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1989, 28, 3210), the position of a proton and the centroid of electron 
density associated with it for a hydrogen atom bound to another atom 
do nor coincide; a disparity of 0.15 A is typical for a M-H bond. The 
average Re-H distance in the X-ray structure determination of ReH5- 
(PPh,), was 1.54 [SI A,& and this can be compared to the average Re-H 
distance of 1.688 [SI A determined by neutron diffraction in ReH5- 
(PMePh2)3 (Emge, T. J.; Koetzle, T. F.; Bruno, J. W.; Caulton, K. G .  
Inorg. Chem. 1984, 23, 4012). Correcting for the X-ray-determined 
He-H distances for ReH5(PPh3), and applying the DD calculation” lead 
to the significantly larger T,(min) value of 259 ms at 400 MHz. Thus, 
with TI-I depending on rHH4, such discrepancies introduce serious errors. 
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The He I and He 11 photoelectron spectra of 1,12-B,,Hlo(C0)2 and 1,2- and l,7-C2BIOHI2 are assigned in terms of correspondence 
of bands to BH bonding or cluster-localized orbitals. The experimental assignments are found to agree excellently with MNDO 
calculations on the molecules, which allows assignment of the cluster orbitals and ionizations in terms of Stone’s theory of 
closo-boranes. Spectra of the related closo-heteroboranes I,2-X(CH)BloHlo (X = P, As, Sb), X2BIOHI0 (X = As, Sb), and SeBllHll 
are found to be very similar, also agreeing with calculated results. The lone pairs of the heteroatoms are found to be localized 
in the valence s atomic orbital. An orbital diagram for B12H122- is extrapolated from these results, which shows it to be distinctly 
different from the smaller closo-borane anions. 

The electronic structure and bonding of boranes have attracted 
an enormous amount of attention since the basic set of chemi- 
cal/geometric types became established by structural techniques. 
The interest stemmed initially from a general appreciation that 
the molecules presented a “soluble problem” in molecular bonding 
whose solution involved “nonclassical” bonding ideas. It received 
more purpose when equivalent structural types of molecules were 
identified in heteroborane, metallaborane, and all-metal clusters. 
The vast majority of this interest is represented by theoretical 
considerations of the nature of the bonding ranging in sophisti- 
cation from the powerful, largely heuristic, approaches of Lip- 
scomb’s sryx rules’ and Wade’s rulesZ to full ab initio calculations 
on individual molecules. In recent years Stone has presented3v4 
a general theory of the electronic structure of the closo-borane 
anions, which may be considered as the parent molecules for all 
the structural types$q5 which has been extensively adopted as the 
framework for the discussion of the properties of all related 
molecules. There is, in comparison with all this theoretical work, 
a distinct paucity of experimental data on the molecules, other 
than structure determinations. 

One of the most useful experimental techniques applied to these 
compounds is photoelectron (pe) spectroscopy. The available 
studies are distributed widely across the various types of clusters, 
and as much of the work was performed before the advent of 
Stone’s theory, they lack the organization provided by a consistent 
framework. Further, very few of the studies are on the closo 
compounds, which are the most tractable theoretically, and those 
that are usually involve the introduction of heteroatoms into the 
cage to compensate for the anionic charge of the parent closo- 
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B,H?- systems. The only study of a volatile compound with an 
intact closo-borane cage is an earlier paper in this series6 on 

In this paper we report the pe spectra of a number of 12-apex 
closo compounds and are able to provide a consistent assignment 
of all features observed. The assignment is found to agree re- 
markably well with the results of MNDO calculations7 of the 
electronic structure of the molecules. We also compare the 
MNDO-optimized geometries with structural data where available, 
again finding very good agreement. In general, the MNDO 
calculations appear to provide a very accurate description of these 
molecules. We extrapolate from the experimental data an energy 
level diagram for the parent BI2H12- anion, which again agrees 
with calculation and which provides an explanation for the re- 
markable thermal and hydrolytic stability of the anion. 

The discussion and assignments use Stone’s theory labeling. 
The theory shows that the molecular orbitals of the near-spherical 
systems B,H;- have distributions and degeneracies (as close as 
molecular symmetry permits) that are characterizable by atomic 
orbital labels. Thus, in BIZHI:-, the 13 cluster orbitals are labeled 
S‘(alg): P‘(tlu), D*(h,), and F*(t2J, the u and r superscripts 
indicating predominantly B 2s and B 2p (tangential to the surface 
of the sphere) composition, respectively. Similarly the 12 BH 
bonding orbitals can be labeled Sx(al,), P(tl,), D“(h,), and Fx(g,), 
these having large percentage B 2p (radial to the sphere) com- 
position. In a recent paper8 we have shown that the u / x  orbitals 

1,10-B1+w2)2. 
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Figure 1. He I and He 11 photoelectron spectra of l,12-B12H10(C0)2, 
I.2-C2BIOHl2, and 1.7-C2B10H12. 

can be accurately considered as being constructed from ~ p ' / ~ / s p ~  
radially directed hybrids of the B atoms of the clusters. 

Experimental Section 
The compounds studied were all prepared by literature m e t h ~ d s . ~ J ~  

The preparation9 of l,12-B12Hlo(CO)2 (structure I) was adapted to a 

I 

25-mL-volume high-pressure bomb that was not silver lined. The yield 
was 18%, and the compound was identified by its infrared spectrum, 
which was identical with an authenticated sample provided by Prof. 
Knoth of Du Pont. 

The photoelectron spectra were measured on a Perkin-Elmer PS16/18 
spectrometer. The samples were introduced as solids into the ionization 
region and heated to produce sufficient vapor pressure. For 1,12- 
B12HIO(C0)2 the optimum temperature was 120 "C and the maximum 
count rates were 4000 counts s-I for He I and 400 counts s-I for He I1 
( 1  20,4000,400). The conditions for the other samples were as follows: 
1,2-C2BIOHl2, 60,4000,400; 1,2-P(CH)BIOHlo, 94,1000,400; 1,7- 
C2BIoH 12, 65,1000,100; 1 , ~ - A s ( C H ) B I O H ~ ~ ,  80,1000,40; 1,2-Sb- 
(CH) BloH 10, I 28,1000,400; A s ~ B ~ o H  10, 100,1000,100; SbiBIoHlo, 
205,4000,100; S e B I I H I I ,  83,1000,100. The spectra were calibrated by 
using Ar and N, standards. The He I spectra appeared to suffer from 
reduced sensitivity, compared to that normally expected, a t  energies 
higher than 18 eV. This serves to prohibit observation of any bands in 
the 18-21-eV region and to over emphasise the apparent He I and He 
I I  intensity variations of the spectra. 

The MNDO program was used as supplied by QCPE with full opti- 
mization, without symmetry restriction, of all 3N-6 variable geometric 
parameters in all cases, which, for example, for l,12-B12HIO(C0)2 re- 
quired the optimization of 72 parameters. Local minima for the struc- 
ture, other than that calculated, were not searched for. We have made 
such searches in earlier work on closo systems and have never found 
alternative structures close enough in energy to be worth consideration. 
The assignments of the molecular orbitals of low-symmetry species 
presented something of a problem, which was aided by the calculation 
of the localized orbitals. The B(C)-H localized bonds so determined 
were all shared 55% B(C)-45% H with very little variation. In analyzing 
the canonical orbitals, we therefore took 1 + 55/45 = 2.25 X H component 
as the fraction of B(C)-H bonding in any one orbital and the residual 
B(C) component as cluster bonding. We accepted 70% of one distinct 
bonding type as a clear assignment (most orbitals have much higher 
percentages). I f  the majority composition is 60-70%. the assignment is 
given in  brackets in the tables. 

(9) Knoth, W. H.; Sauer, J. C.; Balthis, J. H.; Miller, H.  C.; Muetterties, 
E. L. J .  Am. Chem. Soc. 1967.89, 4842. 

( I O )  (a) Todd, L. J.; Little, J. L.; Silverstein, H. T. Inorg. Chem. 1969, 8, 
1698. (b) Todd, L. J.; Burke, A. R.; Garber, A. R.; Silvestein, H. T.; 
Storhoff, B. N. Inorg. Chem. 1970, 9, 2175. (c) Kester, J. G.; Arafat, 
A.; Todd, L. J. Inorg. Chem. 1987, 26, 4100. (d) Little, J. L. Inorg. 
Chem. 1979, 18. 1598. 

Results and Discussion 
Photoelectron Spectra. 1,12-B12Hlo(C0)2. The photoelectron 

spectra of this compound are shown in Figure la. The 33 valence 
molecular orbitals, and hence ionizations, of this molecule should 
correspond to 13 cluster, 10 BH u, 2 BC u, 4 CO a, 2 lone-pair 
(which are equivalent to the 4u orbital of free CO), and 2 CO 
u (equivalent to the 3u of free CO), localized orbitals. Of these 
the two CO u's will be outside the range of the spectra of Figure 
la. There is no fundamental reason to expect a good one-to-one 
correspondence between the localized and canonical orbitals; all 
canonical orbitals with the same molecular symmetry are capable 
of mixing. In fact we find strong evidence for such a corre- 
spondence and retain these convenient labels in the following 
discussion. We can identify orbitals/ionizations that involve the 
CO groups through comparison with the spectra of BH3C0," free 
CO, and ketene.12 

The band with intensity maximum at  19.0 eV in the He I1 
spectrum (not observed in He I) can be assigned to the oxygen 
axial lone pairs. It has the sharpest band shape in the spectrum, 
indicating nonbonding character, and its equivalent is found at 
18.5 (adiabatic)-19.5 eV in BH3C0 and at 19.5 eV (adiabatic) 
in free CO. Further, there is no corresponding band in the 
carborane spectra (Figure lb,c), suggesting that this is a car- 
bonyl-localized ionization. 

The CO a ionization energies are very insensitive to environment 
in a variety of compounds composed of light atoms. They are 
found in a 16.0-1 7.5-eV band in BH3C0, the same in ketene, even 
though there is extensive delocalization due to C-C a bonding, 
and at 16.5-17.5 eV in free CO. They can be confidently asso- 
ciated with one of the features in the 16-18-eV region (most clearly 
seen in the He I1 spectrum), probably with the first one with the 
sharp rising edge at 16.5 eV. Interestingly, the same ionizations 
show a marked sensitivity to environment in metal carbonyl 
compounds.I3 This simply reflects the much greater polarizability 
of the metal d" orbitals compared with the borane cage or organic 
carbon framework orbitals. 

The BC a-bond ionization of BH3C0 was assigned to a broad 
band of maximum intensity a t  14.8 eV. The energy of this orbital 
in related compounds will be very sensitive to environment, unlike 
those discussed above. The equivalent orbital in ketene is cal- 
culated (MNDO) to have an energy of -16.34 eV corresponding 
to a broad feature in the spectrum at  16.5 eV, which was in- 
correctly assigned12 as the dissociation continuum of a lower energy 
(16.08 eV) structured band. As the B-C bonding in 1,12- 
B12Hlo(C0)z is considerably stronger than that in BH3C0, but 
is unlikely to be as strong as the C-C bonding in ketene, we can 
take these values as limits on its ionization energy. This identifies 
it firmly as all or part of the band between 15 and 16 eV that 
appears to have two components. Again, there is no equivalent 
band in the carborane spectrum, supporting this assignment. 

The cluster and BH u ionizations therefore account for all the 
features observed at energies between 9.5 and 14 eV and for some 
part of the region between 16.5 and 19 eV. These are very much 
the same regions covered by the whole spectrum of the carboranes, 
which contains only these types of ionizations, allowing that C H  
will be fairly similar to BH. 

If the shoulder a t  9.8 eV is taken as corresponding to one of 
t h e  many doubly degenerate orbital/ionizations to be accounted 
for, then intensity comparisons suggest that the band with a 
maximum at 10.8 eV contains two such events and that with a 
maximum at 11.8 eV one more. The two components of the 
10.8-eV band are distinguished by the intensity variations between 
He I and H e  11, in that the high-energy side of the band loses 
intensity compared to the low-energy side. This is only just 
discernible in Figure l a  but is clear on the original data. The 
band between 12.5 and 14 eV corresponds to numerous ionizations. 

(1 1) Lloyd, D. R.; Lynaugh, N. J .  Chem. Soc., Chem. Commun. 1970, 1545. 
(12 )  Turner, D. W.; Baker, C.;  Baker A. D.; Brundle, C. R. Molecular 

Photoelectron Spectroscopy; John Wiley & Sons Ltd.: London, 1970. 
( I  3) Higginson, B. R.; Lloyd, D. R.; Burroughs, P.; Gibson, D. M.; Orchard, 

A. F. J .  Chem. Soc., Faraday Trans, 2 1974, 70, 1659. 
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Finally, we note that there is a broad pe feature at high energy, 
maximum intensity 21 eV, which from Table I could correspond 
to the stabilized 0 Ip  orbital and/or the p" orbitals (e,, or el,, 
a2,). Bands have been reported in this region of the pe spectra 
of carbonyl-containing compounds, particularly metal carbonyls, 
that are in-fact "shake-up" resonances. Although this is a possible 
explanation in this case, we suspect that the P''s are actually 
involved to some extent, as an equivalent band is seen in the 
carborane spectrum, which, of course, has no carbonyl groups. 
This assignment is also supported by the calculation as shown in 
Table I.  

It is worth noting that the percentages of BH character iden- 
tified in Table I sum to more than 90% of the total expected, 
indicating the small extent of mixing between the F", D", and BH 
and the S", P", and C O  groups of orbitals. 

1,2-C2BiOHi2. This molecule (structure 11; A, B = CH) is 
potentially simpler than the dicarbonylborane, as the valence 
orbitals/ionizations are just the 13 cluster, 10 BH and 2 C H  
localized ones. However the spectrum (Figure lb)  shows far less 
structure and prohibits a similarly detailed analysis. The reduced 
symmetry, C,, removes all the degeneracies of the previous case, 
causing an apparent broadening due to overlapping of the ioni- 
zation events. An additional cause for the increased width of bands 
is an effect of the presence of two carbon atoms in the cage. Any 
group of related orbitals, F", D", D", etc., with similar energies, 
will have one or two of their number stabilized to some extent 
due to their carbon atom component, producing a wider spread 
of energies for the group. Thus, for example, the cluster/BH 
orbitals of 1,12-B12H,o(CO)2 covered by the 10-1 1.5-eV band 
spread to the IO-13.5-eV band of l,2-C2BI0Hl2. The sharp feature 
at 12.8 eV can be assigned therefore to orbitals with a large carbon 
component and of cluster type on the basis of its sharpness and 
increased relative intensity on changing to He I1 excitation. 

Similarly, the 12.5-14-eV band of the carbonyl compound 
widens to the 13.5-15.5-eV band of the carborane and loses 
maximum intensity while developing a high-energy shoulder a t  
15.0 eV. This shoulder should arise from ionization of C H  bonding 
orbitals. The variation in intensity between H e  I and He I1 of 
those bands below 15 eV is far less dramatic than that in the 
carbonyl compound, most notable being a gain in intensity of the 
13.5-15.5-eV band rather than a loss. From our discussion above 
this suggests a predominantly cluster character for the related 
orbitals, whereas the assignment was BH bonding in the carbonyl. 
The inference is that extensive mixing of cluster and BH orbitals 
has occurred in the low symmetry of the carborane. One effect 
of this is to "even-out'' the atomic orbital structure of all the 
molecular orbitals, reducing the extent of intensity variations with 
change in ionizing-radiation wavelength. Another is to stabilize 
the cluster bonding orbitals at the expense of the BH bonding 
component. 

The high-energy bands at  16-19 eV cover the same region as 
the cluster bonding orbitals assigned in the carbonyl spectrum 
(after deletion of carbonyl-localized ones) and show the same very 
large increase in intensity from He I to He 11, and we propose 
the same, predominantly D", assignment. The band at 20-23 eV 
is again assigned as P', with the broader shape arising from the 
splitting of the D5d degeneracy. 

1,7-C2BloH12. The spectrum of this compound is shown in 
Figure I C  and 1s very similar to that of l,2-C,BloH,2 except for 
the higher intensity of the 13.5-14.5-eV band, which makes it 
similar in appearance to the equivalent band of the carbonyl 
compound. The shoulder at 14.5 eV is more pronounced than 
that in the 1,2-compound and represents a clear separation of BH 
and C H  bonding orbitals. The H e  I1 spectrum shows that this 
shoulder gains in intensity compared with the main band, con- 
sistent with C composition and with features in the 1,2-compound 
spectrum, but unfortunately the He I1 spectrum is of rather poor 
quality and no more can be deduced from it. The He I spectra 
of both the low-symmetry carboranes have been previously re- 
ported,I4 and our spectra are identical. The He I spectrum of the 

Table I. Experimental Assignment of Pe Bands of 1,12-B12Hlo(C0)2 
Compared with the MNDO-calculated Orbitals 

exptl calcd 
energy/eV assign!' -energy/eV assigntb % BH 

9.8 (sh) 
10.8 

11.8 

13.2 

15.5 

16.5 

17.1 
17.7 

(18.2) 

19.0 

a Based 

cluster 
cluster 
BH 
BH 

BH 
many ionizations 

B-C 

co r 

cluster 

1 1.05 
11.59 
1 1.73 
11.78 

13.39 
14.04 
14.42 
15.48 
18.82c 
20.33c 
17.77 
18.12 
18.18 
20.05 
20.43 

23.09 
27.24 

28.00 
30.65 
38.65 
47.65 

0 
0 

75 

77 

35 
53 
86 
9 4  

64 
33 
24 

on comparisons with other spectra and intensity 
variations-see text. * For assignment criteria see Experimental Sec-- 
tion. cShifted out of calculated energy order for purpose of 
comparison-see text. 

Considering the intensity variations between He I and He 11, we 
find the whole of this high-energy band, the 11.8-eV peak, and 
the high-energy side of the 10.8-eV band lose intensity on He I1 
excitation compared with the 9.8-eV shoulder and the low-energy 
side of the 10.8-eV band. These differences should correspond 
to the difference between cluster and BH orbitals, and it is logical 
that those losing intensity will be the BH bonding ones. These 
involve the large radius H Is atomic orbitals, which are the most 
sensitive to photon energy. 

Finally, the features in the 16-18-eV region not accounted for 
by CO T can be assigned as more cluster orbitals. The entire 
region shows a large enhancement of intensity between He I and 
He 11, and this is extremely unlikely to be a property of BH 
bonding orbitals. 

These experimental assignments are summarized in Table I, 
where they are compared with the results of a MNDO calculation 
and show very good agreement. Between the onset of ionization 
and the C O  A ionizations, Le. for the first 7 eV below onset, the 
calculated energies need to be corrected by 1.5 eV, and the oxygen 
lone pairs (Ip's) show that this error increases to -4 eV at  12 
eV below onset. The only large error is in the BC bonding orbitals, 
which are calculated to be -2  eV too stable and on the wrong 
side of the CO T'S. Computationally, these are the most difficult 
orbitals due to the unusual bonding of the carbonyl groups to the 
cage. The calculated orbitals contain a large component of CO 
bonding as well as BC, which would certainly serve to stabilize 
the energy. The extent of this mixing is probably overestimated 
by the calculation. 

The only orbitals not clearly accounted for by Table I are the 
two a ,  's, calculated at  -13.39 and -18.18 eV, which are both 
formafiy of D type. Their energies would appear to indicate an 
assignment of -13.39 eV as DX and -18.18 eV as D" simply by 
comparison with other orbitals of these types. The higher energy 
orbital, however, has less BH component, 35%, than the lower 
energy one, 64%. Extensive mixing of these two axially directed 
orbitals has occurred, reversing their original bonding types 
presumably due to the axial perturbation induced by the carbonyl 
groups. This mixing is probably also complicated by the fate of 
the formally a,*, S" orbital, which is involved with B-C bonding 
in this molecule. It has not affected the el* and e2g partners of 
either DX or D" and would not apply in the B12H122- parent. (14) VondrPk, T. Polyhedron 1987, 6, 1559. 
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Table 11. MNDO-Calculated Orbital Energies (eV) of the C2BloH12 
Carboranes" 

Brint e t  al. 

1,I2-compd 1,7-compd 1,2-compd pe spectrum 
12.12 e cl (0) 12.12 (7) 12.18 ( 1 1 )  ) 

12.27 (30) 
12.69 e BH (82) 12.46 (39) 

12.64 (46) 
13.1 1 e BH' (77) 12.76 (81) 

12.9Ic(44) 
13.19 e clb (3) 13.1SC (72) 

13.40b (48) 
13.39 a BH' (71) 13.40b (54) 
15.07 e BH (91) 1 5 . 1 3  (92) 

15.15 (92) 
15.61 a BHb (86) 15.55* (85) 
16.21 e BH (96) 16.24 (96) 

16.55 (93) 
17.43 a BH' (93) 16.96 (91) 
18.80 a BH (82) 18.86 (81) 

20.88 e cl (31) 20.93 (32) 
21.01 (32) 

21.11 e cl (31) 21.09 (33) 
22.2Y (33) 

24.23 a cIb (36) 22.37 (32) 
28.86 e P" (22) 28.92 (23) 

20.19 (13) 
35.45 a Pub (17) 34.55b.(18) 
43.99 a S u b  (5)  44.18b (5) 

10-13-eV band, cl/BH 

12.20 (33) 
12.86 (40) 

12.71 (44) 
12.93 (78) 
13.1Sc'(52) 
13.24b (40) 
13.68' (38) 1 12.8-eV sh cl C local 

15.10 1901 \ 

15.43 (86) 13.5-14.5-eV band, BH 
15.43c'(88) 

16.26 (96) 
16.56 (93) i 
21.07 (31) 16-19-eV band, D' 

20.98 (32) 
21.01 (32) 

21.69 (35) 
23.1XC (36) 

31.82 (14) P" 
28.72 (25) 

31.92b (17) 
44.88b (7) So 

:: 
f 

"The figure in parentheses is the percentage of BH component in each 
orbital; for 1,12-C2B,oH12 the DSd degeneracies e or a and the assignment 
cluster (cl) or BH bond (BH) are given. bIndicates large C atom compo- 
sition, IO-20%. 'Indicates significant C atom composition less than 10%. 

1,12-carborane has been reported only oncelS and surprisingly, 
given the DSd symmetry of the molecule, shows hardly any more 
detail than the two spectra presented here. The general features 
are the same, and the 10-1 3-eV band is somewhat more structured, 
but there appears to be no additional information in the spectrum. 

The MNDO-calculated orbital energies of all three carboranes 
are compared in Table I1 with the experimental assignments made 
above. Facile correlation of the orbitals across the molecules as 
listed in Table I1  is achieved from the fractional composition of 
BH character given and, for some orbitals, from localization on 
the C atoms. The only significant difference is that the top eight 
orbitals of the 1,12-compounds, which are very clearly BH or 
cluster, mix quite extensively in the lower symmetry 1,7- and 
1,2-compounds. This agrees with the observation of considerably 
less variation of intensity of their low-energy pe bands with photon 
energy compared with that of the equivalent bands of the di- 
carbonyl. We therefore predict that 1,1 2-CzBloH1z will exhibit 
greater intensity variations, as its high symmetry should maintain 
the separation of cluster/BH character of the orbitals. All the 
experimental assignments are supported by the calculation. From 
Table I1 it is surprising that the spectrum of the 1,12-compound 
is not better resolved than is found. This could be a consequence 
of Jahn-Teller splitting of all degenerate ion states, but this is 
unlikely to be of the same magnitude in all cases. Other than 
a general energy shift between theory and experiment, of the same 
magnitude as applied for the dicarbonyl compound, we find good 
agreement between theory and experiment for the carboranes. 
Details of MNDO calculations on the two low-symmetry carbo- 
ranes have been reported previously14 and are very similar to ours. 
Reference 14 compared the calculations with the He I spectrum 
and therefore ignored orbitals of binding energies greater than 
19 eV. The conclusions derived are fundamentally the same as 
ours, mainly that in the top orbitals there is extensive mixing of 
cluster and BH bonding orbitals, although this is rather overem- 
phasized in ref 14. 

The main general points derived from the above analysis of the 
spectra and comparison with calculations are (a) that orbitals 
clearly retain their cluster or BH character in the high-symmetry 

(15) Fehlner, T. P.; Wu, M.; Meneghelli, B. J.; Rudolph, R. W. Inorg. Chem. 
1980, 19, 49. 
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Figure 2. H e  I and H e  I1 photoelectron spectra of X(CH)BloHlo (X  = 
P, As, Sb). 

compounds, even if mixing is symmetry allowed, and (b) that in 
the limit of clear separation of these types the orbital energy order 
is 

S" < P" < D" < S" - P", F" < D" < F" 

1,2-X(CH)Bl,,Hlo (X = P, As, Sb). These molecules (structure 
11; A = X, B = CH) are isoelectronic with the carborane discussed 
above. Their He I and He I1 pe spectra are shown in Figure 2, 

I1  

and their overall appearance is remarkably similar to that of the 
carboranes. In fact, very much the same analysis and assignment 
applies-with one interesting exception-so we simply reiterate 
these without going again through the criteria. The first two 
bands, lower than 15 eV, are extremely similar in all three com- 
pounds and account for mixed-cluster (F") and BH,CH bonding 
orbitals/ionizations with the cluster orbitals concentrated in the 
higher energy band. The high-energy shoulders on both bands 
are attributed to orbitals with significant carbon character. The 
intensity variations between He I and He I1 of these bands is even 
less than in the 1,Zcarborane case, and we deduce from this that 
the mixing has largely evened-out the amount of B/C/H con- 
tribution to the orbitals with the exception of the shoulders. The 
same must also be true of any X-atom contributions to the 
cluster-bonding parts of these orbitals, as we see no distinctive 
bands or unusual intensity variations that could be associated with 
X localization. 

The next band in energy, 15-17 eV, is again assigned to the 
D" cluster orbitals. It shows the expected large variation in 
intensity, and it has the same energy as the equivalent bands in 
the carbonyl and carborane cases. The only difference is the loss 
of distinct maxima, which is certainly due to the very low sym- 
metry of these molecules. Finally, in the direct comparison with 
the carborane, the highest energy He I1 band, assigned to P" in 
the other cases, is present a t  the same energy, 20-23 eV, in the 
phosphorus compound and shows a steady decrease in binding 
energy on going to As, 19-22 eV, and Sb, 19-21 eV. 

The most distinctive features of these spectra are the sharp 
bands in the He I1 spectra a t  17.2 eV in S b  and 17.1 eV in As, 
which have a broad equivalent a t  maximum 17.8 eV in P and 
which are not observed in the He I spectra. They can only be 
the lone pair ionizations of the heteroatoms. The band shapes 
in As and S b  are too sharp for any other assignment. The energies 
of these bands show that the lone pairs are localized in the valence 
s atomic orbital of the heteroatoms. This is made clear by com- 
parison with the spectra of the (CH3)3X molecules, which have 
been completely assigned.16 In these the ionization corresponding 
to the X-C bonding orbital but largely localized on the X valence 

(16) Elbel. S.; Bergmann H.; Ensslin, W. J .  Chem. SOC., Faraday Trans. 2 
1974, 70, 555 .  
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Figure 3. H e  1 and He I1  photoelectron spectra of As2BlOHlO and Se- 
BIIHII. 

s atomic orbital is found at  - 17 eV in all the molecules. The 
appearance of the ionizations only in the He I1 spectra is un- 
derstandable when one considers photoionization cross-section data 
on the group V atoms themse1ves.l' This shows that the valence 
s atomic orbitals have a higher cross section for He I1 compared 
to He I, by a factor of 3 for the P 3s, 100 for As 4s, and 5 for 
S b  5s. We have previously proposed'* this localized valence s 
atomic orbital assignment for the lone pairs of the group VI 
heteroboranes such as YBl ,HII  (Y = S, Se, Te) but only on the 
evidence of calculations. This assignment means that the lone-pair 
density is chemically unavailable, both in energy and spatial 
distribution, and that the heteroboranes should not demonstrate 
any Lewis-base properties due to the heteroatoms. 

Figure 3 shows the pe spectra of As2BloHlo (structure 11; A, 
B = As) and SeBl ,Hl l  (structure 11; A = Se, B = BH), which 
strongly support the above assignment. In the He I1 spectrum 
of the diarsenic compound the lone-pair band is again very sharp 
and, although not noticeably more intense than the same band 
in Figure 2, has a greater area, being significantly wider-the two 
lone-pair ionizations are more or less degenerate. Also, the 
high-energy shoulder of the low-energy band of Figure 2, assigned 
to carbon-localized cluster orbitals, has disappeared-as expected. 
The spectra of Sb2BloHlo were also obtained, but due to the very 
high temperature required to volatilize this compound they were 
of poor quality; however, they show evidence of both of the effects 
noted above. 

We have reported the He I spectra of the YBIIHl l  (Y = Se, 
Te) and related compounds previo~sly, '~  but these contained no 
evidence of the lone-pair ionization. The spectra of the selena- 
borane (Figure 3)  show that this ionization is observable in the 
He I1  spectrum at 16.8 eV, as expected. This also supports our 
earlier assignment of calcogen lone pairs to valence s atomic 
orbitals in closo-heteroboranes.18 The earlier H e  I spectra were 
recorded on a spectrometer that did not suffer from low sensitivity 
a t  energies higher than 18 eV. We therefore suspect that the 
lone-pair ionizations of all these group V and VI heteroboranes 
are only observable with He I1 radiation. 

Table 111 lists the calculated molecular orbitals of the phos- 
phorus compound and shows percentage compositions and overall 
assignments where the mixing allows. Almost all our experi- 
mentally proposed assignments are supported by the calculation. 
The only point that needs discussion is that there is no one can- 
onical orbital that corresponds to the phosphorus lone pair. It 
is mixed/spread out among a number of orbitals in the -18 to 
-22 eV region. This is consistent with the broad band observed 
in the 17-eV region compared to the sharp bands in the As and 
Sb spectra. A calculation of the localized orbitals of the molecule 
finds the lone pair in an orbital of 92% 3s composition. The 
evidence of the spectra of the heavier atom congeners is that a 

(17) Yeh, J. J.; Lindau, I .  At. Data Nucl. Data Tables 1985, 32, 7. 
(18) MacCurtain, J.; Brint, P.; Spalding, T. R. J .  Chem. Soc., Dalton Trans. 

1985, 2591. 
(19) Ni Dhubhghaill, 0.; MacCurtain, J.; Myers, M.; Spalding, T. R.; Brint, 

P.; McCabe, T.; Ferguson, G.; Reed, D. Submitted for publication in 
Proc. R .  Ir. Acad. 

Table 111. Assignment of the MNDO-Calculated Molecular Orbitals of 
1.2-P(CH)B,nHtn and ComDarison with ExDeriment 

% compn 
-energy/eV cluster P BH assiant exDtl assiant 

12.18 
12.38 
12.45 
12.50 
12.56 
12.85 
12.90 
13.37 
13.54 
14.47 
15.10 
15.41 
16.38 
16.48 
16.92 
18.56 
21.07 
21.17 
21.23 
21.26 
22.44 
28.56 
28.86 
3 1.96 
41.77 

(36.9 29.4) 28.1 
55.7 37.7 
86.1 5.1 2.4 
54.5 2.5 39.8 
43.2 49.0 

9.2 1 . 1  76.8 
(23.1 33.1) 39.8 
51.1' 38.5 

(40.0" 21.6) 27.4 
9.5 20.8 63.5 
6.2 88.3 

11.0 81.1 
93.2 

15.0 71.5 
7.7 5.9 80.1 
4.5 3.7 77.4 

(53.5 9.0) 31.7 
(54.7 14.7) 22.7 
60.6 31.9 
48.0 20.1 23.3 

(54.7 8.6) 28.4 
(66.3 18.7) 2.5 
76.2 2.3 7.0 
78.8" 1.8 8.7 
79.3' 6.1 3.8 

1 1.5-eV band i 
(cluster) 

cluster 

BH 

(cluster) (cluster) / 12.2-eV sh, C local 

:: 1 14-eV band 
BH 
BH 1 
(cluster) 

(cluster) 
(cluster) 

Fl 1 22-eV band 

PZ" 
S" 

"Indicates large C atom component. 

one-to-one correspondence between localized and canonical orbitals 
applies in these cases. 

Table 111 also shows that even in these heteroborane molecules, 
which represent a large distortion from the parent BIZHI?- closo 
system, there are five orbitals of predominantly (6575%) cluster 
character, the DQ, at  low binding energy. 

MNDO Structure Comparisons. The structure of the carboranes 
have been determined, and the theoretical values for the bond 
lengths are compared with experimental ones in Table IV. The 
experimental values are from electron diffractionZo data, and 
therefore not all bond lengths could be uniquely determined for 
the 1,7- and 1,2-compounds. The best values reported from various 
parametric fits are compared with averages of the individual 
calculated values, averaged to mimic the parameters used in the 
experimental analysis. In all cases the calculated values are longer 
than experiment by typically 0.035 A, but otherwise the com- 
parison is extremely good. Only the C-C bond of the 1,2-com- 
pound shows an unusually large error, the calculation finding this 
bond to be almost exactly the same length as the adjacent B-C 
bonds. 

The only phosphaborane structure known2' is that of 9,lO- 
Cl2-1,7-P(CH)BIoH8. The agreement between an MNDO-cal- 
culated structure for this molecule and the experimental data is 
very good. C-B bond lengths, which have experimental values 
between 1.70 and 1.75 8, are calculated at 1.731-1.769 A. Values 
for P-B are 2.01-2.04 A (experimental) and 1.992-2.018 A 
(calculated) the 20 B-B bonds, 1.74-1.82 A (experimental) and 
1.796-1.861 8, (calculated), show the largest error, but only of 
the same magnitude as that found in the carboranes. Values for 
B-C1 are 1.772 and 1.803 8, (experimental) and 1.795 A (cal- 
culated). It seems reasonable to assume that the same agreement 
applies for the structure of the 1,2-phosphacarborane discussed 
in the pes section. 

Numerous attempts to grow crystals of 1,l 2-B12Hlo(C0)2 both 
from solutions and by sublimation have failed to yield any of 
adequate quality. The MNDO calculation gives a Ds geometry 
with bond lengths B,-B,, = 1.822 A, B,-B, 1.865 A, B,-B,' 
= 1.786 A, B-C = 1.486 A, and C-0 = 1.159 A. The 
MNDO-calculated B-B bond length of B12H122- is 1.816 A and 

(20) Bohn, R. K.; Bohn, M. D. Inorg. Chem. 1971, 10, 350. 
(21) Wong, H. S.; Lipscomb, W. N. Inorg. Chem. 1975, Z4, 1350. 
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Table IV. Comparison between the Experimental and MNDO-Calculated (in Parentheses) Bond Lengths (A) of the Carboranes 
compd C-B B-B B-B c-c 

1,12-C2Bi&I12 1.710 (1.758) 1.792 (1.833) 1.772 (1.806) 
1 , ~ - C ~ B I O H ~ ~  1.719 (1.750) 1.790 (1.813) 1.828 (1.824) 
1,2-C2BIoH12 1.708 (1.748) 1.800 (1.837) 1.787 (1.848) 1.676 (1.743) 

shows that the carbonyl substitution has produced only a small 
perturbation of the parent geometry. This is despite the different 
charge distribution necessitated by the conversion to a neutral 
species. The BH groups of Bl2HI2-carry charges of 0.166, those 
of l,12-B12Hlo(CO)2 are calculated to have -0.04, and the BCO 
groups' +0.20 charge is distributed as B, -0.32, C, + O S ,  and 
0, -0.06. This suggests a valence bond structure for the group 
of a B-C single bond and a C-0 triple bond, which is reflected 
in the bond lengths given. This is rather different from the BN2 
groups of Bl0H8(N2),, where evidence for greater delocalization 
over the three atoms was found.6 

Electronic Structure of BI2HIZ2-. The consistency of the 
spectroscopic analysis and the calculations of the variety of 12-apex 
closo compounds presented above allows us to extrapolate to an 
orbital diagram for the B12H122- anion. The orbital types and 
symmetries are listed in the introduction, and the question we can 
now address is the extent to which orbitals of the same I,, symmetry 
but different cluster and BH character mix. All of the compounds 
considered are of lower symmetry, represent different degrees of 
perturbation of the parent borane, and must allow greater op- 
portunity for mixing to occur. From the above therefore we are 
confident that B12H122- will have an orbital energy order of 

S"(aig) < P"(t iJ  < D"(hg) < S"(aiJ < PYtiJ - Fx(gu) < 
DYhg) < F"(t2") 

with perhaps some uncertainty in the position of Sx. Of these the 
D" and D" orbitals show a much greater tendency to mix under 
low-symmetry perturbations than any other atomic label related 
pair. This would account for the DX's being out of the logical S 
C P C D C F order. Figure 4 illustrates the results of an MNDO 
calculation on the anion that, not surprisingly, shows the predicted 
order of orbitals. 

What is surprising is that this is not the order we would have 
predicted from earlier work on closo-boranes. We have reported 
a b - i n i t i 0 ~ ~ 9 ~ ~  and MNDOs*z3 calculations on MNDOS on 
B7H?-, and photoelectron data and MNDO results6 on BloHlo- 
(N2)2, a compound closely related to 1,12-B12Hlo(C0)2. In all 
of these the energy order has consistently been S" C P' C n, x 
C D", F", for the 2n + 1 orbitals of B,H;-. The evidence of the 
current work is that the D*'s drop dramatically in energy between 
BloHlo2- and B12H122-, with the result that the Dx and D"'s of 
B12H122- have been misassigned in an earlier paper in this series.24 

We have reported details of MNDO calculationsS on BllHl12- 
and the related nido-BloHI4, which in fact show an intermediate 
stage of the D" stabilization. They are the first orbitals in energy 
above S" and P" but are close in energy to the BH orbitals. The 
proximity in energy and the low symmetry of these molecules 
causes extensive mixing of the BH and D" type orbitals, which 
inhibited us from drawing any definite conclusions on D" stabi- 
lization in that work.  stone'^^,^ energy equation for the ?r orbitals 
has the D"'s reducing in energy with increasing B,H,*- cluster 
size for n = 2-10 but increasing for n > 10. Fowler and Porterfield 
have presented a more detailed analysis of this equation using EHT 
 calculation^^^ that has the D" energies more or less constant across 

(22) Whelan, T.; Brint, P.; J .  Chem. Soc., Faraday Trans. 2 1985,81, 261. 
(23) Brint, P.; Healy, E.; Spalding, T. R.; Whelan, T. J .  Chem. Soc., Dalton 

Trans. 1982, 201. 
(24) Brint, P.; Cronin, J .  P.; Seward, E.; Whelan, T. J .  Chem. Soc., Dalton 

Trans. 1983, 975. 
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Figure 4. MNDO-calculated occupied molecular orbitals of BIZHI:-. 
The number in parentheses is the calculated percentage of BH bonding 
character. 

the range of cluster sizes. As neither of these theoretical ap- 
proaches include the BH bonding orbitals, and, particularly as 
Stone has a and u energies on separate, unrelated scales, it is not 
possible to fully compare them with the results above. 

It is tempting to suggest that the anomalous stability of the 
D*'s in B12H122- is in some way related to the capacity of the I), 
symmetry to accommodate the five orbitals in their atomic de- 
generacy. There is, of course, no such clear correlation between 
symmetry and energy. It is more realistic to propose that their 
stability does correlate with the renowned chemical stability of 
BI2H12-. The reactivity of the closo anions is a function of the 
surface-distributed, cluster-bonding, electron density rather than 
the BH bonding density. In BI2HlZ2-, 22 of 26 cluster-bonding 
electrons are deep in energy and very unlikely to be involved in 
chemical reactions; in general they will serve to maintain the 
integrity of the structure. 
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