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Abstract: A molecular orbital analysis of the electronic structure of sulfuranes, SR4, finds many analogies to the phospho- 
ranes. The basic picture is of electron-rich three-center bonding, with concomitant weakened axial bonds and electron-rich 
axial sites. The novel feature of the sulfuranes is a directional lone pair in the equatorial plane, which makes itself felt espe- 
cially in setting conformational preferences for substituents bearing *-type electrons. The nonbonding orbital of the three- 
center bond and the S lone pair are of the same symmetry type. They mix and compete for position as the highest occupied 
molecular orbital of the molecule. Substituent site preferences for the S% structure are the same as for the phosphoranes for 
u effects, Le., more electronegative substituents should enter the axial sites. For K effects the preferences are modified by the 
presence of the sulfur lone pair. Several conclusions are drawn concerning the interrelationship of axial substitution and the 
equatorial bond angle: (1 )  the difference in axial and equatorial bond strengths should lessen with increasing equatorial 
angle; (2) if the axial bonds are stretched, one expects the equatorial angle to decrease; ( 3 )  substitution in the axial positions 
by more electronegative ligands should favor a smaller angle between the equatorial ligands. Support for these conclusions is 
sought in assorted S, Se, and Te structures. 

The prototype SR4, sulfurane, structure is that of SF4. 
As shown in 1, the molecule has a CzU geometry.' Other 

sulfuranes have been p ~ b l i s h e d . ~  We present here a molecu- 
lar orbital scheme based on extended Huckel calculations 
(computational details are  given in the Appendix) which is 
consistent with the earlier work. W e  explore the conse- 
quences of substitution upon the equatorial angle, as  well as  
the preferential orientation of ?r-donor and acceptor substit- Raxial 
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I =P F Requatorial The Orbitals of SH4 

1 2 
SR4 and related S e  and T e  compounds show similar geo- 
metrical features.2 The sulfurane structures a re  best de- 
scribed as close to  a trigonal bipyramid geometry, with a n  
equatorial lone pair, and distinguishable axial and equatori- 
al sites, 2. 

It was pointed out by Muetterties and S ~ h u n n , ~  and sub- 
sequently confirmed by further structural studies of SR4 
compounds, that electronegative substituents prefer the 
axial sites and that these axial bonds a re  weak. Evidence for 
the bond weakening comes from the solid state bond 
lengths, which can exceed the sum of the covalent radii by 
as  much as 0.25 A.4 Theories which can explain these ob- 
servations have not been lacking. Some dealt directly with 
s u l f ~ r a n e s , ~  but many more were applied to the isoelectron- 
ic phosphoranes, interhalogen compounds, and xenon ha- 
lides6 Several detailed molecular orbital calculations on 

The C2u structure characteristic of sulfuranes is related 
in an obvious way to a square-planar geometry 3 and a tet- 
rahedron 4. Either extreme serves as a convenient starting 

3 4 
point for a discussion of the electronic structure of SH4, 
and we have opted for the square-planar structure.g Figure 
1 shows in a n  interaction diagram how the orbitals of a 
square-planar SH4 are  formed from the 3s and 3p orbitals 
of S and the symmetry-adapted H 1s combinations. Not  
surprisingly the construction matches that of another XH4 
system, square-planar ~ n e t h a n e . ~ . ' ~  In SH4 all orbitals 
through the blg a re  occupied by the ten valence electrons. 
There is some uncertainty about the ordering of the two 
higher occupied orbitals, a2" and bl,. The  former is entirely 

1647 



1648 

D* h I \  

Q l O  

S H4 

Figure 1. Interaction diagram for a square-planar (D4h) SH4. 

on the central atom, the latter entirely on the ligands. The  
ordering of the two MO's could depend on the nature of the 
R group in SR4. 

W e  proceed to  carry out the distortion indicated in 3, 
bending two trans hydrogens down until they make a n  
angle of 120'. Figure 2 traces the resultant energy changes. 
A similar analysis has been made by Gleiter and Veillard.7h 
Let us consider what happens to the bonding orbitals of the 
molecule. One member of the e, set, the one along the axial 
direction, is unaffected by the distortion. The  other e, com- 
ponent, the one in the equatorial plane, loses bonding over- 
lap between S 3p and H Is, and turns on an antibonding in- 
teraction between the equatorial hydrogens. For both these 
reasons that e, component, b2 in C2u. is destabilized. 

In the lower symmetry of the CzU geometry of SH4 all 
levels which were of al,, a2,, and bl, symmetry in D4h are  
reduced t o  a l ,  and hence may interact. However, we find 
that in order to  understand the qualitative changes in the 
two highest occupied orbitals, a2, and big, it is only neces- 
sary to introduce mixing with the unoccupied alg* 1evel.I' 

The rules governing the phase relationships of orbitals as  
they mix, which we shall now make use of, are  well- 
known.I2 Starting with the a2,, pure 3p,, we begin the dis- 
tortion of two trans hydrogens, downward in the y z  plane. 
As the D4h symmetry is lost, what was the bl, level begins 
to mix into 3p, in a bonding manner. (The bl, is assumed to 
be a t  higher energy in the absence of any distortion.) The 
bonding relationship is here set by the 3p,-equatorial H 
overlap. The level moves down in energy. Conversely the p, 
mixes into bl, in a n  antibonding manner, pushing it up in 
energy. The  resulting orbitals are  represented schematically 
in 5. 

n 

5 6 

So far the mixing of the two filled levels causes neither 
differential accumulation of charge on the axial or equato- 
rial hydrogens, nor a modification of the two bond types. 
These important effects can come about only through the 

Figure 2. A schematic representation of the energy changes as a pair of 
trans hydrogens in D4h SH4 bend down, reducing their HSH angle 
from 180 to 120° to give the CzO structure at the right. 

secondary mixing with the empty alg*. Because that alg* is 
above both occupied levels, it will mix into them in a bond- 
ing way, Le., bonding to the pz component in each since the 
overlap between the components of the wave function locat- 
ed on the hydrogens is zero. 6 represents the contributions 
from this secondary mixing with the correct phase relative 
to 5; summing 5 and 6 will give the orbitals displayed in 
Figure 2 .  

The more one bends the equatorial hydrogens down, the 
more will the alg* orbital mix in. This is important, for it 
allows us to see how the composition of each orbital will 
change with bending. Take for instance the H O M O ,  made 
up by a superposition of the two contributions in the top 
row of 5 and 6. The greater the mixing in of alg*, that is the 
greater the bending, the more concentrated is the H O M O  
wave function on the axial ligands. Also the more alg* 
mixes in, the more weakened are  the axial bonds. Note that  
the mixing in of alg* cancels the equatorial density in bl,, 
and thus negates the equatorial antibonding introduced by 
the first order mixing in that particular MO. It should be 
noted that this effect is a consequence of the mixing in of 
alg* and is independent of the initial (D4h) ordering of the 
a2, and bl, orbitals. 

The H O M O  is, of course, a crucial orbital. Trends in it 
parallel, or better said, control, the electron density shifts in 
the molecule as  a whole. That  the H O M O  should be more 
concentrated on the axial ligands and have weaker axial 
bonds as  one lowers the equatorial angle is a fact that we 
will use later in our analysis. 

The composition of the occupied molecular orbitals of 
SH4, as  they emerge from an extended Hiickel calculation 
which omits 3d orbitals, is shown in Table I. 

A question that might be asked of the calculations is 
whether the H O M O  is the sulfur lone-pair orbital. In typi- 
cal fashion the MO wave functions do not give an unequivo- 
cal answer, since there are  varying S 3s and S 3p, contribu- 
tions smeared out over l a l ,  2a1, and 3al. If a formal assign- 
ment must be made, 2aj would be the orbital likely to be la- 
beled as the lone pair, because of the large S 3p, contribu- 
tion in it. 

A comparison of our results with a recent SCF calcu- 
l a t i ~ n ' g ? ' ~  shows generally good agreement on the ordering 
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distorting to C2u. 15b Falling back on the phenomenological 
aspects of the Walsh diagram of Figure 2, we note that  the 
tendency to bend or not bend is set by the opposing slopes of 
the 2a1 and 3a1 levels. The  balance is a delicate one; for in- 
stance our particular parameters favor a square-planar mol- 
ecule. With other assumptions for the Coulomb integrals, 
bending results. One also gets bending if a length differen- 
tial between the axial and equatorial bonds is introduced. 
For instance for S-H equatorial 1.35 A and S-H axial 1.70 
8, (the optimized lengths of Schwenzer and Schaeffer'g) 
E H  gives a n  optimum equatorial angle of approximately 
100'. It might be noted that the geometry of the nonexis- 
tent SH4 is not known and that there is some disagreement 
on its equilibrium structure between calculations considera- 
bly better than our own. An a b  initio calculation by Gleiter 
and Veillard,7h of roughly comparable quality to that  cited 
earlier by Schwenzer and S ~ h a e f f e r , ~ g  yields an optimum 
C4u structure, a flat square pyramid. A calculation of 
SF2H2 by Gleiter and Veillard7h results in a geometry close 
to the experimental SF4 structure. 

It may be noted from the Walsh diagram of Figure 2 that 
molecules with two less or two more electrons should intro- 
duce an energy factor favoring the square-planar geometry. 
Two less electrons get us to SiH4 and the large family of 
group 4 tetracoordinate molecules. These, of course, prefer 
a tetrahedral geometry, not a square-planar one. The 
square-planar tetrahedral choice is made on another, well- 
known, slice of the XH4 potential energy s u r f a ~ e . ~ . ~ ~  Two 
more electrons, Le., 12  valence electrons, bring us to XeF4, 
square planar, or more directly related to the molecules of 
interest, to the well-established family of square-planar 
Te(I1) compounds.I6 

Axial vs. Equatorial Substituent Site Preferences and Bond 
Strengths 

The analysis of the previous section affirms the basic pic- 
ture of an axial electron-rich three-center bond system in 
sulfuranes, perturbed only by a mixing of the sulfur equato- 
rial lone pair with the nonbonding orbital of the three-cen- 
ter orbital set. This mixing does not change the basic con- 
clusions of the three-center picture: the axial bonds should 
be weaker than the equatorial ones, and electronic density 
should accumulate on the axial l i g a n d ~ . ~ , ~ - I ~  The results of 
a Mulliken population analysis on SH4 and SF4 are  shown 
in 7 and 8. These numbers come from calculations without 

,, T d 5 0 5  0240 
F g F 8 7 5  0 023 

-0 185 - 0  798 

Table I. Molecular Orbitals of SH4 

Molecular orbitals 

S S  -0.3991 -0,1794 0.7321 
X -0.4702 
Y -0.4873 
2 -0.5632 -0.6439 0.0027 
Ha, 0.6260 -0.2682 &0.4903 0.1838 
He, -0.2307 0.4121 f0.5022 0.1849 

of the M O  levels and the relative magnitude of the A 0  
coefficients. The  only difference in ordering is in the bl and 
b2 levels. From our derivation of the SH4 levels it was clear 
why the b2, because of the loss of overlap between the py 
and the equatorial hydrogens, must be raised above the bl 
in energy. By the same token we do not find it surprising 
that  the relative ordering of bl and b2 is not the same for 
different calculations. In our distortion to the CzU, we pre- 
served the same axial and equatorial bond distances. 
Schwenzer and Schaeffer'g calculate the equilibrium axial 
bond lengths of SH4 longer by 0.35 A. Undoubtedly, if we 
allowed the axial bond lengths to  stretch, the same kind of 
destabilization would take place in bl because of the poorer 
overlap between 3p, and the axial hydrogens. The  relative 
energies of bl and b2 should be a sensitive function of the 
assumed geometry. 

Schwenzer and Schaeffer's results also suggest that the 
H O M O  is mainly delocalized over the hydrogens, especially 
the axial ones, and that the second highest M O  (our 2a1, 
their 5al)  is formally a lone pair on sulfur. That  the extend- 
ed Hiickel calculation should give this is fortuitous since the 
character of the H O M O  (the relative magnitudes of sulfur 
or hydrogen atomic orbital coefficients, but not the relative 
phase) will depend on the sulfur Hii  parameters. If the a2u 
occurs above the bl,, the H O M O  will have greater density 
on the sulfur. We confirmed this point by changing the 
Coulomb integral of the sulfur atom, which essentially 
models a change in the electronegativity of the central 
atom. SCF and E H  calculations on PH4 show a similar ef- 
fect.8 Still another way to achieve an interchange in 
H O M O  character is to lower the azu with highly electro- 
negative substituents. Barring any gross changes brought 
about by the ir interactions which we have not considered so 
far, we expect SF4 to have a H O M O  which is primarily sul- 
fur lone pair in character. 

Perhaps it is worthwhile to restate the conclusion that 
emerges from our analysis. In a localized, simplified picture 
of AR4 molecules we expect to see a t  high energy an A 
atom lone pair in the equatorial plane and the nonbonding 
orbital of the electron-rich three-center bond. The calcula- 
tions show that these two orbitals, both al in CzU, mix 
strongly. The primary character of the H O M O ,  that is 
whether it is the lone pair or the axial three-center bond 
nonbonding orbital, depends on the relative electronegativi- 
ties of the central atom and its ligands. 

Why do SR4 molecules assume the CzU structure? Depar- 
ture from a tetrahedral geometry, not discussed in detail 
here, is assured by the level ordering of a tetrahedral XH4 
or XY4 system.I0 Two orbitals, a1 and t2, compete for the 
highest energy electron pair in tetrahedral SH4. The  move- 
ment toward a CzU structure is understandable as  a first- 
order or second-order Jahn-Teller d i ~ t o r t i o n , ~ ~ . ~ ~ ~  depend- 
ing on whether t2 or a l  is a t  lower energy. Departing from 
the square planar D4h  extreme, our level scheme does not 
provide a n  obvious second-order Jahn-Teller rationale for 

7 0 
3d orbitals. The inclusion of 3d orbitals strengthens both 
axial and equatorial bonding and equalizes the charge dis- 
tribution in the molecules. 

From the charge distribution it follows that more electro- 
negative substituents will enter the axial sites, quite analo- 
gous to the phosphorane case. This conclusion was checked 
by actual calculations replacing one or two hydrogens by 
more electronegative atoms. 

The Interrelationship of Axial Substitution and Equatorial 
Angle 

The derivation of the Czu SH4 orbitals by distortion from 
a D4h structure was more than a pedagogical exercise. It al- 
lowed us to show, first, that the changes in the H O M O ,  ac- 
cumulation of density on the axial atoms, relative weaken- 
ing of the axial bonds, determined the similar effects in the 
molecule as a whole and, second, that the magnitude of 
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such changes was inversely related to the equatorial angle. 
Several interesting corollaries follow. 

(1) The Difference in Axial and Equatorial Bond 
Strengths Should Lessen with Increasing Equatorial Angle. 
This is rather obvious and should not be difficult to test 
with bidentate ligands of varying size. Of pertinence in this 
regard is the series of tellurium diiodides2hqJ-m where the 
axial atoms are  iodines and the equatorial ones are  carbons. 
Unfortunately, as pointed out by Knobler, McCullough, 
and Hope,2m it is hazardous to compare the Te-I bond dis- 
tances because of the secondary bonding between the io- 
dines of one molecule and the tellurium of another. 
12Te(C12Hs) which has the smallest e uatorial angle (82') 

gest as expected. I2Te(C12H60) with an equatorial angle of 
91.5' also has a Te-I distance of 2.94 A. 

(2) Conversely, if the Axial Bonds Are Stretched, We Ex- 
pect the Equatorial Angle to Decrease. There is some frag- 
mentary experimental and theoretical evidence on this con- 
clusion. The anthropomorphic axial bond stretching is a dif- 
ficult task to accomplish in a controlled manner, but we can 
view SR2 molecules in an unorthodox way as  SR4 with the 
axial atoms separated to infinity. The FSF angle in SF2, 
98O,lS is smaller than the equatorial angle of 102-104' in 
SF4.I The S C F  optimization of SH2 and SH4 geometries'g 
predicts angles of 96 and 106O, respectively. 

An interesting experimental example is the structure of 
1 -thia-4-selenacyclohexane 4,4-dibromide (9).*" Though a 

has an average Te-I distance of 2.94 w and is not the lon- 

9' 

9 

structure of 1 -thia-4-selenacyclohexane is lacking, one 
might have expected approximately equal angles a t  S and 
S e  in such a compound. This expectation is based on either 
a typical BentI9 or Walsh20 argument for the dependence of 
the RXR angle on the electronegativity of the central X 
atom or the experimental observation of a similar angle a t  
S e  in 1,4-diselena~yclohexane,~~ 98', as  in 1,4-dithiacyclo- 
hexane,22 99O. While the angle a t  the two-coordinate sulfur 
in the 1-thia-4-selenacyclohexane 4,4-dibromide is normal, 
97O, the equatorial angle a t  the four-coordinate selenium 
opens up to 108' .27 

Incidentally, there is another neat way to reach the basic 
conclusions (1) and (2). This begins from a construction of 
the orbitals of CzL'SH4 from SH2 and two axial hydrogens, 
given in the self-explanatory form of Figure 3, also present- 
ed by Gleiter and Veillard.7h Let us assign the electrons of 
the two incoming hydrogens more or less arbitrarily to the 
a1 orbital a t  infinite separation. As the two hydrogens ap- 
proach closer to SH2, the interaction between the various al 
orbitals grows. The only interaction among al orbitals that 
has bonding consequences is that between the occupied a1 
descended from the axial hydrogens and the unfilled, anti- 
bonding a ] *  of SH2, the highest orbital shown for that frag- 
ment. The lower that a ] *  is in energy, the greater its stabi- 
lizing mixing into the axial hydrogen a ]  combination. The 
energy of the al* is nicely lowered by increasing the equato- 
rial HSH angle in the SH2 fragment. That  distortion de- 
creases the strongly antibonding overlap between the sulfur 
p orbital and the equatorial hydrogens in that orbital. Our  
chain of reasoning thus associates an increasing equatorial 
angle with a greater interaction with the axial hydrogens or 
a shorter, stronger axial bond. 

(3) Substitution in the Axial Positions by More Electro- 
negative Ligands Should Favor a Smaller Angle between the 
Equatorial Ligands. The reasoning here is as follows; de- 
creasing the equatorial angle increases the electron density 
a t  the axial positions. Electronegative axial substituents 
take advantage of that accumulation of electron density, 
and so they will encourage a dimunition of the equatorial 
angle. Some experimental support for this is to be found in 
the structures in Table 11. This trend has been noted by 
Paul, Martin, and Perozzi.2b 

There is an interesting and totally different way to reach 
the third conclusion. Let's examine a potential energy sur- 
face for an SR4 molecule in which symmetry is main- 
tained and the equatorial and axial angles 61 and 6 2 ,  as  de- 
fined in 10, are  varied. Such a surface would be a two-di- 

10 
mensional slice through the five-dimensional surface that 
describes angular distortions in an SR4 molecule with all 
bond lengths kept fixed. Figure 4 shows schematically the 
appearance of our two-dimensional slice. Note the presence 
of four (of the twelve total) equivalent minima, assumed to 
occur a t  idealized geometries 6i = 1 0 5 O ,  6, = 180'. The di- 
agonal 61 = 6 2  represents square-pyramidal CdO structures, 
while D2d geometries lie on the other diagonal. Two tetra- 
hedral geometries occur a t  special points on the latter diag- 
onal, and the center of the diagram is the square-planar D4h 
structure. Two Berry pseudorotations a re  marked by dashed 
lines. They are  of much lower energy than another set of 
isomerizations which might proceed through the tetrahedral 
waypoints. 

Consider now the effect of making two of the substitu- 
ents, say the axial ones in 10, more electronegative. Quali- 
tatively we know the effect that substitution will have on 
the surface (the four minima will not remain of equal depth, 
but two of them, those with 6 2  = 180', 61 = 105', 255",  
will become deeper than the other two). Very schematically 
the change is shown in 11 -. 12. Suppose we think of the 

11 12 
transformation from 11 to 12 as  occurring by overlaying 
onto 11 a potential energy surface due to the perturbation. 
In principle the deepening of the two axial minima could be 
achieved by any of the three overlays 13-15. In these di- 
agrams + indicates a raise in energy due to substitution, ++ a greater raise, - a lowering in energy, etc. All energy 
changes are  taken relative to a zero a t  the D4h structure in 
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Figure 3. Interaction diagram for Czo SH4 constructed from the orbit- 
als of SH2 on the left and two axial hydrogens at right. 

13 14 15 

the center of the diagram. W e  would like to eliminate 13 on 
the basis that stabilization by one or more electronegative 
groups must have a stabilizing influence somewhere on the 
surface. I t  is difficult to decide between 14 and 15, though 
we favor the latter. But we can proceed to a conclusion from 
either option. 

If we take a slice of the surface of Figure 4 (or 11) along 
the line 82 = 180°, we will get a double minimum potential 
of the type shown in the dashed line of 16. If the perturba- 

I 
i 

I I I 
105' 180" 255' 

0, - 
16 

tion surface 14 or 15 is well behaved, a similar slice varying 
81 a t  82 = 180' will add on something like the dotted line of 
16, a contribution which is more negative as one moves 
away from 81 = 180'. The important conclusion is that  
such a perturbation must have the effect of moving the po- 
sition of the two minima along the 81 line further apart, i.e., 
to  81 < 105' and 81 > 2 5 5 ' .  In other words an increase in 
the electronegativity of the axial ligands has the effect of 
decreasing the equatorial angle, which is the conclusion 

0 n 2 7  

82 - 
Figure 4. A model potential energy surface for SH4, where the angles 
81 and 82 are defined in 10. The energy contours are schematic, meant 
only to indicate the primary features of a real surface. The four 
minima lie at Bi approximately 1 0 5 O ,  Bj = 1 8 0 O .  The diagonal 81 = 6'2 
describes C4u geometries, and D 2 d  structures lie along the line 6'1 = 2a 
- 82. Dashed lines mark two Berry pseudorotations. 

compared to SR4. The symmetrically substituted SR'4 can 
be thought of as  being the product of a double overlay, with 
the second perturbation surface rotated by 90'. The differ- 
ence between 14 and 15 arises because such a double over- 
lay of the former would diminish the equatorial angle of 
SR'4 further, while the latter would increase the equatorial 
angle in SR'4 over that in SRlR'2. Unfortunately we do not 
find the structural data to make this decision. A final point 
concerning the "overlay" argument is that this mode of rea- 
soning is applicable to the perturbation of any barrier prob- 
lem by substituents. In  particular it leads in an obvious 
manner to the correlation of increased pyramidality with in- 
creased inversion barrier in amines and phosphines." 

Influencing the Axial Angle 
There is no symmetry constraint on the axial angle 02, 

and indeed in the observed structures2 it varies within a 
range of 10' to  either side of the idealized trigonal bipyra- 
mid fragment value of 180'. The direction of axial ligand 
deformation observed in SF4, 1, is not unique, and struc- 
tures have been found in which the axial ligands bend the 
other way, perhaps to be described as bending toward a tet- 
rahedron rather than toward a square pyramid. 

The simplest way to analyze how ligand electronegativity 
will influence the axial angle is to determine how the axial- 
equatorial charge differential in SH4 is affected by chang- 
ing 82. This is shown in Figure 5, for a fixed 81 = 120'. 
Note that  82 = 180' is not a unique point, but that the dis- 
parity in axial and equatorial site electronic densities is in- 
creased as one increases 82 from 180'. The trend can be ra- 
tionalized by a perturbation argument based on the mixing 
in of the a ] *  (4al) into the H O M O .  From the charge imbal- 
ance we reason that the more disparate the electronegativi- 
ty of the axial and equatorial ligands the greater 82. The  
structures studied to date are  of little help in testing this 
conclusion. Either we are  faced with large standard devia- 
tions in the structural parameters, or substituent pairs 
whose electronegativities are  difficult to compare. Model 
calculations confirm the effect, but its magnitude is small. 
A greater accumulation of structural data  is needed before 
one can decide if the theoretical prediction is correct. 

reached previously. 
In principle we could distinguish between overlays 14 and 

15 by comparing the structures of SR4, S R ~ R ' Z ,  and SR'4 
where R' is more electronegative than R.  Both overlays 14 
and 15 predict a reduction of the equatorial angle in SR2R'2 

Site Selectivity of Substituents with ?r-Donor or Acceptor 
Character 

There are  four extreme orientations that a substituent 
*-type orbital may assume, 17-20. W e  probed the relative 
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-0.2 

0 0 

5 -0.3- .c u 

-0.4- 

-0.5- 

Table 111. Parameters Used in Extended Huckel Calculations 

Orbi ta l  Hii Slater exponent 

- 

I I I I I 1  

- 0  I 1 

17 18 

2- 
20 

-2- 
19 

strength of interaction in these orientations by calculations 
with model substituents bearing a single p orbital, and with 
more realistic NH2 and NO2 groups. 

In the phosphorane case our analysis had shown a differ- 
ential K interaction for an equatorial substituent, with least 
interaction for an orientation analogous to 17.6 The interac- 
tion in question was with the framework u orbitals of the 
phosphorane. In principle the same interactions are  present 
in the sulfurane, except that superimposed on them is a new 
interaction with a high-lying, directional lone pair on sulfur. 
Our calculations indicate ehat interactions with this lone 
pair, mainly 2a1, but to some extent in 3al as  well, domi- 
nate the conformational preferences of donors and accep- 
tors. In  the usual way acceptors should seek to maximize in- 
teraction with this lone pair, while donors might strive to 
minimize it. The calculations confirm this. Thus acceptor 
orbitals prefer 17 to 18 and 19 to  20, while donors have re- 
versed preferences. This is without 3d orbitals on s. When 
these a re  included, with parameters yielding an exaggerated 
degree of mixing, the situation is less clear cut. In particular 
in the case of a model SH3NH2 with 3d orbitals conforma- 
tion 19 is calculated as being more stable than 20. The sta- 
bilization of 19 is presumably due to better ligand-frame- 
work K bonding in the equatorial plane, a factor previously 
analyzed in the phosphorane case.6 W e  do not trust, how- 
ever, the computational result, since the energy of the 3d or- 
bitals is put unrealistically low in our calculation. It is clear 
that in a n  equatorial SR3NR2 two competing effects would 
be operating: a tendency for the S and N lone pairs to avoid 
each other, favoring 20, and an opposing tendency to  maxi- 
mize p-d H bonding favoring 19. Structural studies of such 
sulfuranes would be of great interest. 

s 3s -20.0 2.122 
s 3P -11.0 1.827 
S 3d -8.0 1.500 
F 2s -40.0 2.425 
F 2P -18.1 2.425 
H Is  -13.6 1.300 
N 2s -26.0 1.950 
N 2P -13.4 1.950 
0 2s -32.3 2.215 
0 2P - 14.8 2.215 

Experimental structures of sulfuranes containing *-donor 
or acceptor substituents are  sparse. SF3N(CH3)2 has been 
synthesized, and its N M R  spectrum is consistent with equa- 
torial s u b ~ t i t u t i o n . ~ ~  N o  information on its orientation is 
available. The synthesis and structure of a diaryldialkoxy- 
sulfurane have been reported,2b The conformation which 
best avoids interactions of the sulfurane lone pair with the u 
and p lone pairs of each O R  group is that  shown in 21. 

R 

21 
In the crystal structure both OR groups are  oriented ap- 

proximately in that fashion. I t  should be noted that a spiro- 
sulfurane which cannot achieve this conformation is never- 
theless a remarkably stable compound.24 
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Appendix 
The calculations were of the extended Huckel type,25 

based on idealized SH4 and SF4 geometries. The basic S-H 
and S-F distances were 1.35 and 1.59 A, and were set equal 
for axial and equatorial bonds. The  Czu structures were ide- 
alized to a fragment of a trigonal bipyramid, with an equa- 
torial XSX angle of l 20° and a n  axial XSX angle of l 80°. 
In the study of substituent effects the following distances 
were used: S-N 1.60, S-0 1.90, N-H 1.01, 0-H 0.96, 
N - 0  1.24 A. The extended Huckel parameters a re  summa- 
rized in Table 111. 

As usual in our calculations we set the energy of the S 3d 
orbitals, when they were used, low. W e  also contracted the 
3d functions so that they interacted in a way that simulated 
strong 3d participation. Where it was desired to  simulate a 
more electronegative ligand than hydrogen, a pseudoatom 
was defined with the 1s orbital of hydrogen, but with a 
Coulomb integral lowered to  - 14.6 eV. 
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Abstract: A b  initio electronic structure theory has been applied to the insertion reaction of singlet methylene with molecular 
hydrogen. Since the molecular orbital descriptions of CHl('A1) + H2 and CHI differ by two electrons, the least-motion ap- 
proach considered here is forbidden in the sense of Woodward and Hoffmann. Electron correlation was explicitly taken into 
account via configuration interaction (CI). The CI included all singly and doubly excited configurations (a total of 1192) 
with respect to three reference configurations. A primary goal was the location of the saddle point or transition state (within 
the constraints of the least motion approach adopted) geometry with R = 2.20 A, r = 0.76 A, and 0 = 172'. This stationary 
point on the potential energy surface lies 26.7 kcal/mol above separated C H ~ ( I A I )  + H2. The portion of the minimum ener- 
gy path near the saddle point has been obtained by following the gradient of the potential energy in the direction of most 
negative curvature. The electronic structure a t  the transition state is compared with that of the reactants and product in 
terms of the natural orbitals resulting from the wave functions. 

In the time since the 1965 publication by Woodward and 
Hoffmann of their landmark communications,2 the concept 
of orbital symmetry has taken on tremendous importance in 
organic chemistry. The purpose of the present paper is to  
report a detailed theoretical study of a simple Woodward- 
Hoffmann forbidden process: the least-motion insertion of 

shown qualitatively in Figure 1 .  There it is seen that C2" 
symmetry is arbitrarily imposed on the five atoms, whose 
positions are  uniquely defined by the specification of the 
three geometrical parameters R, r ,  and 0. An a b  initio cor- 
relation diagram for 

singlet methylene into H2 to yield methane. This pathway is CH2( 'Ai)  + H2('Zg+)- CH4(]Al) (1) 
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