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Figure 8. Proposed model for the EL caused by electron injection: (a)
under strong cathodic bias; (b) near the flat band potential.

thermore, Auger Electron Spectroscopic measurements of the
n-GaAs electrode on which hydrogen evolution reaction took place
for 30 min at —1.5 V (current density = ca. 1 A.cm™2) provided
evidence of no enrichment of Ga at the surface region.'® In
addition, there is no possibility that the amount of adsorbed
hydrogen exceeds one monolayer. Therefore, with all the evidence
presented above, we propose that the most probable species re-
sponsible for the EL generation is the adsorbed hydrogen atom.
The model which explains the EL generation is shown in Figure

(16) Kaneko, S.; Uosaki, K.; Kita, H., unpublished result.

8. Thus, H(a), the energy of which is higher than that of the
bottom of the conduction band at the surface, is generated when
p-GaAs is kept under strong negative bias (reaction 1 or 5) and
injects electron into the conduction band (reaction 3 or 7) when
the potential is pulsed to the positive potential limit which is close
to the flat band potential. Some of the injected electrons re-
combine radiatively with holes in the valence band (reaction 9)
which is the majority carrier of p-GaAs. The results of Ru’*
treated p-GaAs can also be explained by this mechanism. Thus,
the energy level of H(a) at the Ru** treated p-GaAs surface should
be within the energy gap and, therefore, no EL should be ob-
served.!” The increase of dark hydrogen evolution current is
caused by the lowering of the H(a) energy level as proposed by
Bard for the effect of Pt on the photoelectrochemical hydrogen
evolution reaction.'®
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(17) There may be a possibility of sub-band emission in this case. Our
detection system, however, can measure the emission only up to 1100 nm and
no sub-band gap EL was detected within this region.
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Abstract: The rule of topological charge stabilization says that nature prefers to locate heteroatoms at those positions in a
molecular structure where connectivity and electron filling level tend to accumulate or deplete electron density in an isoelectronic,
isostructural, homoatomic system. The rule can be rationalized on the basis of first-order perturbation theory. Here we apply
the rule to some cage-type structures related to adamantane. Examples include P,Ss, P,S,, P,Ss, and P,S, as well as many
others. Extended Huckel calculations of Mulliken atom populations in homoatomic systems correlate with the positions of
atoms of different electronegativities in these structures. Topologically determined charge distributions can explain some of

the chemistry of these systems.

A recent survey of planar conjugated molecules has demon-
strated that connectivity and the number of electrons occupying
the molecular orbital system determine the patterns of charge
densities in homoatomic systems.! The rule of topological charge
stabilization says that nature prefers to locate heteroatoms at those
positions where connectivity and electron filling level tend to
accumulate or deplete electron density. An example from planar
conjugated molecules is pentalene (1) shown with charge densities
for 8 x electrons calculated by the simple Hiickel method. Charge

Me Me Me
1 0.82 .\N/‘\ /.\N/'I\
Me-N —Me S | s
n7 \‘ /N\. N\ Ny’
Mo L) A\Ao
1 2 3

(1) Gimarc, B. M. J. Am. Chem. Soc. 1983, 105, 1979.
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densities at positions 1, 3, 4, and 6 are considerably smaller than
those at the other sites. The rule of topological charge stabilization
says that less electronegative atoms would be favored in those
positions with low charge density. Pentalene is known only as
the heavily substituted 1,3,5-tri-zert-butyl derivative,? but the
isoelectronic inorganic analogs (2, 3) have been prepared.>* In
2 and 3 borons are located at positions 1, 3, 4, and 6, and more
electronegative nitrogens or sulfurs occupy the other sites, ar-
rangements in which the electronegativities of the constituent
atoms match the distribution of charge densities determined by
connectivity in 1, the homoatomic, isoelectronic structure which
we refer to as the uniform reference frame. That the pattern of
charge densities is also a function of the number of valence
electrons can be seen by comparing the charges for the pentalene
dianion (4, 10 = electrons) with those of pentalene itself (1). In

(2) Hafner, K.; Siiss, H. Angew. Chem., Int. Ed. Engl. 1973, 12, 576.
(3) Nélle, D.; Noth, H. Z. Narurforsch. 1972, 27B, 1425.
(4) Noth, H.; Ullmann, R. Chem. Ber. 1975, 108, 3125.
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Topologically Determined Charge Distributions

4, positions 1, 3, 4, and 6 have the largest charge densities, a
pattern consistent with the known heteroatomic system 5.5
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Over the years there have been a few specific applications of
the concept of topological charge stabilization. The idea was
mentioned as early as 1950 when Longuet-Higgins, Rector, and
Platt studied the w-electronic structure of porphine.® As their
zero-order electron distribution in porphine, those authors used
simple Hiickel charge densities calculated for the hydrocarbon
that is isostructural and isoelectronic with porphine. Muetterties
and Hoffmann have shown that in trigonal-bipyramidal molecules
such as PF,Cl,, the more electronegative fluorines prefer the axial
positions while the less electronegative chlorines go to the equa-
torial sites, an arrangement that is in accord with extended Hiickel
charge distributions calculated for the PFs reference frame.”*
Gimarc® and Burdett!® have described trends in site preferences
for atoms of different electronegativities in linear and bent tria-
tomic molecules and ions with 10 to 22 valence electrons. Burdett
has pointed out that charge distributions calculated for an ap-
propriate homoatomic system can correlate the different positions
taken by atoms from groups VA (15)7 and VIA (16)7 in the
cage-type structures of S,;N, and P,S,.!! Except for the triatomic
molecules and ions mentioned above and our earlier survey of
two-dimensional systems,' topological charge stabilization has not
been applied in a systematic way to the study of large groups of
molecules that share related structures, and few chemists are aware
of the utility of this concept for organizing a large amount of
chemical information about structures and relative stabilities.

Theoretical Rationale

First-order perturbation theory gives a simple justification for
the rule of topological charge stabilization. Consider the uniform
reference frame as the unperturbed system with Hamiltonian H°,
wave function ¥°, and total energy E(0) related by the
Schrodinger wave equation

H°¥° = E(0)¥°

Now introduce heteroatoms as a perturbation, keeping the
structure and the number of electrons fixed. The perturbing
Hamiltonian H’ can be expressed as a sum of changes in the
Coulomb nuclear—electron attraction terms due to changes in
nuclear charge AZ that result from the heteroatoms;

H'= ~TAZ,/r,

where o labels the nuclei and i labels the electrons. For the
perturbed system, % = H® + H’and the total energy E can be
calculated as the zeroth-order energy plus correction terms to
higher order:

E = EQ©) + E(1) + EQ2) + ...

The first-order perturbation correction to the energy is given
by

(5) Ferris, J. P,; Antonucci, F. R. J. Chem. Soc., Chem. Commun. 1972,
126. Ferris, J. P.; Antonucci, F. R. J. Am. Chem. Soc. 1974, 96, 2010, 2014.

(6) Longuet-Higgins, H. C.; Rector, C. W.; Platt, J. R. J. Chem. Phys.
1950, /8, 1174.

(7) Muetterties, E. L.; Schunn, R. A. Q. Rev. 1966, 20, 245.

(8) Hoffmann, R.; Howell, J. M.; Muetterties, E. L. J. Am. Chem. Soc.
1972, 94, 3047.

(9) Gimarc, B. M. Molecular Structure and Bonding: The Qualitative
Molecular Orbital Approach, Academic Press: New York; p 162,

(10) Burdett, J. K.; Lawrence, N. J.; Turner, J. J. Inorg. Chem. 1984, 23,
2419,
(11) Burdett, J. K. Acc. Chem. Res. 1982, 15, 34.
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Since the operator H’involves only simple multiplication, the ¥°
factors can be combined within the integral to give the electron
density, p = (¥°)*¥°. Then

E(1) = (pH")

Therefore, to give maximum stability or energy lowering from
E(1), the heteroatoms should be those for which the largest AZ
match positions where p is already large in the unperturbed
reference frame. For qualitative considerations it is convenient
to assume valence electrons only and to replace AZ by changes
in effective nuclear charge A{, or, even more simply, to use
electronegativity as a measure of A{.

Tetrahedral Structures

In order to extend our appreciation of the utility, scope, and
limitations of the rule of topological charge stabilization, we have
examined a number of molecules of the representative elements
that have cage-type structures related to the tetrahedron. The
simplest of these are molecules such as P,S; and As,S;. The four
phosphorus atoms of P,S; are at the four corners of a distorted
tetrahedron with an apical phosphorus linked by bridging sulfurs
to a basal triangle of phosphorus atoms (6).!2 As,S; has an
analogous structure.'> The known anion P;* serves as the uniform

)

reference frame for P,S; and As,S;.'* Structure 7 displays the
Mulliken net atomic populations (or more simply, atomic charges)
for P;*~ calculated from extended Hiickel wave functions's based
on the experimental structure. The extended Hiickel method is
known to yield exaggerated charges,'® but experience shows that
they are adequate for the purposes here which require only a
qualitative pattern of charge distributions. In some test cases we
found that the charge iteration modification of the extended
Hiickel method gave charges that were undoubtedly more realistic
but with the same sense or pattern as those from the non-iterative
procedure.

-0.259
,/I'\
P
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7

P.0.720

The homoatomic uniform reference frames for 3-dimensional
systems are often hypothetical and have very large total charge
Q. Since we are interested only in charge differences, we introduce
normalized charges. Imagine a system of N atoms with a total
charge Q. The individual atomic charges g, sum to Q:

N
E%=Q

Suppose we subtract the quantity Q/N from each atomic charge
to define normalized charges g,

(12) P,S;: Hassel, O.; Viervoll, H. Acta Chem. Scand. 1947, 1, 149.
Akisin, P. A,; Rambidi, N. G.; Ezov, Ju. S. Z. Neorg. Khim. 1960, 5, 747.

(13) As,S;: Whitfield, J. J. Chem. Soc. A 1970, 1800.

(14) P;>~: Schnering, H. G. v.; Menge, G. Z. Anorg. Allg. Chem. 1981,
481, 33.

(15) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397,

(16) Pullman, A. Int. J. Quantum Chem. 1968, 2, 187S.
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9’ =q,-Q/N

The normalized charges sum to zero. Applying this procedure
to the P;* charges in 7 yields the normalized charges in 8. Since
the reference frame in 8 is no longer composed of real atoms, we
have introduced the symbol X to label atoms. Normalized charges
emphasize charge differences by creating quantities that have
differences in sign, thereby making relative charges easier to
appreciate.
+0.170

X
K —=%.0.235

=0.291

8

The normalized charges in 8 show that the bridging positions
are negative compared to apical and basal sites. Hence the more
electronegative sulfurs should prefer to occupy the bridges with
less electronegative P or As atoms in the apex and basal triangle
as observed P,S; and As,S;.

Topological charge stabilization offers a beautiful explanation
for the driving force to equilibrium in the system P,S;/As,S;.
Blachnik and Wickel have reported the results of their experi-
mental studies of this system.!” They found that when the
reactants are mixed in the stoichiometric ratio (1:3), the equi-
librium lies predominately to the side of the PS;As; product:

P4S3 +3 AS4S3 = 4PS3AS3

The structure of the product PS;As; presumably has a phosphorus
atom at the apex, three bridging sulfurs, and a basal triangle of
arsenic atoms. Blachnik and Wickel attribute the stability of the
product to the greater strength of PS compared to AsS bonds and
to the increase in number of PS bonds from 6 in the reactants
to 12 in the product. Topological charge stabilization offers an
alternative explanation.”® In arranging atoms among reactant
and product molecules, the electronegative S atoms should occupy
the bridges, the less electronegative P atom should occupy the
apical site, and the still less electronegative As atoms should prefer
the basal positions as determined by relative charges in the uniform
reference frame (8).

The molecule P,S, (9) has a cage structure.!® The phosphorus
atoms are at the corners of a slightly distorted tetrahedron, and
sulfurs bridge four of the tetrahedral edges with the two remaining
edges being P-P bonds. A different description places four

NN
\/ ’ \/

equivalent sulfur atoms at the corners of a square plane and bonded
to pairs of phosphorus atoms above and below the plane. Burdett
has pointed out that charge distributions calculated for an ap-
propriate homoatomic, isoelectronic system can correlate the
different positions in the cage taken by atoms from elements of
groups VA (15) and VIA (16).!" For example, in P,S, the group
VIA element occupies the plane with the group VA element above
and below. However, in S,N the situation is just reversed; the
nitrogens (group VA) occupy the plane with sulfurs (group VIA)

(17) Blachnik, R.; Wickel, U. Angew. Chem., Int. Ed. Engl. 1983, 22, 317.

(18) Gimarc, B. M.; Joseph, P. J. Angew. Chem., Int. Ed. Engl. 1984, 23,
506.

(19) P,S,: Griffin, A. M; Marshall, P. C.; Sheldrick, G. M. Chem. Com-
mun. 1976, 809. Marshall, P. C.; Sheldrick, G. M. Acta Crystallogr. 1978,
348, 1326. Chang, C.-C.; Haltiwanger, R. C.; Norman, A. D. Inorg. Chem.
1978, 17, 2056.

(20) SyN,: Sharma, B. D.; Donohue, J. Acta Chrystallogr. 1963, 16, 891.
Clark, D. J. Chem. Soc. 1952, 1615. DeLucia, M. L.; Coppens, P. Inorg.
Chem. 1978, 17, 2336.
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paired above and below. These molecules contain 44 valence
electrons, and the hypothetical ion Og** might serve as a uniform
reference frame with model bond distances and angles chosen for
calculation of charge densities from extended Hiickel wave
functions. Normalized charges have been chosen for representation
in 10. The four atoms at the corners of the square plane are
negative with respect to the pairs above and below. Therefore

X—X +0.244

NN

X =0.244

\/ \/

X

10

the more electronegative atoms prefer the plane positions with
the less electronegative atoms occupying sites above and below
the plane, an arrangement that is realized in the structures of the
known examples of this series. In S,N4and Se N, the group VA
element N occupies the square?®? and in P,S,, As,S,, and As,Se,
the group VIA elements are on the plane.'®?22

A related structure is P,N4R, (11) where the R groups
(tert-butyl) are substituted on the square-planar nitrogens and
the phosphorus atoms are bonded in pairs above and below the
plane,® again in agreement between the relative electronegativities
of N and P and the relative charges of the uniform reference frame

| <\

r—N / \\/N

The P,Ss cage (12) is related to that of P,S, (9) with an
additional sulfur bridging one pair of phosphorus atoms.?
Normalized charges for the Oy** uniform reference frame appear

/ /\\
\/

\/

12

in 13. With much lower symmetry than 10, structure 13 has four
different kinds of positions. But again, the more electronegative
sulfurs occupy the negative sites while the less electronegative
phosphorus atoms take the positive positions. Similarly, in the

/RN
\/

\ / +0.66

-0.50
13
related structures P,Ses and As,Ss, the more electronegative group

(21) Se4N,: Barnighausen, H.; Volkmann, T. von Acta Crystallogr. 1966,
21, 571.

(22) As,Sy: Ito, T.; Morimoto, N.; Sadanaga, R. Acta Crystallogr. 1952,
5, 775. Porter, E. J.; Sheldrick, G. M. J. Chem. Soc., Dalton Trans. 1972,
1347.

(23) As,Seq: Bastrow, T. J.; Whitfield, H. J. J. Chem. Soc., Dalton Trans.
1973, 1739. Goldstein, P.; Paton, A. Acta Crystallogr. 1974, 30B, 915.

(24) P,N,R,: DuBois, D.; Duesler, E. N.; Paine, R. T. Chem. Commun.
1984, 488,

(25) P,Ss: Griffin, A. M.; Sheldrick, G. M. Acta Crystallogr. 1975, 31 B,
2738.
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Table I. Adamantane Analogues

A B C
P,Oq P{(NMe)s (HC)4(CH,)s
As,Oq As(NMe) N,(CH,)¢
As,S¢ (HC)(S¢ P,(SiMey)¢
Sb,04 (HSI1),S, P.(GeMe,),
(HSi)Seg

VIA atoms (S or Se) are in the negative sites and the less elec-
tronegative group VA atoms (P or As) take up the positive lo-
cations.??’  But the positions of group VA and group VIA
elements are reversed in S;N;~ because N is more electronegative
than S.28

The insertion of still another sulfur between the bonded pair
of phosphorus atoms in 12 leads to the structure which one an-
ticipates for P,S¢ (14), this particular molecule being as yet un-

\/ N/
P\ /P
S
14
known. But the highly symmetrical structure is that of ada-
mantane of which there are many examples.”>* The structure
has only two different kinds of positions, numbered and with the

structure drawn in a different orientation in 15. The 1, 3, 5, and
7 sites are referred to as tertiary, 3-coordinate, or bridgehead sites.

15

The 2, 4, 6, 8,9, and 10 positions are the secondary, 2-coordinate,
or bridging sites. Normalized charges for an appropriate oxygen
uniform reference frame (16) show that the 3-coordinate or
bridgehead sites are positive relative to the 2-coordinate or bridging
positions. The rule of topological charge stabilization predicts
that the bridgehead atoms should be less electronegative than those
in the bridges. Table I lists thirteen molecules that have the full
adamantane symmetry. In nine of these (columns A and B) the
less electronegative atoms occupy the bridgeheads while the more

(26) P,Ses: Penney, G. J.; Sheldrick, G. M. J. Chem. Soc. A 1971, 245,

(27) As,Ss: Whitfield, H. J. J. Chem. Soc., Dalion Trans. 1973, 1740,

(28) SyN; : Flues, W.; Scherer, O. J.; Weiss, J.; Wolmershauser, G.
Angew. Chem., Int. Ed. Engl. 1976, 15, 379.

(29) P,Os: Hampson, G. C,; Stosick, A. J. J. Am., Chem. Soc., 1938, 60,
1814, Beagley, B.; Cruickshank, D. W. J.; Hewitt, T. G.; Jost, K. H. Trans.
Faraday Soc. 1969, 65, 1219. Jansen, M.; Voss, M.; Deiseroth, H.-J. Angew.
Chem., Int. Ed. Engl. 1981, 20, 965.

(30) AsyO¢: Hampson, G C.; Stosick, A. J. J. Am. Chem. Soc. 1938, 60,
1814,

(31) AsOq Lu, C.-S.; Donohue, J. J. Am. Chem. Soc. 1944, 66, 818.

(32) SbyOg: Akisin, P. A.; Vilkov, L. V.; Zasovin, E. Z.; Rambidi, N. G;
Spiridonov, V. P. J. Phys. Soc. Jpn, Suppl. BII 1962, 17, 18.

(33) P,(NMe)g: Cotton, F. A.; Troup, J. M.; Casabianca, F.; Riess, J. G.
Inorg. Chim. Acta 1974, 11, L33.

(34) Asy(NMe)s: Holmes, R. R.; Forstner, J. A. Inorg. Chem. 1963, 2,
377.

(35) (HC),S¢: Andersen, E. K.; Lindqvist, I. Ark. Kemi 1956, 9, 169.

(36) (HS1),S¢, (HSi),Seq: Haas, A.; Hitze, R.; Kriiger, C.; Angermund,
K. Z. Naturforsch. 1984, 398, 890.

(37) Adamantane: Donohue, J.; Goodman, S. H. Acta Crystallogr. 1967,
22, 352,

(38) N4(CH,)¢ Becka, L. N.; Cruickshank, D. W. J. Proc. R. Soc. Lon-
don 1963, A273, 435.

(39) P,(SiMe,)s: Honle, W.; Schnering, H. G. v. Z. Anorg. Allg. Chem.
1978, 442, 91.

(40) P,(GeMe,)¢: Dahl, A. R; Norman, A. D Shenav, H,; Schaeffer, R.
J. Am. Chem. Soc. 1975, 97, 6364
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electronegative atoms form the bridges. In three others (column
C), such as N4(CH,),, the situation is reversed in opposition to
the topological charge stabilization rule. The remaining compound
is adamantane itself in which both bridges and bridgeheads are
carbons.

The charge densities of the carbon framework of adamantane
(HC),(CH,)s appear in 17. The calculated charges of the hy-
drogens themselves are not shown in 17. These charges still have
the same signs but are much reduced compared to the normalized
charges of the bare frame 16. Substituent hydrogens smooth out
charge differences on the frame to which they are attached. This
smoothing effect of substituents may explain the exceptional cases

+0.0293
3
¢=7 c-0.0397
l c
/C~|\c//c
C/C\C
17

in column C of Table I. All of the exceptions contain substituents
on bridges, bridgeheads, or both. Substituents add more atomic
orbitals to the basis set as well as additional sites for charge so
a redistribution of charges should be easier in those cases, making
bridgehead and bridge sites more adaptable to the acceptance of
atoms in opposition to the rule of topological charge stabilization.

The compound P,(INR), is known to exist in two isomers, the
“double decker” cage (18)*! and the adamantane structure (19).3
P,(NR)¢ (R = i-Pr) is known to rearrange rather easily and
quantitatively from 18 to 19 which presumably is the more stable

-'l P. R
R, 7 ™y~
/ '"/\ . NN/ T
RN R heat .|' L ®
\ T S
o AT
r’ R \l
18 19

of the two forms. The normalized charge densities for the uniform
reference frame of the “double decker” form are shown in 20.
Once more, the 3-coordinate sites are positive relative to the
2-coordinate sites. In the “double decker” isomer the less elec-

/

/3 \

X

\ / =0.551
<> +0.718

20

tronegative phosphorus atoms occupy the 3-coordinate positions.
A comparison of charges in isomeric uniform reference frames
16 and 20 reveals a smaller separation of charges in 20. The sum
of positive ¢’ = 3.57 in 16 and 2.87 in 20. This suggests that the
isomeric structure 20 might be more acceptable for systems in
which electronegativities of atoms are closer to each other, such
as P and N in P4(NR),, than it would be in P,O¢ which has a

(41) Scherer, O. J.; Andres, K.; Kriiger, C.; Tsay, Y.-H.; Wolmershduser,
G. Angew. Chem., Int. Ed. Engl. 1980, 19, 571.
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Table II. Bridgehead Substituted Adamantane Analogues

A B C D
POy Sn,S,0* P,S:0, (MeC),(CH,),
PSSy Sn,Se ot P,O¢S, Si,O(1-Bu),
P4Selo B4S]08- GG4SGBT4 Si4SsMe4
Si4S]0‘— Ga4Sws' GC4S§I4 Ge456Me4
Si Teo* Ga,Se; o Ge,Segl, Sn,ScMe,
Ge St InS;o* Si,(CH,)¢Cl, Sn,SecMe,
GeySepot InSe ¥

much larger difference in electronegativities between P and O and
for which a structure of the type 20 is unknown.

The molecules (HC)4(BR)¢, where R = Me, Cl, or Br, also have
adamantane structures,*># but they are not isoelectronic with
adamantane. In (HC),(BR)4 the six borons are in bridging
positions and the four carbons are at the bridgeheads. If we take
R = H, then (HC),(BR); is a 44 valence electron system while
adamantane and P,O¢ have 56 valence electrons. These systems
allow us to compare charge distributions in systems with the same
structure but different numbers of electrons. The normalized
charges for the 44 electron case (21) although small show a
reversal of polarity compared to those for the $6 electron system
(16). The order of charges in 21 is perfectly consistant with the
more electronegative carbon being located at the bridgehead and
the less electronegative boron as the bridge.

-0.077
T//x N\ +0.05:
X
X’Lx/x
Z x/
21

Bridgehead Substituted Adamantanes

Table II lists 26 molecules that have the basic adamantane
framework but with a non-hydrogen substituent atom or group
at each bridgehead* % as in 22 which shows the normalized

(42) (HC),(BMe)s: Raymant, I.; Schearer, H. M. M. J. Chem. Soc.
Dalton Trans. 1977, 136.

(43) (HC)4(BCl)¢, (HC)4(BBr)s: Reason, M. S.; Briggs, A. G.; Lee, J.
D.; Massey, A. G. J. Organomel. Chem. 1974, 77, C9,

(44) P,O,o: Cruickshank, D. W. J. Acta Crysiallogr. 1964, 17, 677.

(45) P,Syo: Vos, A.; Wiebenga, E. H. Acta Crystallogr. 1955, 8, 217.

(46) P,Se,s: Monteil, Y.; Vincent, H. Z. Anorg. Allg. Chem. 1977, 428,
259.

(47) SigSo*": Ribes, M.; Olivier-Fourcade, J.; Philippot, E.; Maurin, M.
J. Solid Siate Chem. 1973, 8, 195.

(48) Si Teo*: Eisenmann, B.; Schifer, H. Z. Anorg. Allg, Chem. 1982,
491, 67.

(49) GeSio*: Krebs, B,; Pohl, S. Z. Naturforsch. 1971, 26B, 853. Pohl,
S.; Krebs, B. Z. Anorg. Allg. Chem. 1976, 424, 265.

(50) Ge,Se;;*: Eulenberger, G. Z. Nasturforsch. 1981, 368, 521.

(51) SnS;o*: Krebs, B. Angew. Chem., Ini. Ed. Engl. 1983, 22, 113.

(52) B,Syo*: Hardy, A. Bull. Soc. Fr. Mineral. Cristallogr. 1968, 91, 111.

(53) Ga,S¢%, In,S;o*": Krebs, B.; Hiirter, H.-U.; Voelker, D.; Wallstab,
H.-J. Z. Krisiallogr. 1981, 154, 297. Krebs, B.; Voelker, D,; Stiller, K.-O.
Inorg. Chim. Acla 1982, 65, L101.

(54) Ga,Seyo*: Miller, D.; Hahn, H. Z. Anorg. Allg. Chem. 1978, 438,
258

(55) In,Sej*: Krebs, B.; Voelker, D.; Stiller, K.-O. Inorg. Chim. Acla
1982, 65, L101.

(56) P,S¢O,: Able, E. W.; Armitage, D. A,; Bush, R. P. J. Chem. Soc.
1964, 5584.

(57) P4OS,: Stosick, A. J. J. Am. Chem. Soc. 1939, 61, 1103. Mijlhoff,
F. C.; Portheine, J.; Romers, C. Recl. Trav. Chim. Pays-Bas 1967, 86, 257.

(58) Ge,S¢Bry, Ge,S¢l,: Pohl, S.; Seyer, U.; Krebs, B. Z. Naturforsch.
1981, 368, 1432.

(59) Ge,Segl,: Krebs, B. Angew. Chem., Int. Ed. Engl. 1983, 22, 113.

(60) Siy(CH,)¢Cl,: Smith, A. L.; Clark, H. A. J. Am. Chem. Soc. 1961,
83, 3345.

(61) (MeC),(CH,)s: Schneider, A.; Warren, R. W_; Janoski, E. J. J. Org.
Chem. 1966, 31, 1617,

(62) Si,O¢(1-Bu),: Schwab, G.-M.; Grabmaier, J.; Simmler, W. Z. Phys.
Chem. N.F. 1956, 6, 376.

(63) Si;S¢Me,: Bart, J. C. J,; Daly, J. J. J. Chem. Soc., Chem. Commun.
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unsubstituted system (16) the bridge sites are negative with respect
to the bridgeheads, but in 22 the most negative positions are the
substituent, terminal, or exo sites. The topological charge sta-
bilization rule predicts that P,S40,, in which oxygens are exo and
sulfurs are bridges, should be more stable than P,O¢S, which has
oxygen bridges and sulfur substituents. Synthetic history, however,
casts some doubt on this conclusion. P,O¢S, was first prepared
in the late 19th century.5” Its structure is well-known.” Although
the synthesis of P,S,0, was reported nearly 20 years ago, more
recent investigations have noted the failure of attempts to repeat
the original synthesis.®® Recently, Wolf and Meisel® have de-
scribed the preparation, though not the structural characterization,
of P,S¢0,. They reacted mixtures of P,O,, and P,S; in stoi-
chiometric ratios appropriate for the synthesis of P,O¢S, and of
P,0,S; and found P,S¢O, as a minor product in both cases along
with other P,0,y.,S, products. An experiment with P,O,o/P,S,,
= 2:3, the stoichiometric ratio for P,S¢O,, was not reported. Thus
the topological charge stabilization rule reveals the P,O,S,, P,S¢O,
case as an interesting problem for further theoretical and ex-
perimental investigation.

Of the 26 molecules and ions in Table II only five examples
in column C strictly follow the pattern of declining electronega-
tivities specified by the charge distribution in 22: exo > bridge
> bridgehead. Fourteen more molecules (columns A and B) are
composed of only two elements, such as P,O,, and Si,Te,o*, but
in each case the less electronegative element occupies the
bridgehead sites. Another 5 examples (column D) have bridging
oxygens or sulfurs with less electronegative group IVA atoms at
the bridgeheads and alkyl groups at bridgehead substituents.
Notice that all of these exceptional cases bear hydrogen or methyl
substituents on the bridging and exo atoms. As we saw previously,
these substituents produce a smoothing of charge distributions
and therefore they may make exceptions to the rule more stable
than they would be without substituents.

Conclusion

Atomic charge in a molecule is an old and useful concept. Even
the notion that charges can be determined by connectivity goes
back at least 35 years.® The main idea here is that, based on a
calculation for a single reference structure, conclusions can be
drawn concerning the relative stabilities of many possible iso-
electronic molecules and ions with related structures. The rule
can be rationalized by first-order perturbation theory without
reference to the molecular orbital model. The rule can guide
synthetic efforts and point out problems that merit further study

(64) Ge,S¢Me,: Moedritzer, K. Inorg. Chem. 1967, 6, 1248,

(65) Sn,ScMe,: Dorfelt, C.; Janeck, A.; Kobelt, D.; Paulus, E. F.; Scherer,
H. J. Organomel. Chem. 1968, 14, P22. Dorfelt, C.; Paulus, E. F.; Scherer,
H. Angew. Chem., Int. Ed. Engl. 1969, 8, 288. Kobelt, D.; Paulus, E. F.;
Scherer, H. Acta Crystallogr. 1972, B28, 2323.

(66) Sn,SegMe,: Blecher, A.; Driger, M.; Mathiasch, B. Z. Naturforsch,
1981, 368, 1361.

(67) Thorpe, T. E,; Tutton, A. E. J. Chem. Soc. 1891, 59, 1019.

(68) Walker, M. L.; Peckenpaugh, D. E.; Mills, J. L. Inorg. Chem. 1979,
18, 2792.

(69) Wolf, G.-U.; Meisel, A. Z. Anorg. Allg. Chem. 1984, 509, 101.

(70) In this paper the periodic group notation in parentheses is in accord
with recent actions by IUPAC and ACS nomenclature committees. A and
B notation is eliminated because of wide confusion. Groups IA and I1A
become groups 1 and 2. The d-transition elements comprise groups 3 through
12, and the p-block elements comprise groups 13 through 18. (Note that the
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by both theory and experiment. Topological charge stabilization
is a useful generalizing principle for understanding the relative
stabilities of individual molecules within structural classes.
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Isomers by the Criterion of Topological Charge Stabilization
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Abstract: We have used topological charge stabilization considerations to predict the qualitative ordering of stabilities of positional
isomers among the various classes of closo-carboranes, C;B, ,H,, 5 < n < 12. The rule of topological charge stabilization
states that the positions of heteroatoms in a structure are related to the distribution of atomic charges that are determined
by connectivity or topology for an isoelectronic, isostructural, homoatomic reference system. For charges we used Mulliken
net atomic populations calculated from extended Hiickel wave functions. The order of stabilities we predict agrees perfectly
with what can be deduced from experimental data and matches reasonably well with the results of detailed calculations.

The rule of topological charge stabilization states that het-
eroatoms prefer to be located at sites that conform to the pattern
of relative electron densities determined by connectivity or topology
in an isoelectronic, isostructural, homoatomic system that we call
the uniform reference frame.! An example from planar conju-
gated molecules is the series of thienothiophene positional isomers
(1-4). For these structures the pentalene dianion (5§) serves as

S,
O (X CO {0
S H S H
1 2 3 4
the uniform reference frame. Charge densities shown in § are
= electron charge densities from simple Hiickel calculations.

2-
& 1.32

5

The largest charge densities in § are at equivalent positions 1,
3, 4, and 6. Therefore, placement of electronegative heteroatoms
at these positions would be favored. It follows, then, that structures
1 and 2 would be expected to be the most stable isomers, 3
somewhat less so, and 4 the least stable, an ordering that agrees
with the known reactivities and calculated resonance energies of
the thienothiophenes.!

Although the relative thermodnamic stabilities of positional
isomers are surely determined by relative total energies of the
individual molecules, the rule of topological charge stabilization,
focusing on a single common homoatomic reference structure, can

(1) Gimarc, B. M. J. Am. Chem. Soc. 1983, 105, 1979.

point out what is right or wrong with a particular heteroatomic
structure, and it allows one to order quickly the relative stabilities
of a group of heteroatomic positional isomers. Simple first-order
perturbation theory relates charge density distributions to total
energy differences.?

The concept of topological charge stabilization was introduced
as early as 1950 when Longuet-Higgins, Rector, and Platt? pointed
out that the locations of nitrogens in porphine are those corre-
sponding to positions of high = charge densities in the corre-
sponding isoelectronic hydrocarbon. Meutterties and Hoffmann
accounted for the structure of PCI;F,, with axial fluorines and
equatorial chlorines, as a result of charge distributions established
by topology in PFs.%° Gimarc® and Burdett’ have discussed the
arrangement of heteroatoms in linear and bent triatomic molecules
and ions. Burdett mentioned charge densities calculated for a
homoatomic reference structure as the basis for explaining the
different positions taken by elements from groups VA (15)% and
VIA (16)*° in SyN, and P,S,? Gimarc has surveyed the structures
of a large collection of planar conjugated systems.! Finally,
Gimarc and Ott have used the rule of topological charge stabi-
lization to rationalize the structures and properties of a group of
cage-type molecules related to adamantane.>® Only in these most
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