar and D. H. Lo, I. Am. Chem. Sot. 97, 
1285 (1975). 

‘*R. Hoffmann, A. Imamura and W. J. Hehre. Ibid. 901499 (1968); 
R. Hoffmann, Accounts C/tern. Res.4,1(1971); R.Gleiter, Angew. 
Chem. 8Q, 770 (1974); Angew. C/tern. ht. Ed. Engl. 13.6% (1974). 

‘9). G. Govenstein, D. Kar, B. A. Luxon and R. K. Momii. 1. Am. 
&em. Sot. 98, 1668 (1976). 

%. Hoffmann, P. D. Molltre and E. Heilbronner, Ibid. %,4&O 
(1973). 

“Tables of Interatomic Distances and Configuration in Molecules 
and Ions, Special Publication No. 18, The Chemical Society, 
London (1965). 

The deviation of the 3p, orbital of S, and S, and the 3p. orbital 
of S, and S, from its colinearity with the z- and x-axis respectively 
is defined in Fii. 6. The 3p orbitah can be treated as vectors and 
thus the 3p orbital on each sulphur center can be expressed in 
terms of p., py and p. components as follows: 

PI = A(tg~~.,, - tdp,., + P.J) 

PZ = A(tg@p,.z + tg9p,z + pz.3 

P, = A(UtJpx., - pv., - tgdpz,) 

P. = A(tsepx.. - or.. + t&p,,) 
A = Iiq(ttie + tgze + I). 

(Al) 

The overlap integrals between the p.(n = 1 to 4) are expressed in 
terms of the six component overlaps shown below. 

If we place on each sulphur center a 3p., 3p, and 3p, atomic 
orbital we can derive six hinds of overlap integrals between them. 
They are evaluated as follows when the S,-C-!% angle is assumed 
to be tetrahedral and the C-S distance is taken as 1.8 A: 

S ,=.2= = 0.024; s,.,. = -0.053; s,,,, = -0.037; 
Sk,. = - 0.013; SlrZr = -0.125; S,..,. = -0.051 (A2) 

where S,.,, is defined as I p,_p,_ dr. 
This yields 

S,z = 
I 

p,pzdr = S,.. 

= B(&!QtS1,2. - ts’!&,, + s,,,3 

s,, = s,. = wes,.,,- 2tsek3bs,..3. 
+t&w,,,,-sI..3y) 

(A3) 

s,, = Bwes,..,meg~ - tm,,,, 
- &3&,z + tgz4LY + s,4 

B=l:(tg’e+tg’.$tl). 

The best fit between the recorded PE spectra and our model 
calculations is found when we choose B = 9 and $ = 30” for 1 and 
e = 25” and 6 = 45” for 2. With these angles, the overlap integrals 
given in eqns A(l) to A(3) we obtain the following values for b, to 
B .: 

B&V) BAeW B&V) B&V) 

1 -0.546 -0.246 0.415 0.320 
2 -0.773 -0.192 0.061 0.296 

(A4) 

With these values we can set up the following secular 
determinants: 

Interaction Y(p, + p.) - Y(p, t p,) 

Interaction Y(p, - p.) - Y(h - p,) 

I As-Lb--E 
I%-82 

81-t% =o 

A.-B.-e I 
and obtain the eigenvahtes and eigenvectors (see also Fig. 2) for 1 
(As = -9.3 eV) 

C, = -9.72 eV Y, = 048(p, + p.) + O.Sl(p, + h) 
el = - 9.97 eV Y, = OS4(p, - p.) + 0.46& - p,) 
6, = -8.14 eV Y, = O.U(p, t p.) - 0.48(p, + pl) 
c. = -9.36 eV Y. = 0.46(p, - p.) + O.M(p, - pl) (A6) 

and for 2 (A, = -9.1 eV) 

c, = -9.87 eV Y, = 0.45(p, - p.) + O.SS(p, - p,) 
Ed = -9.89 eV Y, = 0.53(p, + p.) + O.ll(p, t p,) 
c, = -7.95 eV Y, = 0.47(p, + p.) - 0.53&+ p,) 
c. = -8.69 eV Y. = O.SS(p, - p.) + 0.45(p, -pd. (A7) 

s,.. = Bwes,..,. + 2(tgeteb + tse)s,.,. 

+21g~S,..,=+tg2~S,,.,,+S,.,,,) 
In contrast to the planar case, in the nonplanar case for I the 

energy levels c, and c1 are split by 0.25 eV. 


