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Abstract: In the series ethylene episulfide, episulfoxide, and episulfone the sulfone stands out by its very long CC
bond and short CS and SO bonds. We find that an analysis of the bond length trends in these molecules leads
naturally to a bonding picture in which the molecules are described as complexes of an ethylene with S, SO, or SO,.
We trace the long CC bond in the episulfone to two factors. First, and invoking no 3d orbitals, when the molecule
is viewed as an ethylene-S02 complex, the SOzprovides a low-lying orbital which populates the ethylene a* level

better than in the analogous sulfur case. Second, and directly invoking 3d participation, the SOz ligand provides
3d orbitals which more efficiently withdraw bonding electron density from the ethylene fragment T level. Our
analysis predicts how to strengthen further the CC bond in episulfides and how to weaken still more the long CC
bond in episulfones. The mode of that bond opening should be conrotatory in the episulfide and disrotatory in the
episulfone. Finally the ethylene-complex viewpoint is connected to the general theory of substituent effects on
cyclopropane bond strengths.

I

n the heterocyclic series of thiirane (1, ethylene episulfide), thiirane 1-oxide (2, ethylene episulfoxide),
and thiirane 1,l-dioxide (3, ethylene episulfone) we are
presented by Nature with a regular modifkation of a
three-membered ring by oxygen addition, a progressive
change in the coordination of sulfur. The equilibrium
structure of the heterocycle responds in a significant
and apparently irregular way to the pattern of sulfur
coordination. From the several consistent structural
studies on these
we have chosen the set of
microwave spectroscopic structures illustrated below. 1--3

1

2

3

The remarkable feature of these structures is the way
the episulfone 3 differs from the episulfoxide 2 and
the episulfide 1. The geometries of 1 and 2 are “normal,’’ that is both CC and CS distances are in the expected range. In contrast 3 contains a much longer
CC bond and much shorter CS and SO bonds than 1
or 2.
In a related heterocycle, the thiadiaziridine 1,ldioxide (4), the N N single bond, analogous to the CC
0N S H 0

bond in 3, is one of the longest known, .67
(1) Thiirane: G . L. Cunningham, Jr.. A. W Boyd, R. J. Myers,
and W. D. Gwinn,J. Chem.Phj.s., 19,676 (1951).
(2) Thiirane 1-oxide: S . Saito, Bull. Chem. Soc. Jap., 42, 663
(1 969).
(3) Thiirane 1.1-dioxide: Y . Nakano, S . Saito, and Y . Morino,
ibid., 43, 368 (1970).
(4)cis-2,3-Dimethylthiirane 1,l -dioxide: R. Desiderato and R. L.
Sass, Acta Crystallo,cr.,23,430 (1967).
(S) J. W . Timberlake and M. L. Hodges, J . Amer. Chem. Soc., 95,
634(1973).
(6) L. M. Trefonas and L. D. Cheung, ibid., 95,636 (1973).

To say that 3d orbital participation is responsible
for this trend is not very informative. We have previously noted the structural and thermodynamic response of a cyclopropane ring t o substituents.’ Sensing
that the bond length anomaly in 3 would be related to
these previous studies and that it would yield to US
further insight into the electronic structure of threemembered rings, we undertook a detailed analysis of
the bond lengths in these molecules.
Calculations and Discussion
We began by asking whether a semiempirical molecular orbital method would reproduce the structural
trends. In particular extended HiickeP calculations
were carried out on 1, 2, and 3, assuming an identical
episulfide substructure in the three molecule^.^ The
Mulliken overlap populations for the various bonds
should then reflect the tendency of these bonds t o stretch
or contract from the episulfide model. We did each
calculation twice: once without 3d orbitals, a second
time with sulfur 3d orbitals sufficiently contracted and
at sufficiently low energy to simulate the extreme of
3d participation. The role of 3d orbitals in Si, P, and
S bonding is a perpetual problem.’O We anticipate
that our computational extremes of negligible us. siz(7) (a) R . Hoffmann, Tetrahedron Lett., 2907 (1970); (b) R. Hoffmann, “Special Lectures at the XXIIIrd International Congress of Pure
and Applied Chemistry,” Vol. 2 , Butterworths, London, 1971, p 233;
(c) R. Hoffmann and W.-D. Stohrer, J . A m e r . Chem. Soc., 93, 6941
(1971); (d) W.-D. Stohrer and R. Hoffmann, Angew. Chem., 84, 820
(1 972).
(8) R . Hoffmann, J . Chem. P h y s . , 39,1397 (1963); R . Hoffmann and
W. N. Lipscomb, ibid., 36,2179, 3489 (1962); 37, 2872 (1962). Theparameters are those of the above references, except for a H 1s exponent of
1.3. The S Coulomb integrals were - 20 eV for 3s and - 11.O for 3p.
The Slater orbital exponents used were 2.122 for 3s and 1.827 for 3p,
after E. Clementi and D. L. Raimondi, J . Chem. P h y s . , 38, 2686 (1963).
When S 3d orbitals were included, they were assigned an exponent of
1.5 and an H,, of - 8.0 eV.
(9) The structure isethat of ref 1 , with CC 1.492 and CS 1.819 A.
SO was taken as 1.45 A where applicable. The CSO angles were taken
from the structures of ref 2 and 3.
(10) F o r a reasoned contemporary review, see M . E. Dyatkina and
N. M. Klimenko, Zh. Strukt. Khim., 14, 173 (1973); or C . A . Coulson,
Nature (London), 221, 1106 (1969). The classic analysis of bonding in
sulfones and sulfoxides was given by W. Moffitt. Proc. R o y . Soc., Ser. A ,
200,409 (1950); H. P. Koch and W. Moffitt, Trans. Faradny SOC..4 7 , 7
(1951).
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able 3d participation will bracket the actual situation.
In Figure 1 we show the computed Mulliken overlap
populations for 1 , 2 , and 3.
With or without 3d orbitals the general trend of
stronger CS and SO and weaker CC bonds in the episulfone is reproduced. The experimental break between the episulfoxide and episulfone is not apparent
if one remains within a series of calculations with or
without 3d orbitals. We will return to an analysis of
this discontinuity below, but for now let us proceed
to trace the source of the trend within one series, specifically those calculations which omit 3d orbitals.
Our standard thiirane geometry is shown in 5 below.

0.4890

no 3d

0 0.571 0

s‘’
A . 5 3 7

b . 5 5 2

0.726

0.714

0.684

Figure 1. Computed overlap populations for ethylene episulfide,
episulfoxide, and episulfone: omitting 3d orbitals on sulfur (top),
and including them (bottom) with parameters specified in ref 8.

a T* MO of the ethylene fragment of the heterocycle.
An analysis which starts from a totally different point
of view can make the decomposition clearer. One
of us has developed a method by which the descent of
the orbitals of a composite molecule may be traced.I2
More precisely, if we have a composite molecule C =
A - B with molecular orbitals
plane t

I

‘k, =

CCmt(P1

5

The total change in overlap populations on going from
episulfide t o episulfone can be decomposed into contributions by symmetry type of the orbitals involved.
This is done in Table I. (AS means orbital(s) anti-

and the molecular orbitals of the fragment molecules
A and B, frozen in the geometries they possess in the
complex C, are given by

Table I. Breakdown of Overlap Population
Changes by Symmetry Orbitals

C-C

Episulfone
Episulfide

A
C-S

Episulfone
Episulfide

A

Total

SS

AS

0.684
0.726
-0.042
0.552
0.537
0.015

0.988
0.973
0.015
0.304
0.302
0.002

-0.296
-0.238
-0,058
0.247
0.242

0.005

SA
0.112
0.110
0.002
0.001

-0.007
0.008

AA
-0.120
-0,120

O.Oo0

then we have developed a procedure for expressing
the molecular orbitals of the composite molecule or
complex C in terms of the orbitals, occupied and empty,
of the fragments A and B

0
0
0

symmetric with respect to plane 1 as defined in 5 , symmetric with respect to plane 2 . )
It is important to note for further reference that the
total CC overlap population in either 1 or 3 has a sizable negative component. Manipulation of that antibonding contribution will subsequently allow us to
strengthen or weaken that carbon-carbon bond. At
this point we observe that the predominant contribution t o the weakening of the CC bond in 3 relative t o 1
comes from orbitals of AS symmetry. Further inspection of the orbital by orbital breakdown of the
overlap population shows that the AS bond weakening
can be traced to an interaction of C22p, with C32p,,
that is there is more such antibonding (as in 6 ) in the
episulfone than in the episulfide. l 1

6

In our case let A be the distorted ethylene fragment
(the C2H4part of 5 ) in the geometry it has in episulfi.de
and let B be a sulfur atom or sulfur dioxide molecule.
C is episulfi.de or episulfone. The primary contribution to the AS antibonding is found in the highest occupied orbital of that symmetry type, which happens
to be ‘P~s
in episulfide and \k13’ in epi~u1fone.l~The
composition of that orbital is as follows

+ 0.6887b3 +
episulfone ‘P15’
= 0.6362a7 + 0.6075blo’+ . . .
episulfi.de ‘P8 = 0.5414a7

Here ba and blo’are specific AS orbitals of the S or SOe
fragments, respectively, and a, is the unfilled T * orbital
of the ethylene fragment. All other contributions
to \ks or
are small. It is clear that the source of
the antibonding AS overlap population is the mixing
in of a T* ethylene orbital and that the differential in
that AS antibonding between episulfide and episulfone
can be traced to a greater mixing of T* in the episulfone.
We now can put forward a general and simple picture
of bonding in these molecules. It is given by the interaction diagram of Figure 2 . A is again an ethylene
fragment. B is a fragment viewed as an atom which

We are thus led to an orbital which clearly resembles
(11) CNDO calculations by D. T. Clark, Durham, private communication, also result in a smaller CC partitioned bond overlap in the

episulfone. This can be traced, as here, to reduced in-plane ?r bonding,

(12) H. Fujimoto, submitted for publication; see also 3 . P. Lowe,
J . Amer. Chcm. Soc., 93,301 (1971).
(13) The primes on q ’ s and b’s are used to distinguish episulfone
orbitals from those of episulfide and sulfur dioxide from sulfur.
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Figure 3. Computed positioning of levels of ethylene fragment
(left) and interacting S, SO, and SO, levels. The number next t o a
level gives the percentage localization on S in that orbital.

A

C = A-B

8

Figure 2. Generalized interaction diagram for the formation of a
complex C from the interaction of a fragment A (a distorted
ethylene) with another fragment B.

presents for interaction with the ethylene only two
orbitals, one of SS, the other of AS symmetry. Of
course any real B will have other symmetry orbitals,
as well as further lower and high-lying orbitals of SS
and AS symmetry. But from our analysis these d o not
contribute much to weakening or strengthening the
CC bond of the ethylene fragment. Four electrons
enter the two bonding orbitals in this scheme to form
the two new bonds. Two of these four electrons can
be thought of as coming from the ethylene 7r level and
two from the B fragment.
The bonding picture we describe is very similar to
the inorganic chemist’s description of metal-olefin complexes such as Zeise’s salt, first presented by Dewar14
and Chatt and Duncanson. l 5 The original formulation
of the Walsh model of bonding in cyclopropane and
oxirane l 6 also contains similar features. We have
electron donation from the 7r orbital of ethylene to an
acceptor orbital of B and reverse donation from B into
the T* orbital of the ethylene fragment. Both processes
weaken the CC bond from its original ethylenic strength.
The stronger the two ethylene-B interactions, the longer
the CC bond.
We turn to the detailed analysis of these interactions.
Figure 3 shows the calculated energies of the SS and AS
orbitals of the ethylene fragment and the primary interacting orbitals of s, SO, and SOz. In the case of sulfur
the SS and AS orbitals are degenerate, being 3p, and
3p,. For sulfur monoxide the S and A orbitals” are
(14) M. J. S. Dewar, Bul[. SOC. Chim., 18, C79 (1951); Nature
(London), 156, 784 (1945); J . Chem. Soc., 406 (1946); Discuss.
Faraday SOC.,No. 10,50 (1948).
(15) J. Chatt and L. A. Duncanson, .I. Chem. Soc., 2939 (1953).
(16) A. D. Walsh, Nature (London), 159, 165 (1947); Trans. Faraday
Soc., 45, 179 (1949). The discussion which followed the publication of
Walsh’s paper is also of interest: R. Robinson, Nature (London), 159,
400 (1947); 160, 162 (1947); C. A. McDowell, ibid., 159, 508 (1947);
L . Bateman, ibid., 160, 56 (1947); J. W. Linnett, ibid., 160, 162 (1947);
T. M. Sugdeii, ibid., 160, 367 (1947); H. A . Skinner, ibid., 160, 902
(1947); A . D. Walsh, ibid., 159, 712 (1947); 160, 902 (1947). The first
explicit construction of the Walsh orbitals as they are commonly used
today was made by Sugden.
(17) Clearly ethylene episulfoxide has a lower C, symmetry. The
ethylene fragment orbitals must be accordingly reclassified in the lower
symmetry.
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also degenerate. They are the x* orbitals which are
occupied by a total of two electrons in the diatomic.
In the particular coordinate axis convention used the A
orbital is composed of sulfur and oxygen pz orbitals,
while the S combination is a mixture of sulfur and oxygen py and p B . In the case of SO, the SS orbital is an
al orbital,lsflgwhich is a lone pair on sulfur, moderately
delocalized to the oxygens. The AS orbital of SOz
is a bl orbital, primarily localized on S, but with a small
antibonding admixture of 0 2p,. Its nodal properties
show its descent from the third member of an allylic
set of 7r orbitals that are typical for the triatomics.
If we take the computed energies seriously, we obtain
an immediate explanation of the observed bond lengthening as one goes from sulfur to sulfur dioxide. The
dominant interaction is donation of electrons into the
x* orbital of the ethylene fragment. The proper symmetry AS orbital of sulfur dioxide is much closer in
energy to R* of ethylene than the corresponding AS
orbital of sulfur. Greater interaction means greater
bond weakening. 2o
Experimental information is available to check the
calculations on the level ordering in S , SO, and SO,.
The ionization potential of the sulfur atom is 10.4 eV,21
while that of SO is approximately 10.2-10.3 eV.22 The
ionization potential of SOz is 12.3 eV.22a,28The placing of the AS level is difficult but, if we arbitrarily
equate its position to the average of the term values for
the ‘B1 and 3B1states of
which arise from the al t o
(1 8) The initial discussion of SO2 orbitals is in A. D. Walsh, J . Chem.
Soc., 2266 (1953); R. S. Mulliken, Can. J . Chem., 36, 10 (1958). Some
recent calculations may be found in the work of I. H. Hillier and V. R.
Saunders, Chem. Phys. Letf., 4, 163 (1969); U. Gelius, B. Roos, and
P. Siegbahn, ibid., 4,471 (1970); S. Rothenberg and H. F. Schaefer, 111,
J . Chem. Phjis., 53,3014 (1970); B. Roos and P. Siegbahn, Theor. Cbim.
Acta, 21,368 (1971).
(19) The photoelectron spectrum of SO:! is analyzed by J . H . D. Eland
and C. J. Danby, Int. J . Mass Spectrom. Ion Phjis., 1, 111 (1968); D. W.
Turner, C. Baker, A. D. Baker, and C. R . Brundle, “Molecular Photo1970, p 84.
electron Spectroscopy,” Wiley, New York, N. Y.,
(20) The correlated electron transfer from ethylene ?r to an SS orbital
is, according to the calculations, a minor effect. It actually opposes the
primary bond weakening effect. The SO? SS orbital, despite its closer
energy, mixes less with ethylene ?r than its sulfur counterpart. Apparently this is due to smaller overlap, caused by considerable delocalization to oxygens in the SO?SS orbital.
(21) C. E. Moore, Nut. Bur. Stand. (U.S,),Circ., 467 (1951); W.
Finkelnburg and W. Humbach, Naturwissenschaffen, 42,35 (1955).
(22) (a) V. H. Dibeler and S . I<. Liston, J . Chem. Phys., 49, 482
(1968); (b) N. Jonathan, D. J. Smith, and K. J. Ross, Chem. PhJ$s.Lett.,
9,217(1971).
(23) M. I. AI-Joboury and D. W. Turner, J . Chem. Soc., 4434 (1964).
(24) I<. F. Greenough and A. B. F. Duncan, J . Amer. Chem. SOC.,83,
555 (1961); A . J. Merer, Discuss. Faradaj~ Soc., No. 35, 127 (1963);
N. Metropolis, P h j ~ sReo.,
.
60,295 (1941).
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b, excitation, we obtain an energy of approximately 8.9
eV. So the ordering of levels on the right-hand side
of Figure 3 appears reasonable.
It is interesting at this point to note that the ionization potential of SO2 is considerably greater in magnitude than that of S or SO. In S ionization is from a
3p level. In SO the highest occupied MO is subject
to two influences: a destabilization due t o it being a
ir* orbital, and a stabilization due t o its being delocalized to some extent to the more electronegative oxygen.
The balance leaves it not very different in energy from
S. In SO, the highest occupied MO, al, can be described as a sulfur lone pair, stabilized relative to S
and SO by the admixture of 3s.
The careful reader will have noted that the SO2 AS
orbital which we speak of as serving as a donor for the
ethylene ir* is in fact a vacant orbital in the ground
state of SO:. This raises an important point. The
ethylene-ligand complex picture we use is a construct,
a model for interaction of an SO, fragment and an
ethylene. It is not a correlation diagram for the least
motion Cet addition of SO, to ethylene. In fact the
necessity to form, in our interaction scheme, the complex from an SO, with two electrons in AS rather than
SS tells us immediately that were we to study a potential
energy surface for the least-motion addition of SO,
to ethylene that such a reaction would be a symmetryforbidden one.25 This is of course consistent with the
general analysis of cheletropic reactions. 2 6
The above discussion has analyzed the CC bonding.
From Figure 1 it can be seen that in the absence of 3d
orbitals the CS bonding differential between 1 and 3
is small. The symmetry breakdown of Table I does
not show any dominant term in that differential. We
are able to analyze each contribution, but the effort
is not worth reproducing. As will be shown below,
the primary effect in strengthening CS bonding in the
episulfone is likely to be the participation of the 3d
orbitals.
The Role of 3d Orbitals. Figure 1 shows that inclusion of 3d orbitals with orbital parameters allowing
great interaction has a definite effect on the various
overlap populations. The effect is approximately
constant as one goes from episulfide to episulfone: the
CC bond is slightly weakened, the CS bond significantly
strengthened, and the SO bond dramatically so.
It is clear that the two most important factors required
to bring out or enhance the participation of vacant 3d
orbitals are (1) substitution of the central atom by more
electronegative ligands, to lower the energy and contract the shape of the 3d orbitals, and (2) the presence
on the ligands of donor orbitals t o take advantage of
the acceptor properties of the 3d orbitals.’o The oxygen lone pairs in episulfone or episulfoxide are such
donors. Given our accessible placement of the 3d
orbitals, the effect on the SO overlap population is
nothing but 3d-2p ir bonding. It shows up in the cal(25) R . B. Woodward and R. Hoffmann, Angew. Chem., 81, 797
(1969).
(26) The detailed analysis for methylene addition to ethylene may be
found in R. Hoffmann, J . Amer. Chem. Soc., 90, 1475 (1968); for CO
addition t o ethylene in D. M. Hayes, C. A. Zeiss, and R . Hoffmann,
J . Phys. Chem., 75, 340 (1971); the addition of sulfur atoms to ethylene
has also been analyzed by E . Leppin and I<. Gollnick, Tetrahedron Lett.,
3819 (1969); R. Hoffmann, C.-C.
Wan, and V. Neagu, Mol. Phys., 19,
113 (1970); 0. P. Strausz, H . E. Gunning, A. S . Denes, and I. G . Csizmadia, J . Amer. Chem. Soc., 94,83 17 (1972).
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culation not only in the large SO overlap population
but in significant population of the formally vacant
3d orbitals on sulfur.
The increase in the CS overlap populations can be
analyzed by a symmetry orbital breakdown analogous
to Table I. The change in the CS bond can be traced
t o SS and AS orbitals. Examination of the wave functions shows that the increased overlap population is
primarily due t o the complex bonding orbitals (bottom
of Figure 2) and the fact that in these dZZ--1/2(SS) and
d,, (AS) mix in just such a way as to make a better
hybrid for CS overlap.
I

+

8

+

A similar symmetry analysis shows that the decrease
in the CC overlap population on inclusion of 3d orbitals
is dominated by the SS orbitals. Electron density is
withdrawn from both the u (pl-p,) and T (pz-pz) bonds
of the ethylene fragment and deposited in the d,? and
dz2-y2 sulfur orbitals. The net transfer of electrons
shows up in the charges on the carbons and hydrogens.
An alternative way to think of the effect of 3d orbitals
here is to return to the ethylene complex picture (Figure
2 ) and to realize that 3d orbitals by depressing the fragment SS orbital make it a better acceptor relative t o
the ir bond.
At this point we should mention the interesting
ab initio calculations of Van Wazer and Absar27 on
H2S, HPSO, and H2S02. The overlap populations
obtained by these authors are shown below. We have
0

0

S

no 3d

/ \0.491

H
H
-0.060

H

/

\0.332

H

-0.080

/

H

with 3d

H

-0.018

H

H

\0.467

-0.033

H

H

0

\ /1.305

S

/

\0.452

0

11.183

S
\OS20

S

-0.145

0

/

0

\ /0.528

i0.586
S

H

/

S
\0.711

H

-0.125

included the nonbonded H-H overlap populations
since these form a parallel to our bonded CC populations.
The following points are to be noted. (1) The ab
initio calculations show the increasing importance of
3d orbitals, just like the semiempirical calculations,
as one increases the number of oxygens bonded tosulfur.
This is to be seen most directly in the SO and SC overlap
populations and also in the energetics of the molecules,
not shown here but detailed in the original work.Pi
( 2 ) The trend in nonbonded H-H overlap populations
in the ab initio calculations parallels the trend calculated
semiempirically (Figure 1) for the CC bonds (weaker
bonding in the episulfone). (3) The SH bond strengths,
when calculated with 3d orbitals, d o not agree with
the trend of the extended Hiickel calculations.
(27) J. R . Van Wazer and I. Absar in Advances in Chemistry No. 10,
“Sulfur Research Trends,” American Chemical Society, Washington,
D. C., 1972, p 20. We are grateful to J. M. Howell for bringing this
reference t o our attention and supplying some further details of the
calculations.
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Conclusions Regarding Bond Strengths
With or without 3d orbitals we believe we understand
the overlap population trends exhibited in Figure 1.
Since 3d orbitals are likely to come more into play with
increasing electronegativity of the ligands on sulfur,
we see the general effects of 3d participation, exhibited
by the second row of Figure 1 and analyzed in the preceding section, as becoming more prominent when we
proceed from episulfide t o episulfone.
To summarize our analysis, we believe that the long
CC bond in episulfone is due to two factors. First, and
invoking no 3d orbitals, when the episulfone is viewed
as an ethylene-S02 complex, the SOz provides a lowlying orbital which populates the ethylene ir* level better
than in the analogous sulfur case. Second, and now
directly invoking anticipated 3d participation, the SOz
ligand provides 3d orbitals which by mixing with available 3s and 3p orbitals allow a more efficient depletion
of bonding electron density from the ethylene fragment ir level. The CS bond strengthening should also
be due to 3d mixing providing better overlap for bonding. The SO bond length decrease we attribute to
3d-2p T bonding.
The unsatisfactory aspect of this analysis is that while
we understand the general trend from episulfide to
episulfone we cannot pretend to have rationalized why
the change through the episulfoxide is not gradual but
discontinuous. Clearly there should be more 3d participation in episulfone than in episulfoxide, but why
should the latter structure so much resemble the episulfide one? We have no answer to this question,
but we would welcome further structural (and chemical)
studies of the ethylene episulfoxides to confirm the
structural evidence at hand. 28
We now turn to a discussion of some of the other
available evidence on the strength of CC bonds in episulfides and episulfones, accompanied by some predictions our model allows us to make.
Experimental Evidence and Some Predictions
cis-2,3-Divinylthiirane 1,l-dioxide, 9, a presumed
intermediate in the reaction of vinyldiazomethane with
sulfur dioxide, rearranges to 4,5-dihydrothiepin 1,ldioxide considerably faster 2 9 than the related thiirane
10.3'J This is consistent with a weakened CC bond in 9.

9

10

Carbon-carbon bond cleavage has also been suggested
to follow the formation of the hypothetical episulfone
intermediates 11,31
12,32and 13.33 It also occurs in
the thermal rearrangement of tetraphenyl ethylene episulfone. 3 4
(28) It should be noted that if the SH overlap populations in the
calculations of Van Wazer and Absar (ref 27) can be taken as modeling
the SC bonds in episulfide through episulfone, then the ab initioc alculations do rationalize the observed discontinuity.
(29) W. L. Mock, Chem. Commun., 1254 (1970); L. A. Paquette and
S . Maiorana, ibid., 313 (1971).
(30) E. L. Stogryn and S . J. Brois, J . Org. Chem., 30,88 (1965).
( 3 I ) L. A. Paquette and R. W. Houser, J. Amer. Chem. Soc., 93,4522
( 1 97 1),
(32) L. A. Paquette, R. H. Meisinger, and R. E. Wingard, Jr., ibid.,95,
2230 (1973).
(33) L. A. Carpino, L. V. McAdams 111, R. H. Rynbrandt, and J. W.
Spiewak, ibid., 93,476 (1971).
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12
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Thiepin 1,l -dioxide, 14, has been synthesized. 35
There are some interesting structural features in this
molecule, including CS and SO bond lengths similar
to those in episulfone. The structure is similar to that
of cycloheptatriene. No evidence for another, norcaradiene type, isomer, 15, has ever been obtained, and

0

so,

15

14

it could simply be that because of the weakened episulfone bond in 15 the potential energy surface which
interconnects 14 and 15 has but a single minimum, the
structure 14.
Derivatives of thiirene 1-oxide, 16, and thiirene 1,l-

P

0

\ /

0

S

A
16

17

dioxide, 17, are k n o ~ n . Structural
~ ~ , ~ ~ studies on these
molecules are in progress, 38 but the final details are not
yet available.
Given the observed short CC bond in the episulfide
1 and the much longer CC bond in the episulfone 3, it
becomes of interest to speculate on how one could
strengthen CC bonding still further in 1 and weaken it
more in 3. In the former case the interest is only
structural, but in the latter case there may be consequences of synthetic value as well. Normally CS
bonds are weaker than CC, so that the latter bond
cleavage is not observed. But if the CC bond can be
weakened further, then some new possibilities for reaction may occur.
The ethylene complex model makes the prediction of
such effects feasible. Let us consider episulfides and
episulfones substituted on the ethylene fragment as in
18. The effect of these substituents is t o perturb the
ir* orbital of the ethylene fragment. ir donors such as
-OR, -NRz, and -X will raise the energy of the T* level
and T acceptors such as -CN, -COR, -NOz, and -NO
will lower it. A lower energy ir* level implies greater
interaction with the AS level of S or SOz, a weaker CC
(34) H . Kloosterziel and H. J. Backer, Recl. Trau. Chim. Pays-Bas, 71,
1235 (1952).
(35) W.L. Mock,J. Amer. Chem. Soc.,89,1821 (1967).
(36) H. L. Ammon, P. H. Watts, and J. M. Stewart, Acta Crystallogr.,
Sect. B. 26,1079 (1970); H . L. Ammon, P. H . Watts, and J. M. Stewart,
J . Amer. Chem. Soc., 90,4501 (1968).
(37) L. A. Carpino and L. V. McAdams 111, ibid., 87, 5804 (1965);
L. A. Carpino and R. H. Rynbrandt, ibid., 88, 5682 (1966); L. A. Carpino and H. W. Chen, ibid., 93, 785 (1971).
(38) H. L. Ammon, private communication.
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bond. A higher energy R* level would lead to less interaction, a stronger CC bond. These qualitative ideas
were checked by detailed calculations with R = C N
and OH. Thus an episulfide with a still shorter CC
bond would be the hypothetical 19, and an episulfone
with a still weaker CC bond might be 20. The substi-

18

20

19

tuents are not specific for the effect, only examples of
typical R donors or acceptors. Neither is the full
ethylene fragment substitution required (the effect
should show up on partial substitution as well).
Given the theoretical conclusions on the effect of
acceptors on the CC bond strength in episulfones, we
find surprising the remarkable thermal stability attributed to 21.39 The structural assignment of 21 has
indeed been recently questioned. 4O

SO,
Ph

dk
/

\

Ph OC

Ph
CO Ph

let us focus on the low-lying unfilled symmetric levels
of the SO2 system, derived from S-0 u* orbitals and
heavily localized on the S atom. These should stabilize
the symmetric diradical combination 22 and thus result
in divotation. The calculations confirm this analysis
both in the level ordering and composition for the ringopened form and in the actual comparison of conrotatory and disrotatory motions. The computed S-A
splitting is small, so that high stereospecificity may
not be f ~ r t h c o m i n g . ~There
~
is no experimental evidence on this point.
The X = SO case is intermediate between the episulfone and episulfide. The sulfur lone pair appears
to dominate slightly in the interactions with the diradical orbitals, with a consequent level ordering A
below S in the ring-opened form. The computed favoring of conrotation is slight. More interesting is the
preference of the ring-opened form of ethylene episulfoxide for a geometry planar at sulfur. In that
geometry there is an excess of electron density in the
carbon py orbitals, so that we may schematically indicate what happens by the structure 24. In other
R

21

The Mode of Opening of the CC Bond
We next pose the question whether 1 , 2 , or 3 will open
in a conrotatory or a disrotatory manner. 2 5 The method
of a n a l y s i ~ ~focuses
~ a ~ ~ on the diradical orbitals of the
ring-opened form, 22 and 23, and the interaction of
S

A

22

23

24

words the normally large inversion barrier of pyramidal
sulfoxides is reduced by the adjacent acceptor orbitals
of the diradical, much as the known decrease of the
nitrogen inversion barrier by acceptor substituents. 4 4

The Eth ylene-Complex Viewpoint Applied
to Substituted Cyclopropanes
In some previous work7 we have analyzed the response
of the cyclopropane ring to substitution by R donors and
acceptors. The significant result, now supported by
ample structural, kinetic, and thermodynamic evidence,
is that R acceptors should strengthen or shorten the
CC bond opposite to the site of substitution (25), while
R donors should weaken or lengthen the same bond
(26). The theoretical argument we gave for this effect

these with the orbitals made available by the central
atom, X. If X acts in such a manner as to have S occupied by the two available electrons, the electrocyclic
opening will be disrotatory. If A is occupied, the opening will be conrotatory.
In the case of X = S or SO the dominant feature of S
strong
a-l\cceptor
weok
r-Donor
is a lone pair, symmetric with respect to the vertical
mirror plane. Interaction with this lone pair desta25
26
bilizes the symmetric diradical combination 22. A
was
based
on
the
specific
bonding
properties
of the
is occupied and the breaking of the CC bond is expected
donor
or
acceptor
Walsh
orbitals
of
cyclopropane.
We
to proceed in a conrotatory way. It is difficult to prenow
can
provide
an
equivalent
derivation
based
on
dict the effect of 3d orbitals on this conclusion since
a decomposition of cyclopropane into methylene and
the set of 3d orbitals includes orbitals which can inethylene. The general interaction diagram of Figure 2
teract both with 22 and 23. We examined a potential
applies; the role of the SS orbital is played by the u
surface for both conrotatory and disrotatory opening
orbital of methylene,45the p orbital is the AS partner.
modes and found a clear preference for the former
This is shown below.
whether 3d orbitals were included or not. The conrotatory nature of the reverse process, the closure of a
(42) R. Hoffmann, L. Radom, J. A. Pople, P. v. R. Schleyer, W. J.
thiocarbonyl ylide to a thiirane, has been elegantly demHehre, and L. Salem, J . Amer. Chem. Soc., 94,6221 (1972); C. C. Levin,
R. Hoffmann, W. J. Hehre, and J. Hudec, J . Chem. Soc., Perkin Trens. 2,
onstrated.
210 (1973); S. David, 0. Eisenstein, W. J. Hehre, L. Salem, and R.
The X = SO, case is less clear-cut. Our recent conHoffmann, J . Amer. Chem. Soc., 95,3806 (1973).
cern with the role of polar bonds in h y p e r c o n j u g a t i ~ n ~ ~ (43) L. Salem, Chem. Commun., 981 (1970).
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(39) D. C. Dittmer and G. C. Levy, J . Org. Chem., 30, 636 (1965);
D. C. Dittmer, G. C. Levy, and G. E. Kuhlmann, J . Amer. Chem. Soc.,
91.2097(1969).
(40) T: Kempe and T. Norin, K T H Stockholm, private communication.
(41) R. M. Kellogg, S . Wassenaar, and J. Butler, TetrahedronLett.,
4689 (1970).

Hoffmann,Fujimoto, Swenson, Wan

D-

(44) For a detailed study of substituent effects on sulfoxide inversion
barriers, see D. R . Rayner, A. J. Gordon, and K. Mislow, J . Amer.
Chem. Soc., 90, 4854 (1968); R. D. Baechler, J. D. Andose, J. Stackhouse, and I(. Mislow, ibid.,94,8060 (1972).
(45) For a general account of the electronic structure of methylenes,
see J. F. Harrison in W. Kirmse, “Carbene Chemistry,” 2nd ed, Academic Press, New York, N. Y.,1971, p 159; and R. Hoffmann, G. D .
Zeiss, and G. W. VanDine, J . Amer. Chem. Soc., 90,1485 (1968).
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This effect counteracts the bond weakening by a donors
and reinforces the bond strengthening by a acceptors.
It should be noted that cyclopropanone, 28, has a
0

27

The magnitude of the AS type interaction between
carbene fragment p and ethylene fragment a* is obviously sensitive t o the position of the-carbene p level.
The higher the energy of that orbital, the more interaction there will be and the weaker the ethylene C C
bond. The carbene p level is influenced in an obvious
way by substituents at the carbene. If the substituents
have high-lying occupied levels (a donors), they destabilize the p level. If the substituents have low-lying
unoccupied levels (a acceptors), then they will stabilize
the p level. The conclusion summarized in structures
25 and 26 follows. There is a secondary conclusion
we can draw from the fact that interaction of carbene
p with either donors or acceptors delocalizes the p
orbital and thus reduces its overlap with ethylene a*.
This is that the effect of a acceptors will be differentially
greater than that of T donors. Delocalization decreases the overlap of the modified p orbital with r*
and this has the consequence of a stronger CC bond.

28

very long CC bond of 1.575 A.46 The analogy to
ethylene episulfone is obvious. From the viewpoint
of the present section the p type oxygen lone pair of the
CO fragment is an excellent donor, held in an ideal
conformation for interaction with the cyclopropane
ring. From the viewpoint of the ethylene complex
the complexing carbon monoxide fragment has a a*
orbital ideal for participating as the AS orbital.
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Abstract: The energetics of concerted electrocyclic reactions are reviewed in qualitative terms. Instead of absolute energies, the difference function EE,n - Ed’s is used to find the rotation with the lower activation energy and
therefore the kinetically preferred mode. The general trends of this function are shown to lead to the bond order

criterion : the preferred mode is disrotatory if the bond order between the reacting centers is positive, conrotatory
if the bond order is negative. This rule applies to symmetric and nonsymmetric molecules. An important consequence is the theoretical prediction of a new class of electrocyclic reactions: the concerted ring closure in the
class of systems with zero or very small bond orders between the reacting centers is nonstereospecific and the product
ratio can be shifted by introducing substituents. The direction of the shift is determined by both the position and
the nature of the substituents.
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manng>’Owithin the framework of “conservation of
orbital symmetry.” Considered here not only as the
ring closure between the termini of a linear polyene,
the reaction is the formation of a new u bond between
two centers of a a system. Sterically controlled ring
closures, where bulky side groups or constraints due to
the carbon skeleton determine the rotational mode, are
excluded from the discussion.
In the Woodward-Hoffmann rule for the electrocyclic reaction, henceforth referred to as the W-H rule,
the highest occupied orbital is assumed to play a
dominant role in the reaction and its symmetry or
phase used to predict the preferred rotation.g,lo The
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