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THE NATURE OF SULFUR BONDING IN 
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Ah&act- Comparison of the PMR spectrum of thiopyrylium cation with those of the oxygen (pyrylium 
cation) and nitrogen (pyridinium cation) analogs has suggested the unique electronic structure of the 
thiopyrylium cation. To investigate this structure the extended Hiickel MO calculations have been 
carried out using two basis sets, one with and another without sulfur 3d orbitals. The electronic struc- 
ture of thiopyrylium cation can be rationalized by the 3d orbital involvement of the S atom in the basis 
set. The primary effect of the involvement of 3d orbitais on the S atom is shown to be the electron 
transfer from the ring carbon fragment, in particular from the /I ring carbons, to the S atom, with an 
accompanying increase in sulfur-a-carbon bond order. 

The structure of the thiopyryiium cation is of inter- 
est in concern with the nature of S-bonding. The 
ground state structure of this ion is commonly 
shown as the following resonance hybrids (l-5). 
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However, it should be considered that the reson- 
ance hybrids 6, 7 utilizing the sulfur 3d orbitals 
besides the above (3p2p)?r bonding forms (1,2) 
might contribute to some extent to the ground state 
structure. 

Although the 3d orbital participation on the S 
atom in the thiopyrylium cation has briefly and 
qualitatively been discussed,’ no attempt has, so 
far, been made to investigate this problem in detail. 
Very recently, Palmer and Findlay have discussed 
whether 3d orbitals on a S atom play an important 
role in the bonding scheme of thiopyrylium cation 
using the procedure of a linear combination of 
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gaussian orbitals, and concluded that the 3d orbi- 
tals are used only to a trivial extent.2 However, the 
3d orbital participation seems to be partly or wholly 
responsibIe for the electronic structure of the thio- 
pyrylium cation, because of the striking difference 
between the thermal stabilities of the thiopyrylium 
cation and its oxygen analog i.e. pyrylium cation.3-6 
These situations prompted us to present our inves- 
tigation on the electronic structure of the thio- 
pyrylium cation by the PMR spectra and the ex- 
tended Hiickel MO method using two basis sets, 
one with and another without S 3d orbitals. 

EXPERIMENTAL 

Spectra. IR spectra were recorded on a Hitachi grating 
I R spectrophotometer Model-2 I5 ; ultraviolet spectra on 
a Hitachi EPS-JT recording photometer using acetonitrile 
as solvent; PMR spectra in trifluoroaceticacidonaVarian 
T-60 spectrometer. 

Thiopyryhm perch/orate. The compound was pre- 
pared’ -&d pm-if&l by reprecipitation from acetonitrile- 
ether: IR (KBr) II&1000 cm-’ (CIO.-): UV (CHXN) 
A 246 id i85 nm; NMR (CF,CO&l) 6 16.20‘(2H, 
ay&ons) and 9.1 I (3H+ fl- and y-protons). 

Pyrylium perchlorute. The compound was also pre- 
pared’ and purified by reprecipitation from acetonitrile- 
ether: IR (KBr) 1160-1000 cm-l (ClO,-); UV (CH&N) 
A,, 219 and 270nm. NMR (CF,COOH) 6 9.70 (ZH, 
a-protons), 9.36 (I H, y-proton) and 8.53 (2H, p-protons). 

N-Ethylpyridinium perchlorate. The compound was 
prepared using a procedure of Menschutkin? m.o. 72.5 
33-t?; IR (KB;) li60-1000cm-1 (CIO,-); UV (6H,CN) 
A mm= 259 nm: NMR (CFXOOH) 6 8.81 (2H. a-rn-otons), 
E-60 (IH, y-proton);%22 (2H, &proton& 4.82 i2H, m& 
thylene protons) and 1-S I (3 H, methyl protons). 

Calcularion derails. The extmded Hiickel MO caIcu- 
lations were carried out ia the usual manner.* The diag- 
onal elements of the Hamilton&n matrix (H,3 were ap 
proximated by the atomic valence state ionization poten- 
tials. In the present calculations they have bten obtained 
from the tables of Hinze and JatT&,lo and the 3d orbital of 
the S atom from the work of Cusachs and Linn.” The off- 
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diagonal Hamiltonian matrix elements (Hu) were calcu- 
lated by using the Wolfsberg-Helmhohz approximation:1z 

H,, = O.SK(H,, + H,,)S” 

where Su is the overlap integral between the ith and jth 
atomic orbitals. K is evaluated as I.75 by Hoffmann. The 
overlap integrals are calculated from the Cartesian co- 
ordinates of the atoms and the orbital exponents of the 
single Slater functions in a similar manner to that des- 
cribed by Muhiken.13 The orbital exponents were taken 
from the Slater’s rule, except for the H 1 s and S3d orbi- 
tals, for which we used I.2 and 0.983, respectively. The 
value of 1.2 for the exponent in the H 1 s orbital was taken 
from SCF MO calculations.‘4 The various values of the 
Slater exponent for the 3d orbitals have been discussed 
and applied to some calculations.ls-*O It has been pre- 
viously recognized that the shape of a 3d orbital and conse- 
quently its Slater exponent is sensitive to its molecular 
environment.*’ Therefore, the orbital exponent should be 
optimized to suit the molecular environment. Values of 
the exponents for Slater d orbitals have been obtained by 
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Fig 1. Total energy as a function of suhitr 3d exponent. 
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Fig 2. Assumed geometry of the thiopyrylium cation. 

minimizing the total energy of each molecule with respect 
to these exponents.” This method has been used in the 
present work. The total energy was calculated with vary- 
ing values of the exponent for sulfur 3d orbital. The re- 
sults are shown in Fig I. An energy minimum appears at 
an exponent value of 0.983. This value was used in the 
subsequent calculations. A geometry of the thiopyrylium 
cation was assumed to have C,, symmetry (Fig 2). We 
took in the present calculation an appreciably short C-S 
distance of l-70 A chosen in the SCF MO calculation.” 
AU C-C bond distances were taken as 140 A, and the 
C-H bond distances as I.10 A. 

RESULTS AND DW3.ISSlON 

The PMR spectra of thiopyrylium, pyrylium and 
Nethylpyridinium perchlorates measured in tri- 
fluoroacetic acid solution are illustrated in Fig 3. 
The spectrum pattern of the thipyrylium cation 
remains unchanged by the changes of solvents (SO, 
or DMSO), and counter anions (fluoroborate or 
iodide). The spectrum of the thiopyrylium cation 
differs substantially from those of two other cations 
in two respects: (I) the appearance of a pair of a- 
hydrogens at exceedingly low field (8 10*20), con- 
trary to the expectation that the pyrylium cation 
should possess the a-hydrogen resonance absorp- 
tion in the lower field compared to that of the thio- 

(b) 

Fig 3. Proton NMR spectra of (a) thiopyrylium. (b) pyr- 
ylium and (c) N-ethylpyridinium perchlorates in trifluoro 

acetic acid solution at 60 MHz. 
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pyrytium cation, since the former has much more 
contribution of the carbonium ion structures than 
the latter; and (2) the essential superposition of the 
y and B hydrogen resonances (6 9.11). The first phe- 
nomenon is considered to arise from the magnetic 
anisotropic effect of the S atom and/or the electron- 
ic effects of thiopyrylium cation. However, the sec- 
ond, i.e. the superposition of the y and p hydrogen 
resonance by the low field shift of the /3 hydrogens is 
no doubt due to the strikingly deshielding intluence 
of the /3 hydrogens owing to the decreased electron 
densities at the B carbons, since the magnetic aniso- 
tropic effect of the S atom is expected to be neg- 
ligibly small at the B hydrogens. In order to explain 
the decreased electron densities at the /3 carbons, 
the electron transfer from the /3 carbons to the S 
atom should occur to some extent through overlap 
of the OL carbon 2p orbitals with the unoccupied 
3d orbitals of the S atom, as shown in the follow- 
ing contributing structures. 

Q”-@‘Q-Q 
. . . . . 

The (p-d)rr bonding contribution can not be in- 
volved in the resonance structures of pyrylium and 
pyridinium cations, and since both tire cations show 
the proton NMR spectra expected from the (p-p)rr 
bonding structure (Fig 3). The problem of this 
type of (p-d)rr bonding has been recently dis- 
cussed using the PMR spectroscopy in the case of 
dimethylstyrylsulfonium saltsp4 The low-field 
shifts of B-vinyl protons observed in the PMR spec- 
tra of the sulfonium salts compared with those of 
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its corresponding ammonium salts have been at- 
tributed to the contribution of the following bond- 
ing involving sulfur 3d orbitals. 

C6H,CT=CH+CH& - C,H&?H-CH+(CH& 
0 

Bonding in the thiopyrylium cation. The 3d orbi- 
tal involvement in the bonding scheme is expected 
to cause (1) the striking decrease of electron density 
at p-carbons, in particular due to the electron trans- 
fer from the @carbons to the S atom, and (2) the 
increase of bonding between the S atom and (Y- 
carbons. These problems, which are partly sup- 
ported by experimental observations, were exam- 
ined by extended Hiickel MO computations. Al- 
though the quantitative agreement of the extended 
Huckel results with experimental findings might 
be questioned, it is indicated that the calculated 
structural properties of the thiopyrylium cation dis- 
tinctly varies with the contribution of the sulfur 3d 
orbitals to the bonding scheme. 

At first we can see the dramatic effect of includ- 
ing S3d orbitals in the basis set at the extended 
Hiickel charge distributions of the thiopyrylium 
cation. Of course, the net atomic charges (signed 
numbers) are parameter-dependent, but the effect 
of 3d orbital participation is clearly illustrated by 
these calculations. Fig 4 shows the relevant parts of 
the n and u + ?r atomic population analyses for the 
cation. The qualitative argument offered above is 
substantiated. In the case without 3d orbit& in the 
basis set, the charge densities on the C atoms have 
strikingly irregular values. However, in the case 
with 3d orbitals in the basis set, the charge irregu- 
larity is greatly reduced due to the electron transfer 
from the carbon fragment, particularly j%arbons, 
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Fig 4. Mulliken population analyses of the extended Hiickel numbers are not atomic charges of the 
nonhydrogenic atoms and bracketed numbers are overlap populations. 
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to the S atom. It is noticeable that such an electron 
transfer due to the 3d orbital inclusion is essentially 
owing to r-type interaction of C,, orbitals with 
unfilled Ssdxz and Ssbvz orbitals from the analyses of 
1 and a+ s atomic populations. Furthermore, we 
would like to point out the significant increase of 
the sulfur and a-carbon bond order in consequence 
of 3d inclusion, being responsible for the stabiliza- 
tion of the cation: sulfur and a-carbon overlap 
populations are 0.23 for T and 0.94 for u + T when 
3d orbitals are included, whereas 0.04 and 0.59, 
respectively, without 3d orbitals. 

The sulfur 3d orbitals participation may be found 
not only in the atomic populations illustrated above, 
but also even more directly in the energy and com- 
position of the occupied molecular orbitals of the 
cation. 

We can construct an energy diagram (Fig 5) rep 
resenting the no 3d molecular orbitals of thiopyryl- 
ium cation and the 3d atomic orbitals of the S atom 
which are allowed by symmetry to interact with 
these orbitals. Inspection of Fig 5 shows the im- 
pact of 3d orbitals. It is apparent that the 3d orbi- 
tals have the most striking impact on the highest 
occupied MO of A,, symmetry. Whereas, the 3d 
orbitals have only a small stabilizing effect on the 
other occupied MOs, at the best by 0.23 eV. In the 
absence of 3d orbitals the highest occupied MO is 

composed of the following combinations of atomic 
orbitals O-457(&, 2pJ + 0*457(C,, 2M - O-457(C5, 
2PZ) -0.457G 2Pz). 

Its one-electron energy is - 12.65 eV. Upon in- 
clusion of 3d orbitals in the basis set the orbital is 
definitely stabilized by the 3d,, atomic orbital of 
A,, symmetry, and its composition changes to 
-0.299@,, 3d,3 + O-432(& 2~3 + 0.348(C9, 2p,) 
- 0.348(CJ, Zp,) -0.432(& 2p,). 

It has been stabilized as a result of 3d orbital 
mixing, now being located at - 13.15 eV in energy. 

Y 

t- X 

no 3d orbitals with 3d orbitals 

Variation of 3d orbital participation with the 
charge on the n&r. In the problem on the 3d orbi- 
tal participation of the thiopyrylium cation we must 
now examine the changes in charge distributions 
which are very important for the cation investigated. 
As shown above, the thiopyrylium cation is con- 
sidered as a resonance hybrid of the Kekule-type 
(sulfonium ion) and carbonium ion structures. If the 
carbonium ion structures contribute predominantly 
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Fig 5. Orbit& for the no 3d cation (left), sulfur 3d (right), 
and 3d including cation. The label for A donates sym- 
metric or antisymmetric, respectively, with respect to a 
plane perpendicular to the w plane and containing the 

twofold axis of S,-C,. 
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Fig 6. Change of sulfur 3d atomic population by Aqs+. 
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to the resonance hybrid at the ground state, the 
overlap of 3p sulfur orbital with adjacent 2p orbi- 
tals (type I) is important. Whereas, in the case of 
the predominant contributions of sulfonium ion 
structures, the 3d orbitals of the S atom can overlap 
effectively with neighboring 2p orbitals (type 2). 

-c&C-$< - - 6 -c=s< 

(Zp-Jd)lr 

(2) 

As expected the 3d orbital participation will be 
decreased sharply according as the increase of the 
contribution of the carbonium ion structures. The 
3d orbital participation by changing the charge dis- 
tributions was examined using extended Hiickel 
MO computations. We estimated the diagonal 
terms (H,,) for the A&+ and Aqc+ charged S and C 
atoms, respectively, as follows. 

H(3s), = -20.08 - 15*lOAq,+ 
Hi = - 13.32- 11.17Aqs+ 
H(3d)s = - 2.007 - 6.766Aqs+ 
H(2s)c = -21.01- 12*02Aqc+ 
H(2p)c = - 1 I 27 - 1266Aqc 
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Fig 7. Change of bond populations S(3d&C,(2P& 
S(3d&C,(2p3, S(3d&Cz(2p.) and S(3d&C,(2p3 

by Ass+. 

where Ag+ and Aqc+ represent the formal charge 
on a S or a C atom, respectively. The plots of sulfur 
3d atomic populations, and overlap populations of 
sulfur 3d,, 3d, orbitals and the 2p, orbitals on car- 
bon I and 2 US the formal charge on a S atom are 
shown in Figs 6 and 7, respectively. These data 
clearly indicate that the sulfur 3d orbital participa- 
tion diminishes sharply according to the decrease 
of the formal charge on a S atom, and for Aqs+ = O-3 
such participation is negligibly small. 

Conclusions. These calculations predict that the 
sulfur 3d orbitals participate importantly to the 
bonding scheme of the thiopyrylium cation, and are 
responsible for its thermal stability and its charac- 
teristic electronic structure. However, for predict- 
ing the degree of 3d orbital participation these cal- 
culations are inconclusive until the experimentally 
determined structure of the thiopyrylium cation is 
determined. 
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