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Abs tract: He (I) photoelectron spectra (UPS) are reported for

SF4, CF
3

SF 3, (CF3)2SF 2, Me
2

NSF 3, (Me
2

N)
2

SF 2, F3SCF
2

SF 3, and

(CF
3
)2
S. The UPS of SF4 was interpreted on the basis of SCF—

X scattered—wave (X SW) calculations in which the ionization

ener gies ( IE ’s) of all the valence molecular orbitals (MO ’S)

• were computed by the transition— state method. MNDO MO calcula-

tions have als o been p erf o rm ed on SF
4
. The observation tha t

the F(2p) il—type orbitals are 2eV more stable in the equatorial

than in the axial sites is consistent with a previous X—ray

phot oelec tron sp ec tr o sco pi c s tudy o f SF
4
. The UPS of the other

fluorosulfuranes were interpreted using qualitative arguments

and on the bas is of em pir ical tre nds in the IE ’s. For all the

f l uor osu lf uranes  stud ied here  a cor re la tion was noted be tween

the IE of the s u l f u r  “lone—pair ” MO and the sum of the gro up

electronegativities of the equatorial subtituents. A detailed

d isc uss ion of the 7a 1, 3b1, 4a1, 2b 2, 2b 1., and 3a1 
MO ’s of SF4 is

presen ted f r o m the stand point of the X
a SW calcula tions. The

HOMO (7a
1) involves approximately equal charge densities on the

sulfur atom and each of the axial fluorine (F
a
) ligands. The

78 12 22 ~~~
_ _ _  ~~TT~ T~
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3b
1 
MO features a modicum of bonding interaction

between the axial and equatorial fluorine ligands. The orb ital

contour map f o r  the 2b 1 MO is reminiscent of the hypervalent

three—center , four—electron model for F
a
_S_F

a bond ing .

• 

.\ç~ •
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I .  In t r o d u c t i o n

The sulfuranes are well—known examples of chemical systems

in which the classical Lewis octet of the central atom is ex-

panded . Dubbed “hypervalent ” by Musher 1, molecules of this

general type have attracted the attention of both theoretical

and structural chemists. From a practical standpoint , fluoro—

sulfuranes play an important role as fluorinating agents
2 and as

precursors for the synthesis of su].fonium cations.
3

The simplest known sulfurane is SF4; its 
structure is

usually described as trigonal bipyramidal ,
4 one of the equator-

ial sites being occupied by a sulfur lone pair (Figure 1).

Other sulfuranes have been found to possess comparable skele-

tal geometries .
5

From a qualitative stand point , the electronic structure of

e.g. SF4 
can be discussed in terms of sp

3d hybridization at

the sulfur atom , or by means of a model which avoids S(3d)

orbital participation by invoking a 3—center , 4—electron

1,6description for the axial bonds. In the wake of computational

adva nces many molecular orb ital (M O) c a l c u l a tions of v a r y ing

degre es of soph istica tion hav e been car r ied ou t on SF
4
7 and t he

• model  sulf ur ane , SR 4.
8

The basic motivation of the present work was to measure

the UV pho toelec tr on spec tra  (UPS) of SI 4 ,  the related sulfuranes

CF
3

SF 3, (CF 3)2SF 2, Me2NSF 3, (Me 2
N)

2
SF 2, and the bia—sulfurane

— - .
~~~ -•- 

~~~~~~~~~ 
- —
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F
3
SCF

2
SF

3 
in order to provide experimental ionization energy

(IE) data pertinent to a discussion of the bonding in molecules

of this type. Previous photoelectron spectroscopic work on the

sulfuranes is confined to one X—ray photoelectron spectroscop ic

(XPS) study9 o f SF4.

SCF ]( sca ttered—wave calculations~~
0 (he rea f ter r ef e r r ed

to as X
a 

SW) have been performed on SF
4 

to facilitate the UPS

interpretations. As is well known , the X c~ 
SW metho d circum-

vents the use of Koopmans ’ theorem11 by direct calculation of

IE ’s by means of the transition state method .’2 One X
a 

SW
75ca lcu la tion ha s, in fact , be en pe r f o r m e d  on SF

4 
already.

Howev er , we opted to perform such calculations locall y because

in the previous work transition—state calculations were reported

only for the ionization of MO’ s of a 1 symmetry. Furthermore ,

we wished to ex p lo re  the sensi tiv ity of the resul ts to the choice

of atomic sphere radii. Our Xa SW r esul ts are in essen tial

agreemen t wi th those of R~i sch , Smith , and Whangbo ;
7a however ,

we present a somewhat more detailed discussion of the electronic

structure of SF4.

• II. Experimental Section

Ma ter ials. Sulfur tetrafluoride was procured commercially

and pu r if ied by re ac ti on wi th BF
3 

fo l lowed  by the add it ion of

d r y  E t2O.
13 The compo unds CF

3
SF 3,

14 (CF
3
)
2

SF 2,~~
5 Me

2
NSF 3,

16

- . - - ~~~- - -. .- ~~-a~~~~~~-~~~~~~~~~~
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(Me
2

N)
2

SF 2,
2C 

F
3

SCF
2

SF 3,P
17 (CF

3
)
2
S,

18 and CF
3

S ( O ) F 19 were

prepared and purified as described in the literature.

Spectroscopic Measurements. All UPS were recorded on a

Perk in—Elmer Model PS—l8 Spectrometer using a He(I) source

(21.22 eV). The volatile sample inlet probe was used for all

the compounds and each spectrum was calibrated with xenon

(12.130 eV) and argon (15.759 eV) lines. All IE ’s are  taken

to be the band maxima unless noted otherwise. Spectral resolu—

tion was maintained between 20 and 50 meV for the argon line,

ex cept f o r  the (CF
3)2

SF
2 

and (CF
3)2

S samples when it degraded

to l00 meV . The liquid nitrogen trap on the spectrometer

was kep t full while the samples were introduced into the sys-

tem . In the cases of SF
4 

and CF
3

SF 3, the samples were vaporized

from quartz tubes containing NaF which acted as a scavenger for

• HF. Despite all precautions , the  UPS o f CF
3

SF
3 

could no t be

obtained free of traces of CF
3
S(O)F. (The UPS of the latter

does not a ppear to hav e be en re por ted previously and it was

therefore necessary to measure it in the present study.)

A copper—beryllium “vene tian blind” multip lier tube was

emp loyed for the detection of the photoelectrons. Even though

many of the compounds studied here are vigorous fluorinating

agents , no si gnificant degradation of the photomultiplier was

apparent providing the samples were very pure. However , if a

sam p le con ta in ing trace  impur it ies was ru n, a sign if i c a n t 
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lo ss in the photomultiplier gain occured. Interestingly,

we found  tha t bak ing the photomultiplier tube in a 350°C

oven under a slow stream of oxygen restored the device to a

satisfactory level of performance.

Computational Procedures. The X SW calculations on SF
4

were made by employing the spin—restricted procedure of Johnson

and Sla ter .1° Th e r equ isite bond d istan ce s and ang les f o r  SF
4

wer e taken from the microwave study 4a and are illustrated in

F igure 1. The atomic sphere radii for the sulfur and fluorine

atoms were chosen on the basis of optimizing the virial ratio.2°

The most satisfactory value (—2T/V — 0.994) was obtained with

tangential rather than overlapping spher es.
21 The outer

sphere , centered at sulfur , was chosen tangential

to the axial fluorine (F
a
) sphere. Schwartz ’s exchange para—

22
meters , 

~HF’ 
were used fo r all  the a tom ic spheres , wh ile the

exchange parameter for the outer sphere was taken to be a~~. The

inters pher e excha nge parame ter , a INT , was taken to be 0.73505,

on the basis of averaging the atomic a values according to the

numbers of valence electrons. Spherical harmonics were employed

through t=2 for the sulfur and outer spheres , while functions

through 9—1 were employed for the fluorine spheres. All SCI

calculations were converged to better than 0.01 eV for each

level , ma intaining all cores fixed . All IE ’s fo r  SF
4 

were

computed by the transition—state method .1°

A s a check on the reliability of the preceding calculation,

• - • - - • •~~~~-~~~
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H
o ther X

a SW computations were carried out both with and with—

out an empty sphere to approximate the sulfur “lone—pair ”.

The principal effect of overlapping the spheres was to raise

the energy of each level by a constant amount. Inclusion of

an empty sphere had virtually no effect on the energy levels.

Changing the atomic spheres to a 2:1 ratio of sulfur to fluorine

did modif y the spacings of the levels somewhat; however , the

basic ordering was preserved . In view of the foregoing, only

the results of the prior calculation are presented in detail.

MNDO calculations were performed as described in the litera-

ture. 23 Thes e, and all other computations , were performed on

the CDC 6400/6600 system at the University of Texas at Austin.

III. Results and Discussion

• Interpretation of the UV Photoelectron Spectrum of SF
4.

As pointed Out in the Introduction , sev eral  molecular o rb ital

ca lcula tions have been car r ied out on SF
4 

and the model sul f u r a ne,

SR4. A summary of the eigenvalues computed for SF
4 

by var ious

• ineti~ods appears in Figure 2. ~~ te that this comp ila t ion incl udes

only occupied MO’s and excludes the more tightly bound orb itals

featuring significant F(2s) character. Fur thermor e, we have

in some instances changed the naming of the MO’s to c o n f o r m

to tha t employ ed in the Xa SW method. Of course , it is r ecog—

~~ 12 Z~
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nized that the Xa SW e ig env a lu es ca nno t b e com pared r i g o r o usly

to those obtained by Hartree— Fock method s; nevertheless , it is

often found that , from a purely emp irical viewpoint , the Xa 
SW

orbital orderings and Hartree— Fock eigenvalues are in good

agreement with each other . Indeed , when the IE ’s of SF
4 

are

computed by the transition state method (Table I) an identical

ordering persists because all the ground—state orbitals

(Table II) relax to approximatel y the same extent (ca. 4eV).

One very conspicuous feature of Figure 2 is tha t, r eg a r d l e ss

of the computationa l method , the 7a1 
level emerges as the highes t

occup ied molecular orbital (HOMO), and is well separa ted f r o m

any of the remaining occupied MO’ s. The first ionization of

SF4, I~ (Figure 3b), can thus be assigned confidently to

electron ejection from the 7a
1 
MO and the production of SF

4
+

in a 
2
A1 electronic state. Some authors have referred to the

7a
1 

MO as the sulfur “lone— pair ”; however , this is not a simple

matter and we defer a discussion of the composition of this and

other MO’ s until later in the paper .

Following the HOMO is a set of four closely spaced levels ,

2a2, 4b 1, 6a1, and 4b
2 

which are , in essence , symmetry—adapted

combinations of F(2p) C2 non—b onding MO ’s localized on the axial

f l u or ine (F
a
) u ganda . There is some discord between the CNDO/2

and other methods regarding the sequencing of these Fa 
“lone pair ”

MO’s; however , we opt for the assignment of 1
2 

(Figure 3b

Table I) to electron ejection from the 2a2 and 4b
1 

MO’s, and

• 78 12 22 066
• 

- 
—~~~~-~~——--— •-
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1
3 

to ionization from t h ~ and 4h
2 

MO ’ s on the basis of

the IE’s compu ted  f o r  SF
4 

by the transition— state method .

Following the F non—bonding MO’ s are t i e

corre sponding, predominantly F ( 2 p) long—pair combinations

on the equatorial fluorine ligands (Fe) which span the irre-

ducible representations 3b 1, 3b 2 , 5a
1 

and la
2
. From the stand-

point of the IE’s comput ed by the X SW me thod , peaks 14 and

1
5 

in the experimental spectrum are associated with the ion-

ization from these MO ’s. It would be imprudent to be any more

specific on these particular assignments because (a) the com-

puted IE’s are close in energy and (b) our X SW calculation

d if f e r s  f r o m  tha t o f R~ sch , Smith , and Whang bo 7a regarding the

o r d e r i n g  of the 3b 1 and 3b 2 levels. It is interesting to note

• tha t the iPS assignments for the Fa 
and F

e 
(2 p ) lone p air

combinations presented above are entirely consistent with the

XPS result on SF 4.
9 The latter showed that the is electrons

of the 1
e 

ligands are  2 .4 eV more tightly bound than the Fa

ligands. In the UPS experiment the F(2p) orbitals are ca.

• 2.0 eV more tightl y bound in the equatorial than the axial

loca tion.

As will be demonstrated later , the next three MO’s, viz.

4a 1, 2b 1, and 2b 2, acco unt for much of S—F 0—bonding in SF4.

Rel ying on the transition—state computed IE’s (Table I), we

are inclined to associate peak 1
6 
with electron ejection

from the 4a
1 

and 2b
1 
MO’s, and the b a r e l y  discernible spectral
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feature , I~~, with ionization from the 2b2 
MO. The latter assign-

m en t sho uld , however , be viewed with caution because of the

diminution of spectral intensity as the 21.22 eV limit of

He(I) UPS is approached .

Overall comparison of the computed and experimental IE ’s

in Table I reveals tha t , while the computed values are too

l a r ge by 3eV , the differences in energy predicted by the

transition—state method are fairl y satisfactory. This point

may be appreciated visually in Figure 3 by comparing the corn—

pu ted and observed UP S o f SF4. In arriving at the simulated

spectrum we broadened each computed ionization with a gaussian

function which , in turn , was based on measurement of the peak

wid th of I~ at half maximum intensity. While this treatment

is rather empirical in nature , it is clear that , in general ,

there is a satisfactory agreement between the computed and

experimental spectra. The onl y significant difference is that,

• because of the small gaps between the energies computed for

ionization from the 2a2, 4b1. 6a1, and 4b2 
MO ’s the simulated

spectrum fails to resolve peaks 12 and 13 •

Finally, wh ile no t pre sen ting a de ta iled d isc ussion of our

MNDO calculations on SF4 ,  it is clear from Figure 2 tha t within

the framework of Koopmans ’ theorem 11 this method produces a

reasonable descr iption of the experimental spectrum . To

achieve this result , however , it was necessary to restrain SF4
to the experimental structural parameters , since geometry 

• —-

________________ 
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optimization afforded a tetrahedral configuration akin to tha t

of e.g. SIF
4~!

Interpretation of the U-V Photoelectron Spectra of Other

Fluorosulfuranes. At the outset it should be pointed Out tha t

we have used the sam e system of MO numbering for the remain-

ing f l uoro su lf uranes  that was emp loyed f o r  SF 4. Obv iously

this is incorrect in a formal sense , but we believ e tha t such

a system is less confusing than changing the orbital label—

l ing from compound to compound.

Attention is focused initially on the CF
3
—sub stituted

fluorosulfuranes , (CF
3
)
2

SF
2 

and CF
3

SF
3
.24 It is perhaps instruc-

tive to consider that (CF
3
)2

SF
2 

is derived by the addition of

two fluorine ligands to the sulfide , (CF 3
)2
S. The UPS of

• (C1
3
)2
S has , in fact , been rec orded prev iousl y25 

but , unfor-

tunately, only the adiabatic IE’s were repor ted . Our HeCI)

UPS da ta fo r (CF
3
)
2
S are presented in Table III. It is readily

interpreted by analogy to the assignments for the methyl analogue,

(CB
3
)2S.

26 Thu s, I~ corresponds to ionization from the b1 
HOMO

which is essentially pure S(3p) in character , whi le  peaks 12

and 13 are associated with the production of 
2A
1 

and 2B2

doublet states produced by ionization from the S—C o—bonding

MO’s o f a
~ 

and b
2 

symme try, respectively. A geometry—opti-

m ized HNDO calculation does a satisfactory job of p r e d i c t ing

the sequencing of these three MO’s: b1 
(—12.90 eV),

——-
~~ 

. —— --- ~~~—j .———— — 
~~~~~~~~~~~~ —- —-- — -  .— -•.— -- —• —----------— — .- r — - ~~~~ —~— - 4 ~ -~~. ~~~~~~~~~~~~~
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a
1 

(—14. 27 eV ) ,  and b
2 (—15.05 eV).

By an a l o g y  with SF4, the f irs t peak in the UPS of (CF
3
)2

SF
2

(Figure 4a) is assigned to ionization from the 7a1 
MO .

The only plausible assignments for peaks 1
2 

and 1
3 

are to

attrubute them to electron ejection from the S—C a—bonding

MO’s of a 1 and b2 symme try, res pec tivel y, as in the case of

(CF
3
)2S. On the basis of the closeness in energy of peak

12 
in SF

4 
(15.07 eV) with peak 1

4 
in (CF

3
)
2

SF
2 
(14.9 eV) we

are inclined to assign the latter to the ionization from the 2a
2

and 4b
1 

Fa
(2 p) lone pair combinations as we did in the case of

SF4. Definitive spectral assignments beyond 16 eV are pre-

cluded by the presence of ionizations from an appreciable number

of C—F a—bonding MO’s. The foregoing assignments are support-

ed by a MNDO calculation on (CF
3
)
2

SF 2.

I t was imposs ible to ob ta in the UPS o f CF
3

SF
3 

without

the presenc e of trace quantities of CF
3
S(O)F. The rela tively

low symm etry  of CF
3

SF
3 

( C ) 24 renders quantitative assignments

difficult because extensive interactions among the various

MO ’s of a ’ and a ” symmetry become allowed . However , by ana logy

with the f o r e g o ing d isc u ssio n of the UPS of (CP
3
)2

SF 2 it is

reasonable to attribute peak I~ in the UPS of CF
3

SF
3 

(F igu re

4b) to electron ejection from a HOMO of a ’ symmetr y  ak in to

the 7a 1 MO of SF4. Argu ing again by analogy -iith the UPS of

(CF
3
)
2

SF 2, i t is p robab le  tha t peak 1
2 

in the UPS of CF
3

SF
3

arises from the ionization of an S—C a—bo nding MO , and tha t

_ _ _ _  
•_____ . • - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~~ ~~~~~~
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1
3 

corr espond s to electron ejection from an MO comprising sub-

stantial 
~~~~~~ 

lone—pair character.

We turn now to a discussion of the UPS of the Me
2N—

substituted fluorosulfuranes. The presence of a sing le , low

IE band (9 92 eV) in the UPS of Me 2NSF
3

27 (F igur e 4c)  wh ich

is veil separ at ed f r o m  any o ther band sugges ts ve ry  stron gly

that it is due to ionization from an MO which is of predominant

N ( 2 p) “lone— pair ” character . This conclusion is in accord

with a comparable assignment made for I~ in the UPS of the

pho sphorane , Me2NPF 4.
28 The trend in nitrogen lone—pair

IE ’s Me
2

NPF
4 
(10.35 eV) > Me

2
N SF

3 (9.92 eV) > Me
3
N (8.54 eV)

29

is expected on the basis of the group electronegativity se-

quence —PP
4 

> —SF
3 

> CR
3
. The UPS o f (Me

2
N)

2
SF

2 
features

two lower energy ionizations , I~ and 1
2 
(Figure 4d). We

have recently determined the structure of this compound by

X—ray crystallography 5h and found the molecule to possess a

C
2 

skeletal geometry with the two nitrogen atoms adopting a

geometry approximatel y midway  between trigonal planar and

tetrahedral . It is clear from Figure 5 tha t the two equivalent

nitrogen lone—pair MO’s could interact via a “throug h bond”

or “through space ” mechanism . The lone—pair splitting energy,

~E, of 0.69 eV is less than tha t found in the corresponding

pho sphorane , (Me 2N)
2

PF
3 
(1.11 eV).

28 
In view of the arguments

pres en ted above f o r  SF
4 

and the CF
3
— substituted fluorosulfuranes

we ar e incl ined to ass ign peaks 1
2 

and 1
3 

in the UPS of Me
2NSF 3
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and (Me
2

N)
2

SF 2, respectively, to ionization from the sulfur

“lone—pair ” MO i.e. an orbital corresponding to the 7a
1 

MO

in SF4. The relative ordering SF
4 

> Me
2NSF 3 

> (Me
2

N)
2

SF 2
for this IE is expected on the basis of progressively rep lac ing

F’
e 

by less electronegative Me2N ligands.

F inall y, we consider the UPS of the novel bis— sulfurane

F
3SCF

2SF
3
. On energetic grounds it seems reasonable to assign

the f irs t two p eaks (F igure  4e)  to su lf ur “lone— pair ” ioniza-

tions akin to that of the 7a1 
MO of SF4. No te that the aver—

age of these IE ’s, 12.45 eV , is very close to that of the mono—

sulf ur ane , CF
3

SF
3
. By analogy with the UPS interpretations

set fo r th above f o r  (CF
3
)2

SF
2 and CF

3
SF

3 
we assign peak 1

3

in the spectrum of F
3

SCF
2

SF
3 

to ionization from an S—C

a—bond ing MO.

An interesting correlation was no .cd between the IE

corresponding to electron ejection from the sulfur “lone

pair ” MO (the 7a
1 

MO in the case  o f SF
4

) and the sum of the

group electronegativities 3° of the equatorial substituents

ZX e • 
The regr ession line shown in eq. 1 is based on all the

fluorosulfuran es studied here (except F
3

SCF 2SF
3

) :

IE — 0.73 (Er ) + 7.10 r2 = 0.992 (1)

The f a c t tha t there  is essen tia l ly  no dev ia tion f r o m  the

r e g r e s s ion line in th e cases o f Me
2NSF

3 
and (Me

2
N)

2
SF

2 
su gges ts

tha t there is only minimal il—type interaction between the

sulfur and nitrogen “lone—p airs ”. This is consistent with the
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X—ray crys tallograp hic result
Sh 

on (Me
2

N)
2

SF
2 

which shows

the dihedral angle between the sulfur and nitrogen lone pairs

to be l35° with the major lobes pointing away from each other

(Figure 5).

If the electronegativity of the F3
SCF 2 moiety of F3SCF 2SF

3

is app rox ima ted by tha t of the CF
3

CF
2 

substituent , the su l f u r

“lone—pair ” IE of 12.43 eV would be computed according to

eq. 1. The average of the first two IE ’s o f F
3

SCF 2SF
3 

is, in

fact , 12.5 eV. The close correspondence of these numbers thu s

suggests that the first two peaks in the UPS of F3
SCF

2
SF

3 
ar ise

from the interaction of equivalent sulfur “lone—pairs ” ra ther

than from two sulfur “lone— pairs ” in different stereochemical

env ironments. Structural information on F
3

SCF
2

SF
3 

will clear l y

be of interest on this point.

The Molecular Orbitals of SF4. Quite a lot of the dis-

cussion of the electronic structure of SF4 
h as been concern ed

with the nature of the HOMO . This is a matter of considerable

importance since , in princi p le , one might expect that SF4

co uld behave as a ligand in a som ewha t simi lar manner to PF 3.

There is, in f ac t , only one ins tance of the liga tiv e behav ior

of SF4 and this is toward an oxygen atom in the compound

F
4S(0).

31 The CNDO / 2 7b and the pr esen t MND O clacula tions p lace

most of the electron density of the HOMO in the

orbitals of the F
a 

ligands. On the other hand , the

— — —  ~~~~ --—-~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~—--~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~-~~~~
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-
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VE SCF 7e and GVB 7
~ m e t h o d s  show t h a t  the  HOMO involves  ~onsid—

e rab le  a d m i x t u r e  of the  contributions with sulfur orbitals

c~~ and 3s c h a r a c t e r . Both  the present Xa SW c a l c u l a t i o n

and tha t r e p o r t e d  e a r l i e r  by Rö sch , Smi th , and Whang bo 7a

place approximately equal charge densities on the sulfur atom

and each of the axial fluorine ligands. The contour plot

(F igure  6a) of th e 7a
1 

MO of SF
4 

in the xz plane clearly il-

lustrates this point .

An al te rna tive way of look ing a t the HOM O of SF4 is to

consider that this molecule is the product of oxidative ad-

dition of two fluorine atoms to SF
2 (Figure 7). 

No te tha t ,

in order to arrive at the Xa SW desc r iption of the HOMO it is

nec essary  for the a
1 
combination of F

2 
p—a orb itals to inter-

act with the lowest unoccupied MO of a1 
symme try  of SF

2.

This viewpoint is supported by the fact tha t the S(3p) and

S(3s) content of the occup ied 7a1 MO and the unocc upi ed 8a1
MO of SF

4 
are comparable (Table II). Similar analyses have,

in fact , been presented for the hypothetical molecules SH4
7C

and

It was pointed out in the section dealing with the UPS

assignments , and is also evident from the X SW charge den-

sities (Table II), tha t the 2a1, 4b 1, 6a
1 

and 4b 2 MO’s are

essen tiall y local ized on the F
5

(2 p) lone—pair orbitals.

Particular interest is associated with the natur e of the

• 3b
1 

MO since, on qual itative group theoretical ground s, one

L _ _ _ _ _ _ _  _ _  _ _
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e x p e c t s  t h i s  o r b i t a l  to be a sy m m e t r y — a d a p t e d  c o m b i n a t io n

of F
e

(2 p) lone—pairs. However , it is evident

from Table II and also from the contour plot in Figure 6b

that the 3b1 MO features bonding between the axial and equator-

ial f l uor ine l igands , in addition to some S_Fa bond ing character.

The 2b2 and 4a
1 
MO’s account for much of the a—bonding

between the sulfur atom and the equatorial fluorine ligands.

The contours for these MO’s a re  d isp layed in F igur es 6c and

6e , r e s p e c t i v e ly.  From the s t a n d poin t  of the SF 4 co r r e l a t i on

d iagram (Figure 7) the 2b2 and 4a1 
NO’s can be c o n s i d e r e d

to a r i se  f r o m  the b
2 

and a
1 

a—bonding orbitals. Likewise,

the 2b 1 MO of SF
4 

can be considered to have as its origin the

HOMO o f SF 2; great stabilization occuring as a—bonding to the

axia l  f l u o r i n e  ligand s becomes significant. This view is

perhaps oversimp lified , howev er , because , l ike the 3b1 MO ,

the 2b 1 also fea ture s a bond ing con tr ibu tion f r o m bo th the

ax ial and equatorial fluorine ligands. The contour plot in

Figure 6d shows that as far as the F
a
_S_F

a 
moiety is concerned ,

the bonding picture is not unlike tha t in the three—center

1, 6f o u r — e l e c t r o n  bonding mode l .

It  is c l e a r l y  a p p a r e n t  f r o m  Table II and F i g u r e  6f

t h a t  t h e  3a 1 MO involves  a l a r g e  a m o u n t  of S(3s)  c h a r a c t e r

and is e x t e n s i v e l y  l oca l i zed  on t he  s u l f u r  a tom . However ,

the  3a 1 MO also c o n t r i b u t e s  to  the a — b o n d i n g  of SF 4 ,  the

emphas i s  being somewhat  more  on t he  S_ F
e than  the  S

~~
Fa bonds .

- .~~------. . -~~~ “--- - .- - - - --~~- - -~~~~- - ~~------ ~~~ 
_ _  _ _ _
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The f i n a l  f o u r  v a l e n c e  M O’ s of SF 4 (2a 1, lb 1, lb 2 and

la 1) consi s t  l a r g e l y  of F ( 2 a )  c h a r a c t e r  and are  e s sen t i a l ly

loca l i zed  on the  F a and 
~ e l i g a n d s .

The a t o m i c  p o p u l a t i o n s  and c h a r g e  distrubutions for SF4

a re  p r e s e n t e d  in Table  IV. The l a r g e  p o s i t i v e  cha rge  on s u l f u r

s tems in p a r t  f r o m  the  high e l e c t r o n e g a t i v i t y  of the f l u o r i n e

l i g a n d s .  However , the m a g n i t u d e  of th is  cha rge  is probab ly

u n r e a l i s t i c a l l y  l a rge  on accoun t  of the poor d e s c r i p ti o n  of the

s u l f u r  “ l o n e — p a i r ” in the Xa SW method .~~
OC The a c c u m u l a t i o n

of m o r e  cha rge  on the  F a than  the F e ligand s is also q u i t e  evi-

dent in Table IV and is a feature of all the MO calculations

in SF 4 where such d a t a  are  r e p o r t e d .7

F ina l l y ,  we n o t e  tha t  the c o r r e l a t i o n  d i a g r a m  shown

in F i g u r e  7 p rov ides  some i n s igh t s  into the  reason  f o r  the

f e e b l e  Lewis bas i c i ty  of SF 4 .  In s u l f i d e s, R 2 S , the ROMO

of b 1 symmet ry  is p r e d o m i n a t e l y  of S(3p )  c h a r a c t e r , and is
32

respons ib le  f o r  the  l i g a t i v e  behav ior  of t hese  compounds .

In SF
4 

the b
1 

MO is involved in Fa
_S_F

a 
bonding , leaving the

somewha t diffuse 7a
1 

orb ital as the HOMO .
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Tab l e  IV. A t o m i c  P o p u l a t i o n s  and  Ch a r g e  D i s t r i b u t i o n s  f o r  SF 4

Atomic Sp here Populations INTa OUTR b Net Atomic Charges

_ _ _  p d

S 1.20  1.19 0 . 2 0  6 . 9 7  0 . 2 6  S: +2.18

F 1.63 4 .21 F : — 0 . 3 4e e
F 1.75 4 .50  F : — 0 . 7 5a a

a l n te r s p here  c h a r g e  d i s t r i b u t e d  to s u l f u r  ( 6/ 3 2  x INT ) and each f l u o r i n e

(7/32 X INT).

bou t e r  sphere  c h a r g e  d i s t r i b u t e d  equally among the fluorines.

_ _ _ _ _
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T a b l e  I .  T h e o r e t i c a l  and E x p e r i m e n t a l  I o n i z a t i o n  E n e r g i e s  f o r  SF 4

I o n i z a t i o n  E n e r g y  C o m p u t e d  E x p e r i m e n t a l  l o n i —

MO by T r a n s i t i o n  S t a t e  M e t h o d  ( e V )  z a t i o n  E n e r g y  ( eV)

7a 1 16.06 12.85

2a 18.15 ~2 15.07
4b

1 
18.17 .)

6a 18.52 \1 15.8
4b

2 
18.55 )

3b 1 19. 41

3b 2 20 .21 17.23

5a 1 20 .00 
/ 

17.7

1a 2 2 0 . 5 9  1
4a 2 l .4 8 \1 1 18.3
2b 1 21 .77  )
2b 2 2 2 . 7 3  19.5

3a 1 27 . 81

_ _ _ _ _ _  _ _ _ _
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d e n s i t i c s  f o r  a t o m s  ar e  p e r c e n t a g e s  o f  e le c t r o n

densIties within the atomic spheres.

b E i g e n v alu e s  in eV.

C
Charge density outside outer—sphere

d ln t e r s p h e r e  c h a r g e  d e n s i ty  ins ide  o u t e r  sp here and not

a c c o u n t e d  f o r  by a t o m i c  s ph e r e s .  Dashed  line denotes separa-

ti on of HOMO and LUMO .

(Foo tno te s f o r  Tab le  I I )
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Table  I I I .  Exper i m e n t a l  I o n i z a t i on  E n e r g i e s  ( e V ) a f o r -  V a r i o u s

F l u o r o s u l f u r a n e s  and- (CF3) 2 S.

I] 1
2 1

3 
14 

— 

Other IE ’s

SF
4 12 •85b 15.07 15.8 17.23 17.7, 18.3, 19.5

CF
3
SF

3 12.4
14 14.1 14.9 15.7 16.0, 17.3 , 17.9, 19.0

(CF
3)2

SF 2 1 2 1 b 13.4 14.0 14.9 16.0, 16.5, 17.0, 17.3, 17.7

t Me 2 NSF 3 9 .9 2 c 11 57 b 13.3 13.7 14.3 , 15.7 , 16.4 , 18.3

(Me 2 N ) 2 SF 2 8 .83 c 9 5 2 c 10 64 b 12.4

F 3SCF 2 SF 3 l2 .1~’ 12 81b 13.6 14.8 15.5 , 15.8 , 17.3 , 17.9 , 19.1

(CF
3
)25

e 11.35 13.6 14.1 16.0 16.6, 17.38, 18.39

a A s s i g n me nt s  i n d i c a t e d  f o r  onl y 7a 1 MO and n i tr o g e n  l o n e — p a i r  M O ’ s.

See t e x t  f o r  f u r t h e r  a s s i g n m e n t s .

bA s s ig n e d  to 7a 1 MO.

C A ss i g n e d  to n i t r o g e n  l o n e — p a ir  MO ’s.

d O h  i o n i z a t i o n s  n o t  r e s o l v e d .

~~~ ~2’ 13 a s s igned  to b1, a 1, and b 2 M O ’ s of R 2 S r e s p e c t i v e ly

(see t e x t ) .
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FIGURE CAPTION S

Fi gure 1. Structure of sF
4
40

; 0 = 186.93 ° , $ 101.55° ,

dSF = l.646A , d SF = l.545A.
a e

Fi gure 2. Elgenvalues computed for SF
4 by various methods using

all valence electrons. a
Reference 7b 14Re f ere nce 7 d

C
F work dR f  7a.

Figure 3. He(I) UPS of SF
4: (a) computed spectrum ; (b) exper-

imental spectrum.

Figure 4. He(I) UPS for various fluorosulfuranes : (a) (CF
3
)2

SF
2;

(b )  CF
3
SF

3 
(*indicates peak due to CF

3
S(O)F impurity);

(c) Me
2

NSF
3
; (d )  (Me

2
N )

2SF 2; and (e) F3SCF 2SF 3.

Figure 5. Structure of (Me2
N)

2SF 2.
Sh The th ermal  e l l ipsoids

are drawn at the 30% probability level. The nitrogen

lone pair directions are indicated by small blank

spheres. The meth yl hydrogens are omitted.

Figure 6. X S W  contour plots for some MO’s of SF
4
: (a )  7a

1

(xz plane); (b) 3b 1 (F F F  plane); (c) 2b2 (yz plane);

(d )  2b 1 (F
8
F
e
F
a p

l a n e ) ;  ( e ) 4a
1 

(yz plane); (f) 3a1

(y z  plane). Contour values are: 1 = ±0.13; 

— .~~~~~~---—————- - — --— - _ -. - 

~~~~~~~~~~~~~~~~~~~~ 
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2 = ± 0.07; 3 = ± 0. 02;  4 = ± 0. 01. D a s h e d  l i n e s  a r e

noda l  p l a n e s .

Figure 7. Correlation diagram for SF4 
based on MNDO calcula-

tions. The SF 2 
calculation was based on the

experimental
4a F

e — S — F e geometry of SF4 .  The

F2 
calucation was performed at the experimental

4a

F — S — F bond distance of SF . See tex t f o r
a a 4

details of the SF
4 

calculation. The HOMO in each

case is illustrated by + 4- ,

_ _ _
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