
Inorg. Chem. 1989, 28, 2560-2564 

Cromer and Waber with anomalous dispersions corrections taken from 
ref 31. 

The triclinic acentric space group PI is evident from the analysis of 
a Patterson map, where one finds six, rather than three, short Rh-P 
vectors. The latter are consistent with a nonsymmetrical torsion of the 
two P3Rh fragments about the Rh-Rh vector. This pattern has been 
previously found for other structures of bridged [(triphos)MI2 dications 
and two BPhL anions, e.g. [ (triph~s)Co(p-OH)~Co(triphos)](BPh~)~,’~ 
which is practically isomorphous with 6. A number of Fourier F,, and 
AF maps allowed the identification of all of the non-hydrogen atoms, 
including two disordered DMF solvent molecules. Least-squares re- 
finement with the routines of the SHELX76 program package,, was per- 
formed by the full-matrix method, initially with isotropic and then with 
anisotropic thermal parameters for both Rh and P atoms. The phenyl 
rings were treated as rigid groups of D6* symmetry with C-C distances 
fixed at 1.395 A and calculated hydrogen positions (C-H = 1.08 A). 
Physically reasonable temperature factors were refined by assigning 
population parameters of 0.5 to the atoms of the DMF molecules. The 
bridging hydrogen ligands could not be clearly located in the final AF 
maps, although some residua1 electron density of ca. 1 e/A’ (slightly 
above background) appeared in the expected region. As mentioned in 
the description of the structure, the program H Y D E X ~ O  was used to define 
good starting positions for the latter H atoms, which were then satis- 
factorily refined. The final R factor is 0.059 (R, = 0.064). Refinement 
final coordinates of all non-hydrogen atoms (excluding rigid body atoms) 

(31) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965, 18, 104. 
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(33) Sheldrick, G. M. “SHELX76, Program for Crystal Structure 

Determinations”, University of Cambridge, Cambridge, England, 1976. 

and of the three bridging hydridic hydrogens are reported in the sup- 
plementary material. 

Computational Details. All of the MO calculations were of the ex- 
tended Huckel type34 using a modified version of the Wolfsberg-Helm- 
holz formula. The parameters used for Rh and P atoms are taken from 
ref 35. Those for the nickel atom are taken from ref 36. The Hii for 
hydrogen is -13.6 eV, and the Slater exponent is 1.3. The (triphos)Rh 
fragment was most often simulated with a H3Rh fragment with Rh-H 
distances of 1.7 8, and H-Rh-H angles of 90°. In cases where the 
terminal ligands where taken as PH, groups, the Rh-P distance was 2.3 
A. The metal-metal separation was fixed at 2.65 A. 
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The ion P:- is fluxional in solution. Baudler and co-workers have proposed a mechanism for the framework reorganization involved. 
Isoelectronic and isostructural but heteroatomic systems such as P6As3-, As&+, and P4S, are known and present the possibility 
of positional isomers. If activation barriers to rearrangement are comparable to those in P,’-, then these heteroatomic systems 
might undergo isomerization reactions. The various isomers can be conveniently related by reaction graphs derived from the 
proposed rearrangement mechanism. In reaction graphs vertices represent individual isomers and edges linking the vertices 
correspond to rearrangement processes. The reaction graph outlines the appropriate cuts through the energy surface along the 
overall reaction path. Relative energies or stabilities of isomers can be estimated by using the rule of topological charge stabilization. 
In  this paper reaction graphs and relative isomer energies are presented and used to rationalize the existence of known isomers 
and to predict the existence of others among the binary cluster compounds A6B, A5B2, and A4B, related to P7)-. 

Introduction 

shaped structure 1.’ 
In the crystalline state, the ion 1 

1 

In solution a t  80 “C the 31P NMR spectrum shows that all 
atoms are equivalent; the ion is f l ~ x i o n a l . ~ * ~  Baudler and co- 
workers have proposed a mechanism (eq 1 )  to  account for the 
structural reorganization that takes place. This is a degenerate 
rearrangement or  pseudorotation tha t  restores the  original 
structure but with a new orientation in space. They note the 
similarity between eq 1 and the degenerate Cope rearrangement 
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of bullvalene, CloHlo.4~5 The barrier to rearrangement is 10-12 
kcal/mol. E h m  and Gleiter have studied this rearrangement with 
M I N D 0 / 3  calculations and rationalized the low activation barrier 
using qualitative MO theory.6 X-ray studies of crystals containing 
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(5)  Doering, W. v .  E.; Roth, W. R. Angew. Chem., Int. Ed. Engl. 1963, 2 ,  

115.  
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Heteroatomic and  Substi tuted P73- 

As73- and Sb73- show that these ions have the same structure as 
P73-.7,8 It is not known whether As73- and Sb73- are fluxional 
in solution. These ions were first reported by Zintl and co-workers, 
who also reported the formation of Bi73- in solution, but no 
crystalline compound containing this ion has ever been prepar- 
ed.9-11 Corbett et a1.,8 reassessing the report of Zintl and 
Dullenkopf," conjecture that the reported Bi7* was probably Si:-, 
which would be isoelectronic with square-planar Te42+, known 
today but not in Zintl's day. 

Several isoelectronic and isostructural but heteroatomic species 
are known (P4S3 (5)I29 l3  and As3S4+ (6)14 are  examples) as well 
as substituted forms (P7R2- (7)).15*16 Honle and von SchneringI7 
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have examined the 31P N M R  spectra of solutions containing 
[P,,As,]~-. These spectra can be explained by assuming the 
presence of P73-, P6As3-, P , A s ~ ~ - ,  P4As33-, P3A~43-,  and P2AsS3-. 
It was not possible to confirm or exclude the possible existence 
of  PAS^^-. N M R  intensities indicate a preference for P6As3- and 

Heteroatoms and substituents in a fluxional frame create the 
possibilities of positional isomers and isomerizations. The various 
isomers can conveniently be related by reaction graphs based on 
the isomerization mechanism.I8 The reaction graph reveals 
important connections across the energy surface for the reaction. 
In reaction graphs, sometimes called rearrangement graphs, 
vertices or points represent particular isomers and edges or arcs 
connecting the vertices correspond to rearrangements that carry 
one isomer into another. RandiE, Oakland, and Klein19 have 
studied the properties of the rearrangement graph relating the 
1680 valence tautomers or permutational isomers of P73-. This 
is a very complicated graph with 1680 vertices and 2520 edges. 
In our work we are concerned only in rearrangements among 
positional isomers, chemically distinguishible structures that differ 
from each other by the location of one or more heteroatoms in 
a common structural framework. When any consideration of 
permutations of otherwise identical atoms is omitted, reaction 
graphs for positional isomers turn out to be simple and concep- 
tually useful. Relative stabilities of isomers can be estimated by 
the rule of topological charge s tab i l i~a t ion .~"-~~ Reaction graphs 

PSAsZ3-. 
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Chart I 
4 

1 2 5 
C3" c, c* 

Table I. Relative Stabilities of A6B Isomers 
isomer; m Q, E,  

2 -0.291 0 
1 +O. 170 +0.461 
5 +0.235 +OS26 

and relative energies of isomers can be used to rationalize the 
existence of known isomers and to predict the possible existence 
of others.19 We have used these ideas in the study of isomers of 
the ~ l o s o - c a r b o r a n e s . ~ ~ - ~ ~  In this paper we will apply them to 
systems related to P73-,  AS^^-, and Sb73-. 

The rule of topological charge stabilization states that different 
kinds of atoms prefer to occupy those structural locations in which 
their relative electronegativities match the atomic charges es- 
tablished by topology for the homoatomic reference system." For 
example, the normalized charges for the homoatomic ion P;- are 
shown in 8.2'*22 The charges are derived from Mulliken net atomic 

e.170 

8 

populations calculated from extended Huckel wave functions. 
Normalized charges are atomic charges that have been adjusted 
by an additive constant to sum to zero.22 In P73- each of the three 
different structural locations, apical (l), bridging (2,3,4), and basal 
triangular (5,6,7), has a different charge. In the case of het- 
eroatomic P4S3 (5) the three electronegative sulfurs prefer to 
occupy the bridging sites that are already negative in the P73- 
reference frame. We have used the rule of topological charge 
stabilization to account for the arrangement of heteroatoms in 
a number of chain, planar polycyclic, and cage or cluster-shaped 
structures.18 

A6B 
Consider P6As3- and P6S" as examples of the P?- framework 

in which a single phosphorus atom has been replaced by a more 
electronegative heteroatom to form the isostructural, isoelectronic 
binary system A6B. Three isomers are possible with the hetero- 
atom located a t  apical, bridging, or basal-triangular positions 1, 
2, or 5 (Chart I). Starting with the heteroatom in all possible 
positions in 2 on the left-hand side of eq 1, noting where the 
heteroatom appears in 4 on the right, and relating initial and final 
structures to the representative 1-, 2-, or 5-isomer produces the 
reaction graph 9. The vertices are circles that contain the isomer 

9 

index 1, 2, or 5. The lines or edges connecting the vertices rep- 
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(24) Gimarc, B. M.; Ott, J. J. In Mathematics and Computational Concepts 

in Chemistry; TrinajstiE, N., Ed.; Horwood: Chichester, U.K., 1986; 
pp 74-85. 

(25) Gimarc, B. M.; Ott, J. J. Inorg. Chem. 1986, 25, 2708. 
(26) Gimarc, B. M.; Ott, J. J. J .  Am.  Chem. Soc. 1987, 109, 1388. 
(27) Gimarc, B. M.; Ott, J .  J.; Brown, C. A.  Submitted for publication in 

Inorg. Chem. 
( 2 8 )  Ott, J.  J . ;  Brown, C. A,; Gimarc, B. M. Submitted for publication in 

Inorg. Chem. 



2562 Inorganic Chemistry, Vol. 28, No. 13, 1989 

Chart I1 

Gimarc  and  O t t  

0 

c R o o c t ~ o n  Coth - 
Figure 1. Relative energy as a function of reaction path as specified by 
the reaction graph 9 for binary clusters A,B, where B is more electro- 
negative than A. Relative energies of isomers and activation barriers are 
estimated by the rule of topological charge stabilization. 

resent processes that carry one isomer into another following eq 
1. For example, if  the heteroatom starts a t  the apex position 1 
in structure 2 in eq 1,  it ends in structure 4 a t  a basal position 
corresponding to a Sisomer,  producing the edge between the 
positions 1 and 5 in 9. The asterisk by vertex 2 in reaction graph 
9 indicates a "loop" or degenerate process involving the 2-isomer. 
For the heteroatom in position 2 of structure 2, framework re- 
organization following eq 1 leaves the heteroatom in a bridging 
position. Although bonds break and new bonds form, the final 
structure is identical with the initial structure except for orientation 
in space. The observed tautomerizations of P7R2- (7) follow this 

Suppose heteroatom B is more electronegative than A in A,B. 
From the rule of topological charge stabilization one would expect 
B to prefer to occupy one of the negative bridging sites (see 8) 
rather than an apical or basal position. Here we assume that the 
energy of the isomer is proportional to the charge Q, a t  the 
replacement site m. Since the lowest energy corresponds to the 
most negative charge, in this case for m = 2, we could set E2 = 
0 and express relative energies of other isomers as E, = Q, - Q2 
and establish the qualitative energy order E, << E ,  < E,. Values 
of Q, and E,,, appear in Table I. Figure 1 is a plot of energy 
as a function of the reaction path specified by the reaction graph 
9.  In preparing this diagram, we took the relative energies E,,, 
for the individual isomers. W e  do not know the energies of the 
activation barriers separating the isomers, but if they are small, 
e.g. on the order of those for P73- rearrangements, then it is likely 
that I -  and 5-isomers would easily rearrange to form the 2-isomer. 
From this reasoning we would expect P6As3- and the unknown 
P6s2- to exist only as the 2-isomer. 

Normalized charges for the P73- transition state 3 of eq 1 appear 
in 10. These values are based on extended Hiickel calculations 

loop.'jJ6 

-.in1 

-.Q 4 7 

10 

with the MIND0/3  optimized structure reported by Bohm and 
Gleiter.6 Our charges are qualitatively similar to theirs. The 
structure with a heteroatom in position 2 is the transition state 
for pseudorotation of the 2-isomer, denoted by the asterisk in 
reaction graph 9. The location of the electronegative heteroatom 
a t  the position of greatest negative charge as calculated for the 
homonuclear frame ensures a low activation barrier for the 
pseudorotation. Positions 3, 4, 6, and 7 are slightly negative in 
structure 10. These would be locations of an electronegative 
heteroatom in the rearrangement of 5-A6B to the 2-isomer. The 
heteroatom a t  the more positive positions 1 and 5 corresponds to 

Table 11. Relative Stabilities of ASB2 Isomers 
isomer; m,n Q, + Q, E,,n isomer; m,n Q, + Q, E,,," 

2 J  -0.580 0 2,6 -0.056 +0.526 
1,2 -0.121 +0.461 1,s +0.425 +0.987 
2 2  -0.056 +0.526 5,6 +0.470 +1.052 

1.0 

t 

n 
c R o o c t i o n  Coth - 

Figure 2. Relative energy as a function of reaction path as specified by 
the reaction graph 11 for binary clusters A,B,, where B is more elec- 
tronegative than A. 

the transition state for the conversion of the I -  to the 5-isomer. 

A5B1 

Suppose two electronegative heteroatoms B replace two A atoms 
in the A, frame to give A5B2. There are six possible isomers (Chart 
11). The reaction graph for A5B2 isomerizations, when rear- 
rangements by eq 1 are  assumed, is given in 11. Again, the 

* * * 
J 2.5 It2 2,3 2t6 1,s 

11 

numbers in the ovals denote positions of the two heteroatoms in 
the structure, edges between verticies correspond to reaction 
processes following eq 1, and asterisks indicate those isomers for 
which degenerate rearrangements are possible. 

We assume that isomer stabilities are related to the sum of 
charges Q,,, and Q, of the electronegative heteroatoms at positions 
m and n. The most stable isomer is that for which both elec- 
tronegative heteroatoms are located a t  negative bridging sites, e.g. 
positions 2 and 3.  If we take the energy of the 2,3-isomer, E2,3 
= 0, then relative energies of the isomers are given by E,,, = Q, 
+ Q, - (Q2 + Q3). The relative energies of the six isomers appear 
in Table 11. The relative energies fall around three values: 0, 
+ O S ,  and + 1 .O. In Figure 2 these relative energies are plotted 
along the reaction graph 11. For the construction of this figure 
the activation barriers separating isomers are  unknown but are 
assumed to be small, in analogy with the fluxional behavior of 
P73-. The most stable isomer of binary ions such as PsS2- and 
PjAs2- would be the 2,3-isomer. The 1,5- and 2,6-isomers should 
readily rearrange to the 2,3-isomer. But the 1,2-isomer might 
be stabilized from rearrangement to the 2,3-isomer by a barrier 
a t  least as high as the energy of the 5,6-isomer, expected to be 
the least stable of the group of six. 

The transition-state energies on opposite sides of a vertex can 
be compared by using the rule of topological charge stabilization. 
For example, the transition states on either side of the 5,6-species 
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Chart I11 Table 111. Relative Stabilities of A4B3 Isomers 
isomer; l,m,n Q, + Qm + Qn El,,," 

2,3,4 -0.873 0 
1,2,3 -0.412 +0.461 
2,3,5; 2,3,7 -0.347 +0.526 
1,2,5; 1,2,6 +0.114 +0.987 
2,5,6; 2,6,7 +O. 179 + 1.052 
1,5,6 +0.640 +1.518 
5,6,7 +0.705 +1.578 Chart IV 

2 A 5  2 A 7  2,5,6 2 A 7  5,6,7 
CI cs CI cs c3v 

are 12 (between the 1,2- and 5,6-isomers) and 13 (linking the 5,6- 
to the 2,3-species). In 13 both electronegative heteroatoms occupy 

Q Q  
12 13 

sites that have negative normalized charges in the homoatomic 
reference structure 10, while in 12 one heteroatom is in a strongly 
positive position. Therefore, 13 should be a lower energy transition 
state than 12, and this conclusion is reflected in the relative barrier 
heights drawn schematically in Figure 2. 

Of the six possible ASB2 isomers, the 2,6-isomer has C,.sym- 
metry or no symmetry a t  all. Therefore, the 2,6-species is but 
one of a pair of optical isomers or enantiomers (Chart HI). The 
reaction graph 14 is a modification of 11 that reflects the difference 

14 

between the 2,6- and 2,7-isomers. From relative energy consid- 
erations (Figure 2) we concluded that the 2,6-isomer and its 
2,7-enantiomer should rearrange easily to the most stable 2,3- 
isomer. Neither resolution of optical isomers nor stabilization 
of a racemic mixture is expected. 

A4B3 

The binary compound A4B3 with the cage structure 1 or 5 has 
a total of 10 possible isomers (Chart IV). The reaction graph 
15 relates these isomers undergoing interconversion by eq 1. 

Assuming that the heteroatoms B are more electronegative than 
A and relating energies to that of the most stable 2,3,4-isomer, 

1.5 

t 

0 - R o o c t l o n  C a t h  - 
Figure 3. Relative energy of A4B3 clusters as a function of reaction path 
along 14. 

Ez,3,4 = 0;  E/,m,n = Q/ + Q, + Qn - (Qz + Q3 + Qd, we get the 
relative energies listed in Table 111. The energies cluster around 
only four values: 0, +0.5, +1.0, and +1.5. Figure 3 displays these 
energies along the reaction path specified by the reaction graph 
15. This figure suggests that the isomers 2,3,7, 2,3,5, and 1,2,3 
might be metastable because the barriers opposing their rear- 
rangement to the most stable 2,3,4-isomer are at  least as high as 
for higher energy isomers. Therefore, it might be possible to 
prepare and isolate these as yet unknown isomers. 

Vertices in reaction graph 15 may be connected by more than 
one edge because several different isomeric transition states can 
lead from one positional isomer to another in Figure 3. These 
multiple edges were suppressed in the construction of 15 and 
Figure 3. As an example, structures 1619 can serve as transition 

16 17 18 19 

states between isomers 2,6,7 and 1,2,6 in Figure 3. The isom- 
erization should go through the lowest energy transition state and 
the relative energies can be estimated by the rule of topological 
charge stabilization. Comparing locations of electronegative 
heteroatoms in 1619 with normalized charges for the homoatomic 
reference 10, one can see that 16 should be the lowest energy 
transition state because all three heteroatoms are in sites of 
negative charge. In contrast, 19 has two heteroatoms in strongly 
positive positions. 

Christian, Gillespie, and SawyerI4 have determined the X-ray 
structures of the cations As3&+ ( 6 )  and As3Se4+. Although 
isoelectronic and isostructural with P,3- and P4S3, these two cations 
do not have the arrangement of atoms we expect from the rule 
of topological charge stabilization. Only two of the three less 
electronegative As atoms are located at the three basal triangular 
sites; the third As occupies the slightly less positive apical position. 
Because apical and basal site charges are similar (+0.170 vs 
+0.235), the 1,5,6- and 5,6,7-isomers should at  least be close in 
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Chart V 

Gimarc  and  Ot t  

1,2,6 2,3,6 2,3,5 2,5,6 2 ~ 7  

energy. Nature’s preference for the 1,5,6-isomer may be due to 
electrostatic stabilization by separation of like charges. Intro- 
duction of heteroatoms of different electronegativity will establish 
a new pattern of charge. Compare the numbers of neighboring 
pairs of like charge in isomers 1,5,6 (20) and 5,6,7 (21). Elec- 
trostatic stabilization by charge alternation has recently been 
reviewed by Klein.29 

- 

20 21 

Among the 10 possible A4B3 isomers, there are three of C1 
symmetry, signaling the possible existence of three pairs of optical 
isomers (Chart V).  Figure 4 is the reaction graph for rear- 
rangement of A4B3 following eq 1 if the three pairs of optical 
isomers are included. In Figure 4 the unique structures are located 
on the central axis of the diagram and enantiomers are paired 
on either side of the axis. Considering electronegative heteroatoms 
B once more and going back to relative energies in Figure 3, we 
predicted 2,3,5 to be metastable. In Figure 4 we see that the 
optical isomers 2,3,5 and 2,3,6 are directly linked. If rear- 
rangement barriers are low, as they are in PT3-, we would not 
expect to be able to separate the optical isomers 2,3,5 and 2,3,6. 
The 1,2,6-, 1,2,7-isomer pair should readily rearrange to the lower 
energy 2,3,5-, 2,3,6-isomer pair or through the 2,6,7-isomer to 
the most stable 2,3,4-isomer. The 2,5,6-, 2,5,7-isomer pair should 
rearrange easily to isomer 1,2,3 or to the 2,3,5-, 2,3,6-isomer pair. 
Therefore, we would not expect to be able to resolve any of the 
three enantiomeric pairs, but one of the pairs, isomers 2,3,5, 2,3,6, 
might be metastable. If no optical isomers can be resolved, then 
Figure 4 can be redrawn by merging enantiomers to form a graph 
isomorphic with 15. 
Conclusions 

We have used reaction graphs based on proposed rearrangement 
mechanisms and relative isomer energies obtained from the rule 
of topological charge stabilization to reach qualitative conclusions 
about various isomers, including optical isomers, that might be 
prepared for binary systems A6B, A5B2, and A4B3 related to P7)-. 
For A6B there could be three different positional isomers. If the 
heteroatom B is electronegative, it should occupy the 2-position. 

(29) Klein, J .  New J .  Chem., in press. 

Figure 4. Reaction graph 15 for A,B3 clusters as modified to recognize 
the existence of enantiomers. Unique positional isomers occupy positions 
on the central axis. Enantiomers are paired on either side of the axis. 
If paired vertices are merged, the resulting graph is isomorphic with 15. 

A consideration of relative isomer energies and the reaction graph 
for isomerization suggest that only the 2-isomer is likely to be 
stable. A5B2, with two electronegative heteroatoms, should have 
six possible positional isomers. The 2,3-isomer should be the most 
stable of these, but a higher energy 1,2-A5B2 might be stabilized 
behind a barrier posed by the even higher 5,6-isomer, which lies 
on the path connecting 1,2- and 2,3-isomers. Although the 2,6-, 
2,7-isomer pair are mirror images, we do not expect these optical 
isomers to be either resolvable into individual isomers or isolable 
as a racemic mixture. There are 10 possible isomers for A4B3, 
the most stable of which is the 2,3,4-isomer. The known compound 
P4S3 takes on this arrangement. But the higher energy isomers 
2,3,7, 2,3,5, and 1,2,3 might be stabilized from rearrangement 
to isomer 2,3,4 by the intervention of even higher energy isomers 
along the route. Three pairs of optical isomers of A4B3 are 
possible. Of these only the 2,3,5-, 2,3,6-isomer pair might be 
metastable, but a low energy barrier separating the pair should 
prevent their resolution. 
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