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min. The mixture was slowly warmed to room temperature and then 
stirred for 15 h. The solvent was evaporated in vacuo and the residue 
was triturated with cyclohexane (3 X 75 mL) and filtered. The solvent 
was removed under reduced pressure to afford 0.45 g (98%) of the crude 
azirine. IR and NMR of this material were consistent with those re
ported above and the isolated material was of sufficient purity to be used 
directly. 
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The polyhedral boron chlorides are a family of volatile cluster 
compounds which are related in that they have the common 
molecular formula B„C1„. The species for which n = 4 and 8-12 
have been relatively well characterized,1,2 and the existence of the 
compounds where n = 13-20 has been indicated by mass spec
trometry.3 The structures of only three of the boron mono-
chlorides, B4Cl4, BgCl8, and B9Cl9, have been determined by 
crystallographic studies; all three have been found to have closo 
geometries. 

Octaboron octachloride and nonaboron nonachloride are of 
interest because they are prototypical electron-deficient clusters, 
clusters which—to the extent that ligand-to-cage bonding can be 
factored from intracage interactions—possess only In framework 
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electrons. This is two fewer than the number (2/i + 2, n ^ 4) 
most frequently observed in /!-vertex c/oso-boranes, -carboranes, 
-metalloboranes, and -metal carbonyl clusters.4,5 The latter 
number, In + 2, has been referred to as the "magic" number of 
electrons,6 the number which gives rise to superaromatic bonding.7 

Similarly, the smallest cluster in the series, B4Cl4, can also be 
considered to be electron deficient since there are only 8 framework 
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Abstract: He I photoelectron spectra have been obtained for B4Cl4, B8Cl8, and B9Cl9, the three boron monohalides which 
have been structurally characterized. The 6 photoelectron bands arising from the 15 highest occupied molecular orbitals of 
B4Cl4 are clearly resolved, but the presence of a seventh band at 19.51 eV, which had been previously assigned to the 2a! orbital 
of B4Cl4, is not confirmed. The spectra of B8Cl8 and B9Cl9 are much more complex and less resolved than that of B4Cl4. Rather 
than discrete bands, four broad envelopes of photoelectron activity are found. GAUSSIAN SO (STO-3G) ab initio calculations 
on B4Cl4 and B8Cl8 and INDO semiemperical calculations on B4Cl4, B8Cl8, and B9Cl9 demonstrate that the four envelopes 
result from four different types of molecular orbitals. Each type is distinguished by characteristic boron and chlorine contributions 
to the molecular wave function. Comparison of the ab initio and semiemperical results indicates that they are in remarkably 
good agreement in the assignment of the B8Cl8 spectral data. Back bonding in the poly nuclear boron chlorides is shown to 
be much more complex than in smaller molecules like BCl3. The stability of the neutral boron chlorides (which have only 
2n framework electrons) is found to be one of the results of the differences between the makeup of the HOMO orbitals of 
the polyhedral boron chlorides and that of the analogous boron hydrides. The average boron-boron overlap populations were 
examined using the results from both types of calculation. For a series of eight boron chloride structures the average boron-boron 
overlap population decreases in the order B9Cl9

2" > B9Cl9 > B8Cl8
2" > B8Cl8 > B4Cl4 (Td) > B4Cl4 (D4h) > B2Cl4 (D211) > 

B2Cl4 (D2I1). Except for B8Cl8, the core overlap populations correlate well with the experimental thermal stability data where 
the latter are available. 
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electrons in this compound rather than the 12 electrons almost 
universally found in tetrahedral cage species. While other clusters 
with In framework electron counts have been prepared, the ad
vantage of the polyhedral boron halides discussed here is that they 
form the only complete series of homoleptic, homonuclear cage 
compounds, all of which contain 2« framework electrons. 

One of the most interesting questions in this area of chemistry 
is why is it that the 2« framework electron chlorides BnCln are 
readily formed when the analogous hydrides, compounds like B8H8 

or B9H9, have not been reported? That is, what feature of the 
bonding is responsible for the fact that the neutral halogen-sub
stituted compounds appear to be much more stable than the 
neutral hydrides? 

Several studies have shown that even though they do not contain 
2« + 2 framework electrons, the boron monochlorides are of 
reasonable thermal stability. For example, the 9-atom cage 
compound, B9Cl9, decomposes only very slowly in BCl3, even at 
400 0C.2 The smallest cluster, B4Cl4, has been found to be more 
thermally stable than both CS-(CHj)2C2B3H3 and 1,5-C2B3H5, 
the 2« + 2 framework electron cage compounds nearest in size.1 

In his earlier study, Muetterties was unable to determine whether 
the neutral cluster, HB9Cl8, or the reduced ion, HB9Cl8

2", was 
the thermodynamically favored aggregate.8 

The observed stability of the 2n framework electron polyhedral 
boron chlorides has been widely attributed to halogen-to-cage back 
bonding. This interaction has been postulated to enhance the bond 
strengths in these compounds by delocalizing chlorine lone-pair 
electron density to the boron atoms of the cage by means of the 
molecular orbitals of the appropriate symmetry.6'9"16 In B4Cl4, 
for example, the Ie orbitals have been specified as the pertinent 
back-bonding orbitals. This explanation, however, fails to explain 
several experimental results. For instance, (J-Bu)4B4, a compound 
in which back-bonding effects would be expected to be minimal, 
is readily synthesized," whereas, perhaps fortuitously, no ex
perimental routes are currently known for the preparation of B4F4 

or B4Br4, species in which significant back bonding might be 
expected.1819 The fact that B9I9 exists has been taken to imply 
that the B9 core in that compound is stabilized by back-donation 
from the halide ligands,12 yet the synthesis of B9(J-Bu)9

20 is an 
indication that while halide ligands may be advantageous in the 
nine-atom system, they are not required. 

Although there has been considerable interest in the molecular 
geometries and the bonding of the boron monohalides, their 
electronic structures have not been extensively probed experi
mentally. UV-vis studies have been reported for B4Cl4,

13 B8Cl8,
21 

and B9Cl9,
22 but photoelectron14 and molecular orbital calculations 

at the semiemperical or ab initio levels have been restricted to 
B4Cl4.

15'16'23 

Recent work in one of our laboratories has employed UV 
photoelectron spectroscopy to investigate the electronic structures 
of molecules of increasing size and complexity.24"27 These studies 
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Figure 1. He I photoelectron spectrum and assignments for B4Cl4. 
Previous values in parentheses. The inset sensitivity is 10X that of the 
full spectrum. 

have been greatly aided by the availability of the expanded ab 
initio and semiemperical molecular orbital computational methods 
which are necessary for the interpretation of the spectroscopic 
data.24"28 

The objectives of the present study were to obtain the He I 
photoelectron spectra of B4Cl4, B8Cl8, and B9Cl9, the only three 
boron monochlorides of known structure, and to then interpret 
these results with the aid of ab initio [GAUSSIAN SO (STO-3G)]29 

and semiemperical [enlarged and spectroscopically parameterized 
version of INDO]30 molecular orbital calculations. The size lim
itation of the available GAUSSIAN 80 program restricts the use of 
the STO-3G all electron calculations to B4Cl4 and B8Cl8, whereas 
the INDO program is capable of treating all three of the cluster 
compounds. Furthermore, INDO calculations include chlorine 3d 
orbitals in the basis set. It has been previously suggested that 
these orbitals may contribute significantly to some of the B4Cl4 

molecular orbitals.13,15 The ab initio basis set is minimal and does 
not contain Cl 3d orbitals. 

The He I photoelectron spectrum of B4Cl4 has been reported 
previously;14 however, one feature of that spectrum was unusual 
enough to suggest a reexamination. In the PES of B4Cl4, five 
intense bands, one of which was composite, were observed with 
ionization potentials from 10.6 to 16.0 eV. A sixth band was 
detected at 19.51 eV and assigned to the 2a, orbital.14 Later, two 
separate ab initio studies of B4Cl4 were able to calculate the 
ionization potentials of the first five bands to within 9%15 and (after 
scaling) 7%,16 but each calculation indicated that the ionization 
potential of the sixth band should be substantially in excess of 
21.2 eV, the energy of the He I emission line. 

Experimental Section 
Preparation of the Polyhedral Boron Chlorides. Air and moisture were 

excluded by means of standard vacuum line and glovebox techniques. 
Tetraboron tetrachloride was synthesized from the radio frequency dis
charge of BCl3.' Octaboron octachloride was prepared from the thermal 
reaction of B2Cl4 in CCl4 at 100 0C.20 Nonaboron nonachloride was 
isolated from the decomposition of B2Cl4 at 450 0C.2 The purity of the 
samples was routinely assessed by boron NMR spectroscopy and mass 
spectrometry. Except for a small amount (<3%) of B9Cl9 which was 
present in the B8Cl8 sample, no contaminants were observed. 
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Table I. ST0-3G and INDO Population Analyses and Ionization Potentials of B4Cl4" 

orbital % B 2s %B2p % Cl 3s .Cl 3p ionization potential, eV 

4t2 

It, 
Ie 

3t2 

3a, 
2tj 

12.1 (1.9) 

0.0 (0.0) 
0.0 (0.0) 

0.0 (0.6) 

5.1 (4.8) 
21.8 (14.8) 

25.4 (15.7) 

2.5 (0.8) 
6.0 (12.6) 

22.5 (26.0) 

16.4(14.5) 
10.5 (44.8) 

0.0 (0.0) 

0.0 (0.0) 
0.0 (0.0) 

3.0 (7.8) 

20.0 (18.9) 
20.4 (20.0) 

57.6 (81.4) 

90.8 (99.3) 
87.5 (86.7) 

69.1 (64.7) 

52.8 (61.2) 
39.8 (17.8) 

9.663 (12.388) 

12.483 (13.513) 
12.973 (14.350) 

13.851 (15.551) 

15.368 (16.360) 
16.337 (19.456) 

"Only molecular orbitals observed by He(I) spectroscopy included; numbering begins with the valence orbitals. Results from ab initio calculations 
are given without parentheses. Results from INDO calculations are given in parentheses. 

Determination of the Spectra. The He I photoelectron spectra were 
obtained with a Perkin-Elmer PS-18 spectrometer. Samples of B4Cl4 
were introduced through a gas probe, while B8Cl8 and B9Cl9 were in
troduced through a heated solids probe at 44 and 58 0C, respectively. 
The latter two compounds were volatilized from 4-mm Pyrex tubes which 
were sealed until just prior to insertion into the spectrometer. 

Spectra from at least three separate preparations of each compound 
were obtained and calibrated to the 2P,/2 and 2P3/2 ionic states of xenon 
and argon. Additionally, the spectrum recorded 5 hours after the in
troduction of each sample was compared to that obtained after 30 min. 
No changes in either the position or relative band intensities were ob
served. However, small amounts of boron trichloride, characterized by 
a very intense band at 12.7 eV, were present immediately after the initial 
introduction of B8Cl8 and B9Cl9. As a test of the spectrometer sensitivity 
in the 19-20-eV region, the spectrum of p-dioxane was examined; the 
19.4-eV band of this compound was clearly evident.31 

Molecular Orbital Calculations. Calculations were carried out on the 
boron chlorides B2Cl4, B4Cl4, B8Cl8, B8Cl8

2", B9Cl9, and B9Cl9
2". The 

bond angles and bond lengths used for B2Cl4 were taken from the crys
tallography data.32 However, D2J symmetry (which is consistent with 
gas-phase Raman and IR studies33) was employed in the B2Cl4 calcula
tion in addition to the Dy, structure found in the solid state. In the gas 
phase B4Cl4 was assumed to be tetrahedral with boron-boron and bo
ron-chloride distances of 1.70 A.34,35 The structural data for dodeca-
hedral B8Cl8 were obtained from the literature.36'37 For B9Cl9, point 
group D}h, the published data38 are incomplete since the angle between 
the six equivalent BCl bonds and the 3-fold axis as well as the prism 
height is unreported. The present calculations are based upon an angle 
of 135" and a prism height of 2.08 A.39 Crystallographic data are not 
available for the dianions; unless otherwise noted the geometries em
ployed were those of the corresponding neutral compounds. 

Results 
Spectroscopic Results. The He I photoelectron spectrum of 

B4Cl4 obtained in this study is shown in Figure 1. The measured 
ionization potentials are given above each band along with those 
previously reported, the latter being enclosed in parentheses. The 
spectrum in Figure 1 is similar to that previously observed; 
however, there are two differences. First, relative to the band at 
10.55 eV, the bands of higher ionization potential, 15.38 and 15.97 
eV, are slightly more intense in the present spectrum than in that 
previously published. Second, there is no evidence for a weak band 
centered at 19.51 eV. The inset in Figure 1 results from a 10-fold 
increase in sensitivity in the 18-20-eV region, see ref 14. 

The photoelectron spectra of B8Cl8 and B9Cl9 are presented 
in Figures 2 and 3, respectively. While the individual spectra do 
differ in detail, there are evident similarities within the series. For 
example, in each case the band or envelope of bands with the 

(31) Kimura, K.; Katsumata, S.; Achiba, Y1; Yamazaki, T.; Iwata, S. 
Handbook of HeI Photoelectron Spectra of Fundamental Organic Molecules; 
Halsted: New York, 1981; p 207. 
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(33) Linevsky, M. J.; Shull, E. R.; Mann, D. E.; Wartik, T. J. Am. Chem. 
Soc. 1953, 75, 3287. Ryan, R. R.; Hedberg, K. J. Chem. Phys. 1969, JO, 
4986. 

(34) Atoji, M.; Lipscomb, W. N. Acta Crystallogr. 1953, 6, 547. 
(35) Brown, F. R.; Miller, F. A.; Sourisseau, C. Spectrochim. Acta, Part 

A 1976, 32A, 125. 
(36) Jacobson, R. A.; Lipscomb, W. N. J. Chem. Phys. 1959, 31, 605. 
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Figure 2. He I photoelectron spectrum and assignments for B8Cl8 
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Figure 3. He I photoelectron spectrum and assignments for B9Cl9. 

lowest ionization potential is centered at 10.6 (±0.1) eV. Similarly, 
the bands arising from the orbitals with the highest observed 
ionization potentials appear as broad envelopes at 15.7 (±0.3) eV. 
The remaining, intermediate energy bands are the most intense 
and the most complex in the spectra. In all three spectra there 
is a very strong band or envelope of bands at 12.3 (±0.15) eV 
accompanied by other bands that are centered in the 13-14-eV 
energy region. 

Computational Results. Population Analyses. Tables I and II 
contain the atomic contributions to the molecular orbitals from 
both the ab initio and the INDO calculations on B4Cl4 and B8Cl8. 
The INDO results from B9Cl9 are found in Table III. For B4Cl4 

and B8Cl8 the trends within each of the data sets are in excellent 
agreement. With the exception of the lb, orbital of BgCl8 the 
largest differences in the character of the orbitals predicted by 
the two calculations are found in the highest occupied molecular 
orbitals and in the most strongly bound orbitals in the spectra. 
The ab initio results predict significantly higher boron contributions 
in the orbitals in the HOMO region than the INDO calculations 
do. They also suggest that the orbitals deeper in energy (2t2 for 
B4Cl4,4e and 4a, of B8Cl8) contain more B 2s and Cl 3p character 
than that indicated by the INDO calculations. 

A comparison of the population analyses for the remaining 
orbitals indicates that the trends obtained from each of the cal-
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Table II. STO-3G and INDO Population Analyses and Ionization Potentials of B8Cl8" 
orbital 

3b, 
1Oe 
8a, 

9e 
7b2 

8e 
7a, 
2a2 

2b, 
7e 
Ia2 

6b2 

6e 
6a, 
5e 

lb, 
5b2 

4b2 

5a, 
4e 
4a, 

% B 2s 

0.0 (0.0) 
5.2 (0.7) 
4.7 (0.4) 

3.7 (0.4) 
1.6 (0.3) 
0.1 (0.2) 
0.0 (0.0) 
0.0 (0.0) 
0.0 (0.0) 
0.3 (0.0) 
0.0 (0.0) 

1.2(1.0) 
1.1 (0.7) 
4.9 (3.2) 
1.8 (2.2) 

0.0 (0.0) 
2.3 (1.5) 

15.9 (6.5) 
7.2 (6.2) 

20.6 (6.0) 
19.4 (3.4) 

% B2p 

31.7(13.0) 
21.7 (13.6) 
20.6 (12.4) 

5.5 (2.1) 
1.1 (0.1) 
2.4 (2.3) 
2.7 (0.6) 
2.3 (0.2) 
2.7 (0.6) 
3.1 (1.0) 
5.7 (6.0) 

10.8 (17.5) 
23.1 (22.4) 
16.7 (16.7) 
23.2 (20.3) 

42.0 (82.0) 
22.6 (20.6) 

9.6 (24.8) 
20.0 (13.9) 
23.7 (59.9) 
28.4 (59.4) 

% Cl 3s 

0.0 (0.0) 
0.0 (0.0) 
0.0 (0.0) 

0.3 (0.0) 
0.0 (0.0) 
0.0(0.1) 
0.0 (0.0) 
0.0 (0.0) 
0.0 (0.0) 
0.0 (0.0) 
0.0 (0.0) 

1.0 (2.4) 
10.2 (7.4) 
10.4 (9.9) 
7.6 (9.2) 

0.0 (0.0) 
17.3 (12.3) 
20.7 (21.8) 
23.5 (32.0) 
14.4 (17.3) 
16.0 (24.6) 

% Cl 3p 

63.8 (85.9) 
67.9 (84.6) 
69.5 (86.3) 

83.9 (97.3) 
90.5 (99.5) 
90.9 (97.4) 
90.5 (99.2) 
91.0 (99.8) 
90.6 (99.4) 
90.0 (98.9) 
87.8 (93.7) 

80.8 (78.1) 
60.1 (68.9) 
62.0 (69.3) 
62.2 (67.6) 

53.8 (14.1) 
52.4 (65.3) 
46.9 (45.2) 
44.0 (47.1) 
35.1 (13.7) 
32.8 (9.8) 

ionization potential, eV 

9.631 (12.665) 
10.504 (12.635) 
10.581 (12.557) 

12.237 (13.395) 
12.292 (13.368) 
12.443 (13.429) 
12.506(13.408) 
12.656(13.702) 
12.856 (13.797) 
12.956(13.815) 
13.468 (14.316) 

14.086 (15.148) 
14.345 (15.310) 
14.860 (15.882) 
14.897 (15.827) 

15.393 (20.565) 
15.536(16.113) 
16.077 (17.804) 
16.410(17.820) 
17.026(21.000) 
17.469 (22.424) 

"Only orbitals observed by He(I) spectroscopy included; numbering begins with the valence orbitals. Results from INDO calculations given in 
parentheses. Orbitals are listed in order of increasing ionization potential as predicted by the ab initio calculations. 

Table III. 
B9Cl/-* 

INDO Population Analysis and Ionization Potentials of B4Cl4 B=Cl 8"-1B 

orbital 

9e' 
6e" 
7a,' 

8e' 
2a2' 
5e" 
Ia1" 
5a2" 
7e' 
4e" 

4a2" 
Ia2 ' 
6e' 
6a,' 
3e" 
3a2" 
5e' 

5a,' 
4e' 
4a,' 
2e" 

% B 2 s 

0.5 
0.3 
0.4 

0.3 
0.0 
0.0 
0.0 
0.4 
0.0 
0.0 

0.0 
0.0 
1.9 
2.6 
3.7 
0.8 
1.3 

6.7 
4.7 
4.0 
3.1 

% B 2 p 

12.9 
12.6 
9.8 

0.5 
0.1 
0.3 
0.6 
1.1 
0.5 
1.0 

10.2 
26.4 
20.1 
19.4 
17.7 
25.6 
21.5 

12.4 
58.0 
62.9 
57.9 

% Cl 3s 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.8 
0.0 
9.3 
9.2 

10.5 
9.6 

10.1 

36.8 
23.7 
21.5 
26.2 

% Cl 3p 

85.7 
86.1 
89.1 

99.1 
99.9 
99.6 
99.4 
98.4 
99.4 
98.9 

88.7 
72.0 
68.1 
68.1 
67.2 
63.2 
66.5 

43.4 
10.9 
8.9 

10.0 

ionization 
potential, eV 

12.630 
12.729 
12.804 

13.500 
13.523 
13.604 
13.632 
13.638 
13.668 
13.799 

14.508 
15.480 
15.683 
15.788 
15.922 
15.978 
15.988 

18.248 
21.832 
22.225 
22.302 

10.0 

Z 
W 
H 
O 
CU 

Z 
O 

% 
S 
O 

3 
D 

12.0 

14.0 -

16.0 

18.0 

"Only orbitals observed by He(I) spectroscopy included; numbering 
begins with the valence orbitals. 'Prism height, 2.08 A; angle between 
the six equivalent BCl bonds (prism B-Cl) and C3 axis, 135°. 

culations are very similar. Even the absolute values correspond 
quite well (to within 14%). The close agreement between the 
results from the two types of treatment for B4Cl4 and B8Cl8 is 
supportive of the trends in the B9Cl9 INDO population analysis 
found in Table III. 

Participation of Inner-Shell and Chlorine 3d Atomic Orbitals. 
Tables I—III contain only the contributions of the boron and 
chlorine valence orbitals. The inner-shell contributions to the 
molecular orbitals examined here are small. The largest B Is 
contribution indicated by the STO-3G calculations is 2.4% in the 
4e orbitals of B8Cl8. The maximum Cl 2p content is 6.8% which 
is found in the It1 orbitals of B4Cl4. The Cl Is and 2s character 
is less than 1% in all orbitals. 

The amounts of Cl 3d participation obtained from the INDO 
calculations are also small, generally less than 2%. Overall, the 
largest amount of Cl 3d character, 3.9%, is found in the Ib1 orbital 

Figure 4. Ab initio energy level diagrams for B4Cl4 and B8Cl8. 

of B8Cl8. The Cl 3d contribution to the Ie orbitals of B4Cl4 is 
0.7%. 

Ionization Potentials. Theoretical ionization potentials were 
obtained by the application of Koopmans' theorem40 to the results 
of the ab initio and the INDO calculations. They are listed in Tables 
I—III. The patterns of photoelectron intensity predicted by the 
STO-3G and INDO treatments are presented in Figures 4 and 5, 
respectively. 

Assignment of the B4O4 Spectrum. For B4Cl4, except for the 
4t2 orbitals for which the calculated ionization potentials are 0.89 
eV (8.4%) lower than observed, the absolute ionization potentials 
from the ab initio calculations are all within 0.4 eV (2.3%) of those 
obtained from the experimental spectrum, Figure 1. The present 
ab initio results are also in good agreement with those previously 
obtained from both Gaussian-16 and Slater-type15 basis functions. 
Like the previous calculations, they indicate that the ionization 
potential of the 2a] orbital (25.1 eV) is too large for that orbital 
to be observed in the He(I) spectrum. 

When compared with experiment, the B4Cl4 INDO results are 
less accurate. The calculated ionization potentials are uniformly 
1.0-2.0 eV larger than the experimental values, except for the 
2t2 orbitals which are predicted to be 3.5 eV larger than measured. 

(40) Koopmans, T. Physica 1934, 1, 104. 
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Figure 5. INDO energy level diagrams for B4Cl4, B8Cl8, and B9Cl9. 

The result is that the calculated difference between the 3aj and 
the 2t2 orbitals (3.1 eV) is much greater than obtained from the 
spectrum (0.6 eV). Similarly, the predicted difference between 
the 3t2 and the 2t2 orbitals (3.9 eV) is greater than measured (2.4 
eV). Nevertheless, the ordering of the orbitals in the B4Cl4 INDO 
calculation is in complete accord with the STO-3G results and 
with those obtained in previous studies.15,16 

The basic features in the spectra of B8Cl8 and B9Cl9, Figures 
2 and 3, are similar to those found in the spectrum of B4Cl4. 
However, in B4Cl4 the ionization potentials of only 15 orbitals 
are within the energy regime shown in Figure 1. Symmetry 
considerations dictate that six bands occur; all are clearly resolved. 
In B8Cl8 and B9Cl9, because of the increase in size and the re
duction in molecular symmetry, there are not only more orbitals 
in the same energy region (28 and 32, respectively) but also many 
more potentially distinct bands in each spectrum (21 in each case). 
This increase in size coupled with the reduction in symmetry results 
in many B8Cl8 and B9Cl9 orbitals which are very similar to one 
another in makeup and energy. It is this near degeneracy which 
accounts for the greater breadth of some of the B8Cl8 and B9Cl9 

photoelectron envelopes (e.g., those near 12.3 eV), in comparison 
to the bands of B4Cl4. The incomplete resolution prevents the 
assignment of the B8Cl8 and B9Cl9 bands within the broad pho
toelectron envelopes. However, the calculations, including the 
population analysis, do allow the great majority of the orbitals 
to be assigned to the appropriate envelope; see Figures 2 and 3. 

Assignment of the B8Cl8 Spectrum. The photoelectron spectrum 
of B8Cl8 can be assigned by either of two independent methods. 
The first relies upon the relatively accurate valence orbital ion
ization energies provided by the ab initio calculations. These values 
fall naturally into four groups as shown in Figure 4, the energy 
level diagrams for B4Cl4 and B8Cl8 obtained from the STO-3G 
ionization potentials contained in Tables I and II. Each of the 
B8Cl8 groups of orbitals corresponds to one of the photoelectron 
envelopes found in the spectrum. The population analysis (Table 
II) of each orbital within a given grouping of orbitals is similar 
to that of the other orbitals within the group but considerably 
different than that of the orbitals which contribute to an adjacent 
envelope of the spectrum. 

The first group contains the 3b b 1Oe, and 8aj orbitals. They 
give rise to the envelope which maximizes at 10.69 eV (calculated 
9.6-10.6 eV); see Figure 2 and Table II. The calculations indicate 
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that these orbitals have mostly Cl 3p (63.8-69.5%) and B 2p 
(20.6-31.7%) character. 

The second highest occupied group of orbitals includes the 9e, 
7b2, 8e, Va1, 2a2, 2b,, 7e, and Ia2 orbitals. These orbitals contribute 
to the envelope which is found at 12.16 eV (calculated 12.2-13.5 
eV). They have the highest Cl 3p (83.9-91.0%) and the lowest 
B 2p (1.1-5.7%) components of all the orbitals of B8Cl8. Of the 
four energy regions considered for this molecule, the second 
contains the largest number of orbitals; in the spectrum of B8Cl8 

the emission intensity of the envelope at 12.16 eV is greater than 
at any other energy. 

The third group of orbitals contains the 6b2, 6e, 6a b and 5e 
orbitals. The bands from these orbitals have been assigned to the 
envelope centered between 13.61 and 14.10 eV (calculated 
14.1-14.9 eV). The STO-3G calculations indicate that this group 
is generally of higher B 2p (10.8-23-2%) and lower Cl 3p 
(60.1-80.8%) contribution than the orbitals of the second region. 

The fourth group consists of the Ib1, 5b2, 4b2, 5a l5 4e, and 4a! 
orbitals. These orbitals are assigned to the envelope of highest 
observed ionization potential, the one which maximizes at 15.58 
eV (calculated 15.4-17.5 eV). They have the lowest Cl 3p 
(32.8-53.8%) and, with the exception of the Ib1 orbital, the highest 
Cl 3s (14.4-23.5%) character of any of the orbitals examined here. 
The ionization potential of the next more tightly bound pair of 
orbitals in B8Cl8 (3e) is calculated to be 20.7 eV. 

A similar, but alternative, method for assigning the B8Cl8 

photoelectron spectrum makes use of the INDO calculation for 
B8Cl8 in conjunction with the results of the same type of calculation 
on B4Cl4. As shown in Figure 5, the INDO calculations predict 
that the orbital ionization potentials for B8Cl8 fall into three groups. 
Each of these groups corresponds to one or more of the orbitals 
of B4Cl4. Rather than form a fourth group, however, the calcu
lated ionization potentials of the most tightly bound orbitals 
observed in the spectrum are found at six discrete values. 

The first B8Cl8 group of orbitals is calculated to have ionization 
potentials slightly greater than the 4t2 orbitals of B4Cl4. Ex
perimentally, the envelope maxima are found at 10.55 and 10.69 
eV for B4Cl4 and B8Cl8, respectively. The next 11 orbitals are 
projected to be closely spaced in energy, with ionization potentials 
which range from slightly less than the lti orbitals of B4Cl4 to 
almost that of the Ie orbitals. Comparison of Figures 1 and 2 
indicates that these predictions are also in accord with experiment. 
The second photoelectron envelope maximizes at 12.16 eV and 
tails off to the high-energy side. 

The third group of orbitals are calculated to have ionization 
potentials similar to that of the 3t2 orbitals of B4Cl4, the latter 
occurring at 13.56 eV in the spectrum of B4Cl4. The third group 
of orbitals in B8Cl8 is thus assigned to the envelope centered 
between 13.61 and 14.10 eV. 

The INDO calculations predict that the six bands in the region 
of highest observed ionization potential should be much more 
spread out in energy than is observed. This error in the INDO 
results is similar to that which previously occurred in the B4Cl4 

calculation where the difference in energy between the 3a] and 
2t2 orbitals was predicted to be much larger than found. Ac
cordingly, the final group of orbitals in B8Cl8 are all assigned to 
the PES envelope at 15.58 eV. 

Assignment of the B9Q9 Spectrum. For B9Cl9, like B8Cl8, the 
INDO calculations predict that the orbital ionization potentials fall 
into three relatively compact groups, but again the fourth group 
is computed to be broader in energy than is experimentally ob
served; see Figure 5. The first group, containing the 9e', 6e", and 
7a!' orbitals, corresponds closely in both calculated ionization 
potential and population to the 4t2 orbitals of B4Cl4 and to the 
Sb1, 1Oe, and 8ai orbitals of B8Cl8. They are readily assigned to 
the photoelectron envelope which is found at 10.66 eV. The second 
group, the 11 orbitals of B9Cl9, 8e', 2a2', 5e", Ia1", 5a2", 7e', and 
4e", are all calculated to contain 99 ± 1% Cl 3p character, and 
the ionization potentials of these orbitals are all computed to be 
within 0.3 eV of the ionization potential of the It1 orbitals of B4Cl4. 
These orbitals are all assigned to the region of highest photo
electron intensity in the spectrum, the envelope at 12.28 eV. 

la.ee
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The third group of orbitals in B9Cl9, 4a2", Ia2', 6e', 6ai', 3e", 
3a2", and 5e', have reduced Cl 3p character, 63-89%, increased 
boron 2p populations, 10-26%, and calculated ionization potentials 
of 14.5-16.0 eV. The experimental ionization potentials of the 
B4Cl4 3t2 orbitals and the six B8Cl8 corresponding orbitals are all 
in the range 13.6-14.1 eV. By analogy, the third group of B9Cl9 
orbitals has been assigned to the bands occurring at 13.2 and 13.5 
eV and to the envelope at 14.1 eV. 

The final group of orbitals observed for B9Cl9, Sa1', 4e', 4a,', 
and 2e", all have increased Cl 3s character, decreased Cl 3p 
character, and calculated ionization potentials in excess of 16.0 
eV, like the corresponding orbitals of B4Cl4 and B8Cl8. These 
orbitals have been assigned to the envelope centered at 15.85 eV 
in the spectrum. 

In B4Cl4 there are five valence orbitals (2a1; It2, and Ia1) that 
are too deep in energy to probe by He I photoelectron spectroscopy. 
They are chiefly derived from the Cl 3s electrons and the a] cage 
orbital into which a small amount of ligand character has been 
mixed. In B8Cl8 and B9Cl9 there are 12 and 13 orbitals, re
spectively, which cannot be examined by He I spectroscopy. 

Variation of the B9CI9 Geometry. Because the crystallographic 
data for B9Cl9 are incomplete, the geometry is uncertain. The 
theoretical effect of varying the prism height while maintaining 
the Dih point group was examined by decreasing the prism height 
from 2.08 to 1.81 A, the latter corresponding to the prism height 
of B9H9

2".41 According to the INDO calculations, the largest shifts 
in energy among the 32 highest occupied molecular orbitals (those 
observed in the PES spectrum) are stabilizations of the 4e' and 
the Ia2' orbitals by 0.6 and 0.7 eV, respectively, and destabili-
zations of the 6e" and 2e" orbitals by 0.4 and 1.0 eV, respectively. 
The decrease in the calculated ionization potential of the 6e" 
orbitals in the second geometry is accompanied by a decrease in 
the Cl 3p character, from 86.1 to 80.7%, and an increase in the 
B 2p character, from 12.6 to 17.5%. 

If the vapor-phase geometry of the B9Cl9 molecule should 
correspond more closely to the second structure, the decrease in 
prism height does change the ordering of several orbitals, including 
the 9e' and the 6e" orbitals. The change in geometry, however, 
does not alter the photoelectron envelopes to which any of the 
orbitals have been assigned. 

Average Core Overlap Population Calculation. In addition to 
affording orbital and total energies, molecular orbital calculations 
also generate bond overlap populations, the last a theoretical 
measure of the strength of the bonding between two atoms. In 
closo cluster compounds like the boron halides examined here, 
in addition to bonds directed toward the ligands, the atoms forming 
the core of the cluster are also bonded to each of their nearest 
neighbors in the cage. In order to examine the average strength 
of the bonding between one of the boron atoms and the remainder 
of the framework, the "average core overlap population" has been 
obtained. 

The basic approach is an extension of the ideas originally 
proposed by Mulliken to three-dimensional compounds. The 
average core overlap population is calculated in three steps. The 
first step is the computation of the overlap population, n, over all 
occupied molecular orbitals for the interactions between each pair 
of core atoms (atoms k and 1) 

«(k,l) = L££2CrkCS|Sr iSl 
rk s, i 

where there are two electrons in molecular orbital i; rk and S1 are 
the appropriate atomic orbitals of atoms k and 1, respectively, in 
molecular orbital i. In this equation G^ is the coefficient for atomic 
orbital r on atom k in molecular orbital i and C8, is similarly 
defined for atom 1. SrkS| is the overlap integral of these atomic 
orbitals. See eq 4, ref 42. The second step is the summation 
of the individual overlaps, n(k,l), over all of the boron-boron bonds 
which generates the total core overlap population. The average 
core overlap population is then obtained by dividing the total core 

(41) Guggenberger, L. J. Inorg. Chem. 1968, 7, 2260. 
(42) Mulliken, R. S. J. Chem. Phys. 1955, 23, 1833. 

Table IV. Overlap Populations and Approximate Decomposition 
Temperatures for the Boron Halides 

compd 

B2Cl4, Du 

B2Cl4, Du 

B4Cl4, Dik 

B4Cl4, Tt 

B8Cl1* 
B8Cl8* 
B8Cl8

2-* 
D9C49 

D9CI9 

B,C1,2-J 

N° 

2 
2 
4 
4 
8 
8 
8 
9 
9 
9 

interac
tions' 

1 
1 
1 
6 

28 
28 
28 
36 
36 
36 

A C O P ' ' 

0.397 
0.401 
0.674 
0.720 
0.812 
0.822 
0.902 

ACOI*'' 

0.416 
0.819 
1.006 
1.179 
1.221 
1.246 
1.263 
1.260 
1.288 

B-CK 

0.598 
0.592 
0.573 
0.600 
0.600 
0.593 
0.522 

thermal 
dec, 0 C 

75 
k 

~160 

~160 
k 

400 
k 
k 

"Number of boron atoms. 'Number of boron-boron interactions 
examined. 'Average core overlap population (per boron atom). ''From 
STO-3G calculations. 'From INDO calculations. ^ Average two-elec
tron B-Cl bond overlap populations from STO-3G calculations. 
'Structure from ref 36. 'Structure from ref 37. 'Structure from ref 
38. •'Structure from ref 38 but prism height decreased to 1.81 A. 
'Species unknown or thermal stability unreported. 

overlap population by the number of boron atoms contributing 
equally or nearly equally to the bonding. In the present approach 
all of the core atoms aire treated equivalently. Calculations upon 
more assymetric species would, of course, require a more localized 
approach. 

The results of this calculation for B2Cl4, B4Cl4 (in both tetra-
hedral and square-planar polytopes), B8Cl8, B8Cl8

2", B9Cl9, and 
B9Cl9

2" are presented in Table IV. In the Dih geometry the B-B 
bond lengths in B4Cl4 were assumed to be 1.719 A, while the B-Cl 
distances were taken to be 1.759 A. 

Discussion 
Appearance of the Spectra. As shown in Figures 1-3, the 

similarity of the spectra obtained from B4Cl4, B8Cl8, and B9Cl9 
is remarkable. In the latter two molecules there are over 3 times 
as many energetically discrete orbitals as there are in B4Cl4, yet 
all of the measured ionization potentials of B8Cl8 and B9Cl9 fall 
into the energy regions previously mapped out by B4Cl4. Clearly, 
the gross features of the He(I) photoelectron spectra arise from 
the fact that all of these compounds are closo clusters comprised 
of BCl units, in each of the clusters the interactions among the 
boron and chlorine atoms must be similar. As discussed below 
the interactions fall into four general types; each type of interaction 
results in one of the regions of photoelectron activity found in the 
spectra. The trends in the spectra which occur as the cluster size 
increases appear to foreshadow the type of band structure asso
ciated with the solid state. 

Assignment of the Spectra. The basic approach taken here is 
patterned after that which has been employed in the assignments 
of the photoelectron spectra of large aromatic species, compounds 
in which delocalization is found in two rather than three di
mensions.24"27 Given the large number of orbitals examined, the 
semiempirical and ab initio calculations are in surprisingly good 
agreement in the assignment of the photoelectron spectrum of 
B4Cl4 and B8Cl8. Both calculations predict a close correspondence 
in population and energy between the orbitals of B8Cl8 and those 
of B4Cl4. Comparison of the B4Cl4 results indicates that the 
ionization potentials afforded by INDO are less accurate, but that 
the energetic ordering of the orbitals predicted by both calculations 
is identical. For B8Cl8, both calculations provide groupings of 
orbitals that assign the same orbitals to the same envelopes in the 
spectrum, as shown in Figures 4 and 5, but they disagree upon 
the ordering of some of the orbitals within these envelopes. The 
complexity of the B8Cl8 spectrum does not allow an evaluation 
of the discrepancies between the two types of calculations. The 
INDO results from B9Cl9 indicate that the types of orbitals observed 
in this cluster compound are very much like those found in B4Cl4 
and B8Cl8. It is this correspondence which has permitted the 
assignment of the B9Cl9 spectrum. 

Apart from the differences in the ionization potentials antic
ipated and the exact ordering of the orbitals within some of the 
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envelopes in the spectrum, the major difference between the ab 
initio and the INDO calculations is related to the energy gaps 
between the lowest lying orbitals observed in the spectra. The 
INDO calculations suggest that these orbitals span a much broader 
energy range than predicted by the STO-3G calculations or ob
served experimentally. 

For B8Cl8, assuming that the same geometry prevails in the gas 
phase as reported for the solid state, the uncertainties in the 
assignments lie in the relative energies of some of the orbitals 
within the various envelopes and perhaps in the assignments of 
the Ia2 and 5b2 orbitals. Both calculations indicate that the 
ionization potential and the population of the Ia2 orbital is in
termediate between those of the 7e and 6b2 orbitals which con
tribute to the second and third envelopes of photoelectron activity, 
respectively. In either calculation the predicted ionization po
tentials and the population analysis of the Ia2 orbital corresponds 
more closely to those of the 7e orbitals; thus the Ia2 orbital has 
been assigned to the envelope which maximizes at 12.16 eV. From 
the INDO results alone, the assignment of the 5b2 orbital is difficult, 
but as shown in Figure 5, the calculated ionization potential of 
the 5b2 orbital is greater than that of any orbital which has been 
assigned to the third region of photoelectron activity. 

For B9Cl9, the spectral assignment has been carried out without 
ab initio results. Based upon the comparisons above, all electron 
ab initio results for B9Cl9 might be expected to indicate smaller 
ionization potentials, a different ordering of the orbitals within 
the envelopes, and less spread in the predicted ionization potentials 
for the orbitals which contribute to the photoelectron envelope 
located near 15.85 eV. Taken as a whole, however, the com
parisons of the ab initio and the INDO calculations for B4Cl4 and 
B8Cl8 suggest that the INDO results from B9Cl9, or even those from 
larger molecules, species much too large for ab initio calculations, 
can be treated with some confidence if the results are utilized in 
conjunction with those obtained from similar, but smaller, clusters. 

Back Bonding in the Polynuclear Boron Chlorides. Back 
bonding by means of interactions between filled Cl 3p and 
unoccupied B 2p atomic orbitals has long been suggested to in
fluence the stability of the boron halides. Typically, the back-
bonding molecular orbitals have been defined as those in which 
the ligand-cage interactions are of ir character and in which there 
is significant contribution from both B 2p and Cl 3p atomic 
orbitals. The extent of back bonding in a given compound, 
however, has proven difficult to quantify for several reasons, some 
of them semantic. 

The original definition of back bonding is derived from Pauling's 
valence bond formalism and refers to the extent to which the 
appropriate canonical resonance forms contribute to the B-Cl 
bonding; the effect is to increase the B-Cl bond strength relative 
to a hypothetical B-Cl bond in which only a bonding was pres-
e n t 9,ii,i6,43 H0Wever, the same terminology, back bonding, has 
also been employed in the context of assessing the extent to which 
the boron-boron (framework) bonding has been augmented by 
the occupation of the back-bonding orbitals in the boron hal-
ides.'0,12""14'23 The two definitions are not necessarily synonymous. 

In very simple molecules like BCl3, back bonding is easily 
demonstrated and evaluated since in this compound only one 
occupied molecular orbital, the Ia2" orbital, contains any inter
action of ir symmetry between the boron atom and the ligands. 
As shown in Figure 6, the eigenvectors of the atomic components 
of this orbital are all parallel, the overlap is everywhere positive, 
and there is no overlap of a character in this orbital. To the extent 
that ir bonding does occur in BCl3, it is confined to one molecular 
orbital, the Ia2" orbital. This orbital enhances the B-Cl bond 
strength. 

In compounds even slightly more complex than BCl3, however, 
the situtation is much less amenable to an approach in which only 
one type of orbital is singled out for attention. Three additional 
complications occur in the polynuclear boron chlorides. Two of 
these can be demonstrated by the B2Cl4 ST0-3G results. The 

(43) Lynaugh, N.; Lloyd, D. R.; Guest, M. F.; Hall, M. B.; Hillier, I. H. 
J. Chem. Soc, Faraday Trans. 2 1972, 68, 2192. 
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Figure 6. Orbital diagrams and INDO population analyses of major 
back-bonding orbitals in BCl3 (/-(B-Cl = 1.75 A), B2Cl4, B4Cl4, B8Cl8, 
and B9Cl9. The B8Cl8 and B9Cl9 molecules are viewed along the C2 and 
C3 axes, respectively. In the B9Cl9 representation selected atoms and Cl 
3p orbitals have been omitted for clarity. 

first arises because the geometry of B2Cl4 is staggered in the gas 
phase.33 No orbital is purely back bonding in character. 

Although the 3e orbitals have been described as the back-
bonding orbitals in B2Cl4,

43 these orbitals also contain interactions 
which are not of v character. In addition to interactions of local 
7T symmetry between two of the chlorine atoms and the boron atom 
to which they are bonded, there are also interactions between the 
2p orbital of the second boron atom and atomic hybrids from the 
second set of chlorine atoms; the latter are directed toward one 
or the other of the lobes of the second B 2p orbital. This is the 
mechanism by which Cl 3s but not B 2s character is admixed into 
the 2e and 3e orbitals of B2Cl4.

44 As shown in Figure 6, the B-Cl 
interactions in the 2e orbitals are similar. To evaluate the extent 
of back bonding in B2Cl4, it is necessary to examine several orbitals, 
but only part of each orbital, the part of local ir symmetry, can 
be counted toward the net amount of back bonding which occurs. 

The second complication occurring in B2Cl4 is a result of the 
node between the boron atoms in the 3e orbitals. The 3e orbitals 
increase the B-Cl bonding in B2Cl4, but they simultaneously 
decrease the boron-boron overlap. Depending upon the frame 
of reference then, the 3e orbitals of B2Cl4 are either back bonding 
(in part), because the ir overlap strengthens the boron-chlorine 
bonds, or not back bonding, since the occupation of these orbitals 
weakens the boron-boron bond. 

In all of the boron monochlorides, BnCln, discussed here, sym
metry does permit molecular orbitals which are solely B 2p and 
Cl 3p in makeup and in which the atomic components of the 
ligands are strictly in phase with those of the cage atoms. Some 
of these orbitals are also depicted in Figure 6. However, these 
are not the only orbitals that contribute to back bonding since 
in each compound there are also other orbitals in part of which 
the overlap is of ir character. Like the 2e and 3e orbitals of B2Cl4, 
however, these other orbitals also contain regions which are not 
of local 7T symmetry. 

A third feature not observed in BCl3 is found in the boron 
monochlorides. In some of the molecular orbitals which are 
composed entirely of B 2p and Cl 3p atomic contributions, the 
boron-chlorine ir overlap is antibonding. For example, if only 
the B8 framework in B8Cl8 is considered, the B-B bonding gen-

(44) The population analyses for the 2e and 3e orbitals of B2Cl4 from the 
STO-3G calculations are as follows. 2e orbitals: B2s, 0.0%; B2., 16.5%; Cl3s, 
13.7%; Cljp, 64.0%. 3e orbital: B2,, 0.0%; B2p, 7.9%; Cl3,, 0.6%; Cl3p, 85.1%. 
The population analysis of the 2e orbitals obtained from the STO-3G calcu
lations is very similar to the population analysis from the INDO calculations 
which is shown in Figure 6. Note that there is no node between the boron 
atoms in the 2e orbitals of B2Cl4. 
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erates two cage orbitals, of bj and a2 symmetry, in which the 
boron-boron overlap is entirely B 2p in character. Both of these 
framework orbitals are bonding around the periphery of the two 
butterfly halves of the dodecahedron, but the lower energy bx cage 
orbital is bonding between the two halves of the cage, whereas 
the a2 orbital is antibonding between the belt atoms; see Figure 
6. 

In molecular B8Cl8 the Ib1, Ia2, and 3b, molecular orbitals are 
all filled; see Table II. In the lb) and the Ia2 orbitals, the boron 
2p orbitals are all in phase with the 3p orbitals of the adjacent 
chlorine atoms. In the Sb1 orbital, however, while the overlaps 
are of ir character, the overlap between the cage and the ligands 
is antibonding. This is because the molecular Ib1 and the 3bj 
orbitals result from the bonding and antibonding combination of 
the b, framework orbital with the (tangential) chlorine 3p ligand 
group orbital of the same symmetry. Both orbitals increase the 
boron-boron overlap, but any enhancement of the B-Cl bonds 
due to IT bonding in the Ib1 orbital has been offset by the occu
pation of the 3b] orbital; see Table II. 

The lowest unoccupied molecular orbitals of B4Cl4 (2e), B8Cl8
2" 

(3a2), and B9Cl9 (3a2') are similar to the 3bs orbital of B8Cl8 in 
type. They are cage bonding, and the B-Cl interactions are all 
of 7T symmetry. The cage-ligand overlaps are all strictly anti-
bonding. These orbitals, if occupied, would all enhance the bo
ron-boron bond strengths, but they would also diminish the B-Cl 
bond strengths. They can be visualized by reversing the relative 
phases of the appropriate boron and chlorine orbitals in Figure 
6. 

Thus, by either interpretation of the term back bonding, in 
compounds larger than BCl3 many orbitals contribute to back 
bonding—some positively, some negatively. In compounds larger 
than BCl3, singling out one set of orbitals because of their sym
metry is convenient but unproductive. Rather, the net contri
butions of all occupied molecular orbitals must be evaluated. 

Average Core Overlap Population. One goal of this study has 
been to identify which cluster geometries are more stable than 
others by assessing the effectiveness of the framework bonding 
in different polytopes. The average core overlap population, the 
cluster analogue of the bond overlap population, is one potential 
gauge of the strength of the bonding by which an average boron 
atom is held to the rest of the framework. 

The structural alternatives available to B2Cl4, which for the 
present purposes can be considered to be a dinuclear cluster, 
provide a convenient example of the utility of the overlap criteria. 
Here because there are two core (framework) atoms in the com
pound, the average core overlap population reduces to one-half 
of the two-electron boron-boron bond overlap population. Ex
perimentally, the ground state of B2Cl4 in the gas phase has been 
determined to be the staggered Z>2</ configuration33 rather than 
the eclipsed Z>2h form found in the solid state.32 The STO-3G 
calculations confirm that the Z>M rotamer is slightly more stable 
as the calculated total energy of the Z)M structure (-1867.200 au) 
is 2.6 kcal/mol lower in energy than that of the planar isomer. 

Comparisons of the B-Cl bond overlap populations and the B-B 
bond overlap populations in Table IV indicate that in B2Cl4 the 
two geometries are nearly equivalent in energy because the increase 
in the boron-boron overlap which occurs upon rotation of the Z)2/, 
structure is offset by a decrease in the B-Cl bond overlap popu
lation. In the solid phase, the structure of B2Cl4 is determined 
by packing forces.45 

In principle at least, the structure of B4Cl4 could be based upon 
either the square-planar or the tetrahedral polytope. In the former 
the boron-boron bonding would be expected to be of the two-center 
two-electron variety, whereas in the latter (real) geometry the 
boron-boron interactions are more delocalized. The STO-3G 
calculations indicate that the experimentally determined Td 

structure (-1915.876 au) is 7.5 kcal/mol more stable than the 
Z)4/, structure presumed above.46 

(45) Additionally, nonbonded repulsions are slightly lower in the Du 
structure, cf. ref 16. Electron diffraction data indicate a rotational barrier 
of 1.9 kcal/mol in the gas phase." 

Comparison of the average core overlap populations and the 
B-Cl bond overlap populations for the two B4Cl4 structures found 
in Table IV indicates that both the B-Cl and the B-B bonding 
is stronger in the tetrahedral geometry. They also suggest that 
the enhancement of the framework bonding may be the larger 
of the two effects. 

The original crystallographic data obtained from B8Cl8 have 
been refined twice.36,37 The calculated total energy of the second 
structure37 (-3831.867 au) is 18.5 kcal/mol lower than the first. 
As shown in Table IV, the decrease in energy associated with the 
second structure results from better boron-boron bonding, ac
companied by slightly poorer B-Cl bonding, the latter demon
strated by the decrease in the average B-Cl bond overlap popu
lation. 

The addition of two electrons to the second structure, which 
generates the 2« + 2 framework electron ion, B8Cl8

2", does result 
in an increase in the average boron-boron overlap population, but 
a substantial decrease in the average B-Cl bond overlap population 
also occurs; see Table IV. Cluster reduction of B8Cl8 leads to 
stronger framework bonding but weaker ligand-framework bonds. 

The INDO calculations indicate that the average core overlap 
population in B9Cl9

2" is not larger than that found for B9Cl9 if 
the geometry assumed for the dianion is the same as that reported 
for the neutral compound. If the assumed prism height for B9Cl9

2" 
is arbitrarily decreased from 2.08 A to the 1.81 A found for B9H9

2", 
however, the average core overlap for the 2« + 2 framework 
electron B9Cl9

2" becomes larger than that for B9Cl9. This effect 
is not observed for B8Cl8. Curiously, the framework geometry 
found for B8Cl8 is very similar to that found in the borane dianion 
B H 2- 47 

Because they are weak in comparison to the B-Cl bonds, the 
strength of the boron-boron bonding in the boron chlorides is 
expected to greatly influence the overall stability of these clusters. 
Since the bonding in all of the compounds is similar, the magnitude 
of the average core overlap population has been examined as a 
possible measure of the relative thermal stabilities. The average 
core overlap populations decrease in the order B9Cl9

2" (prism 
height 1.81 A) > B9Cl9 > B8Cl8

2" > B8Cl8 > B4Cl4 (Td) > B4Cl4 

(Au,) > B2Cl4 (Z>M) > B2Cl4 (Z)2/,). Note that where comparison 
is possible, the ab initio and the semiemperical calculations indicate 
the same trends for the average core overlap populations in the 
boron monochlorides. These trends correlate surprisingly well with 
thermal stability data for B2Cl4, B4Cl4, and B9Cl9. The correlation 
with B8Cl8 is less good; see Table IV. 

Experimentally, B4Cl4 and B8Cl8 are of almost equal thermal 
stability, but B4Cl4 is more stable.48 The average core overlap 
populations, however, are in the opposite order. The ACOP values, 
of course, presume that the clusters are well isolated from all 
external interactions including those of solvent. At the present 
time it is not clear whether the disagreement between the ex
perimental thermal stabilities of B8Cl8 and B4Cl4 and the average 
core overlap populations arises from uncertainties in the calcu
lations, unaccounted for effects of the solvent or other factors. 

As yet the generality of the average core overlap population 

(46) Utilizing a slightly different assumed geometry for square-planar 
B4Cl4, Lipscomb has shown that the inclusion of correlation corrections further 
increases the stability of the Tj polytope, relative to the Dlh structure, by as 
much as 51 kcal/mol. Mc Kee, M. L.; Lipscomb, W. N. Inorg. Chem. 1981, 
20, 4148. 

(47) Guggenberger, L. J. Inorg. Chem. 1969, 8, 2771. 
(48) The hazards of comparing data obtained from thermal decomposition 

studies with the results from computational studies are well recognized. The 
chemical results are as follows: B9Cl9 is the most thermally and oxidatively 
stable of all of the polyhedral boron halides; it decomposes very slowly near 
400 "C. Although B4Cl4 and B8Cl8 are of similar stability, in BCl3 and CCl4 
solutions, B4Cl4 decomposes to a smaller extent than B8Cl8. In BCl3 at 125 
0C, 6% of the B8Cl8 (2 mol %) survives 70 h, whereas 42% of the B4Cl4 (1 
mol %) was recovered after 72 h. In CCl4, after 60 h at 160 0C, 9% of a 
sample of B8Cl8 (1 mol %) remained, while 92% of the B4Cl4 (1 mol %) was 
recovered. That solvent does play a role in these decompositions is clearly 
evident. The thermal stability of B9Cl9

2" is unknown. The anion B8Cl8
2" is 

unreported. The results obtained here suggest that the dianions B9Cl9
2" and 

B8Cl8
2" will be found to be more stable than the neutrals but that the In + 

2 framework electron B8Cl8
2" ion may not be more stable than the neutral 

B9Cl9 molecule. 
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Table V. Highest Occupied Molecular Orbital Analyses 

compd or ion 

B4H4
6 

B4Cl4 

BgHgc 

B8CIg 
B9H9 ' 
B9CI9 

B8Hg2"/ 
B8Cl8

2-'' 
B9H9

2"* 
B9Cl9

2-*^ 
B9Cl,2"'-' 

B2, 

8.5 
12.1 
0.0 
0.0 
0.4 
0.5 

0.1 
3.5 
0.0 
0.0 
0.0 

B2p 

56.0 
25.4 

100.0 
31.7 
67.9 
12.9 

92.9 
61.0 

100.0 
55.3 
66.6 

population anal 

Cl3, 

0.0 

0.0 

0.0 

0.3 

0.0 
0.0 

ci3p 

57.6 

63.8 

85.7 

32.8 

39.1 
27.1 

H 

35.0 

0.0 

31.7 

7.0 

0.0 

HOMO symm 

2t2 

4t2 
Ib1 

3b, 
4e' 
9e' 

4b2 

8b2 

Ia2 ' 
3a2' 
3a2' 

cage-ligand 
interaction" 

b 
a 

a 
b 
a 

b 
a 

a 
a 

calculation 

STO-3G 
STO-3G 
STO-3G 
STO-3G 
INDO/2 
INDO/2 

STO-3G 
STO-3G 
INDO/2 
INDO/2 
INDO/2 

"b = bonding; a = antibonding. 'Optimized Tj, B-H = 1.15 A, B-B = 1.64 A; also see ref 49. 'Reference 46. ''Reference 37; also see ref 50. 
'Reference 41; prism height increased to 2.08 A. ^Reference 46; see ref 51 also. 'Reference 41. *Prism height, 2.08 A. 'Prism height, 1.81 A. 
•'Note that while a 14% decrease in the prism height does change the population analysis, it does not alter the conclusions. 

method is not known. Experiments involving other core geome
tries, other core atoms, and different ligands are currently in 
progress. 

Comparison of the Bonding of the Deltahedral Boron Hydrides 
with that of the Deltahedral Boron Chlorides. In the boron hy
drides, BnHn, or their dianions, B„H„2", there are a total of 5n 
valence molecular orbitals of which only 2« or In + 1 (ca. 40%) 
are occupied by electron pairs. The analogous chlorides, BnCln, 
or their dianions, BnCln

2-, differ in that there are 8« valence 
molecular orbitals of which 5« or 5n + 1 (ca. 60%) are occupied. 

One method for comparing the bonding in the two types of 
compounds is to envision positioning boron and hydrogen or boron 
and chlorine nuclei into the required closo geometries and then 
adding the appropriate number of valence electron pairs to the 
valence molecular orbitals in an aufbau type of approach. For 
the hypothetical neutral boron hydrides, BnHn, In pairs of electrons 
would be added. To the extent that the occupied molecular orbitals 
can be factored by type, as in the Hoffmann-Lipscomb approach,4' 
the In pairs of electrons would form n B-H a bonds and fill n 
of the n + 1 framework molecular orbitals. 

To fill the corresponding molecular orbitals of the boron mo-
nochlorides, 3« pairs of electrons are required. If mixing between 
the molecular orbitals of different types were again prohibited, 
then the 3n pairs of electrons could be divided into n pairs to fill 
the molecular orbitals deepest in energy (which are derived from 
the Cl 3s electrons), n pairs for the molecular orbitals which bond 
the framework atoms together, and n pairs for the B-Cl a bonds. 
The B-Cl bonds would employ the Cl 3p atomic orbitals directed 
toward the framework boron atoms. 

Because only 3n pairs of valence electrons have been added at 
this point, the boron monochlorides would be cationic with a charge 
of 4n+. To form the neutral species, 2« more pairs of electrons 
are needed. They would enter molecular orbitals that are com
posed of the tangential chlorine 3p atomic orbitals, the 3p orbitals 
which are perpendicular to the boron-chlorine a bonds. In the 
model above the last In pairs of electrons would be lone pairs. 

The bonding in the real molecules is somewhat more complex, 
due to the effects of the various molecular point groups and, more 
importantly, due to the mixing of the different types of orbitals 
of the same symmetry. Qualitatively, however, the tangential Cl 
3p orbitals are chiefly responsible for the three envelopes of lowest 
ionization potential observed in the photoelectron spectra, Figures 
1-3. In each spectrum there is a band or envelope of bands located 
near 12.3 eV. These bands, as demonstrated by the population 
analyses in Tables I—III, arise from molecular orbitals in which 
the overlap between the cage and the chlorine atoms is minimal. 
They are pure Cl 3p lone pairs. 

Flanking the bands from the lone pairs in the spectra are bands 
or envelopes of bands with ionization potentials near 10.6 and 

(49) Hoffmann, R.; Lipscomb, W. N. J. Chem. Phys. 1962, 36, 2179. 
(50) Cox, D. N.; Mingos, D. M. P.; Hoffmann, R. J. Chem. Soc., Dalton 

Trans. 1981, 1788. 
(51) Kleier, D. A.; Lipscomb, W. N. Inorg. Chem. 1979, 18, 1312. 

13-14 eV. They are from orbitals in which the predominant 
interactions are the antibonding and bonding overlap of the 
perpendicular Cl 3p ligand group orbitals with the boron 
framework. Except for the lbj orbital of B8Cl8, discussed above, 
the fourth group of bands found in the spectra (near 15.7 eV) 
result from molecular orbitals in which B-Cl a bonding predom
inates. 

As indicated by the calculated ionization potentials listed in 
Tables I—III, until half of the valence molecular orbitals of the 
boron chlorides are filled [the It1 (B4Cl4), 8e (B8Cl8), and 5e" 
(B9Cl9) orbitals] all of the interactions between the cage and the 
ligands are either bonding or nonbonding. But as the number of 
valence electron pairs increases from 4n to the 5« required for 
the neutral boron monochlorides, the valence molecular orbitals 
become more than half filled. Antibonding interactions between 
the cage and the ligands are observed. The final molecular orbitals 
filled in the boron chlorides are bonding, but less so than the 
molecular orbitals which are purely Cl 3p in composition; see 
Figures 1-3. The effect of adding the final n pairs of electrons 
to the boron monohalides is to offset some, but only some, of the 
earlier gains in bond strength arising from the positive overlap 
of the perpendicular Cl 3p atomic orbitals with the framework 
orbitals. Relative to the hydrides in which no ligand cage in
teractions of TT symmetry occur, there is a net gain in energy due 
to the presence of the tangential Cl 3p atomic orbitals on the 
chlorine atoms in the boron chlorides. 

The difference in bonding between the neutral boron hydrides 
and the neutral boron chlorides can be largely attributed to two 
factors. The first is related to the differences in a bonding ca
pability of the two types of ligand. The second is the net effect 
of the overlaps of the perpendicular Cl 3p orbitals with the cage. 
Together these factors result in stronger bonding in the chloride 
clusters than that in the hydrides. Experimentally, the neutral 
boron chlorides are well-known and relatively thermally stable, 
whereas none of the corresponding hydrides has yet been isolated. 
Calculations on B4H4, B8H8, and B9H9, such as those described 
below, do not suggest that the neutral boron hydrides are inherently 
unstable, but they do suggest that one of the reasons that, e.g., 
B8H8 and B9H9 have not been isolated to date is that these species 
might be much more prone to cluster reduction than B8Cl8 and 
B9Cl9 because of the differences in the composition of the highest 
occupied molecular orbitals in the two types of dianion. 

Cluster Reduction. The reduction of the hypothetical neutral 
boron hydrides B4H4 and B9H9 would result in the occupation of 
the Ie and the Ia2' orbitals, respectively. These orbitals are cage 
bonding; interaction between the framework and the ligands is 
symmetry forbidden. In B8H8, cluster reduction would result in 
the occupation of the 4b2 orbital. As shown in Table V, the 4b2 
orbital is cage bonding and weakly cage-ligand bonding. In the 
hydrides, cluster reduction leads to the occupation of orbitals which 
are framework bonding; the interactions with the ligands in these 
orbitals are small or nonexistent. The effect of cluster reduction 
is to increase the boron-boron bond strength without greatly 
affecting the B-H bond strength. Although B4H4 may be too small 



3946 J. Am. Chem. Soc. 1986, 108, 3946-3951 

to support the charge required to completely fill the Ie orbitals, 
the 2n + 2 framework electron borane dianions B8H8

2" and B9H9
2" 

are well-known and readily prepared.41'47 

For the chlorides, however, the situation differs because of the 
contributions of the tangential chlorine 3p atomic orbitals. The 
reduction of the neutral species, BnCln, would result in the oc
cupation of the 2e (B4Cl4), 8b2 (B8Cl8), and 3a2' (B9Cl9) orbitals. 
These orbitals correspond to the orbitals of the hydride anions 
in symmetry, but in the highest occupied B8Cl8

2" and B9Cl9
2" 

orbitals there is also a significant contribution that is derived from 
the Cl ligand group orbitals; see Table V. In each case this 
component is antibonding with respect to the boron framework. 
In the boron halide dianions, the occupation of the HOMO orbitals 
increases the boron-boron bond strength, but it simultaneously 
weakens the B-Cl bonding; see Table IV. 

Examination of the core overlap population of the Ia2' 
(HOMO) orbital of B9H9

2" obtained from the INDO calculations 
confirms that this orbital is strongly boron-boron bonding; the 
average core overlap population in this orbital is +0.081. The 
B-H overlap in the Ia2' orbital is, of course, 0; see Table V. For 
B9Cl9

2" (prism height 1.81 A), however, the INDO results indicate 
that the average B-Cl bond overlap population in the 3a2' 
(HOMO) orbital is negative, -0.010. The average core overlap 
population in this orbital is positive, but only 0.047. 

Thus the Hoffmann-Lipscomb approach,49 which involves 
separating intracage from ligand-cage interactions, and the 
framework electron counting schemes, which explicitly or implicitly 

Many theoretical studies of ground-state organolithium com
pounds have been reported in the recent literature. These studies 
indicate that the carbon-lithium bond is primarily ionic with only 
a small covalent component.1 Coulomb's law alone reasonably 
predicts and explains the large number of experimentally and 
theoretically determined organolithium structures. We now turn 
to other states to see if ionicity remains dominant; in particular, 
does lithium act as a full cation in the transition state of a reaction 
involving organolithium compounds? Recent theoretical2 and 
computational3 advances have provided the opportunity to fairly 

(1) For reviews, see: (a) Schleyer, P. v. R. Pure Appl. Chem. 1984, 56, 
151. (b) Bachrach, S. M.; Streitwieser, A., Jr.; Schleyer, P. v. R., unpublished 
results. 

(2) (a) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J. 
Quantum Chem. 1979, Sl 3, 225. (b) Saxe, P.; Yamaguchi, Y.; Schaefer, H. 
F., Ill J. Chem. Phys. 1982, 77, 5647. (c) Cerjan, C. J.; Miller, W. H. J. 
Chem. Phys. 1981, 75, 2800. 

(3) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.; 
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A., unpublished 
results, Carnegee-Mellon University. 

utilize this type of factorization, are successful in the borane 
dianions B8H8

2" and B9H9
2" because the highest occupied mo

lecular orbitals in these species are totally framework bonding. 
These frontier orbitals are in fact best described as the (n + 1 )th 

framework bonding molecular orbitals; see Table V. Neutral B8H8 
and B9H9, if formed, would be expected to be exceptionally 
electrophilic. 

In the boron chlorides, however, the framework electron 
counting rules are less successful because the underlying ap
proximation is less valid. This is due to the antibonding con
tributions of the tangential Cl 3p atomic orbitals. The genesis 
of the antibonding overlaps is that well over half of the available 
molecular orbitals are filled. The practical result of the differences 
in the bonding between the two types of cluster is that B8Cl8 and 
B9Cl9 are less electrophilic than the analogous hydrides. For the 
chlorides both the neutral and the 2- oxidation states are chem
ically accessible. For the hydrides only the 2- clusters, B8H8

2" 
and B9H9

2", have been isolated to date. 
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readily calculate transition-state geometries. This report focuses 
on the electronic description of lithium compounds during the 
course of a reaction with emphasis on the transition state. In 
particular, we investigate the 1,2-addition of an organolithium 
reagent to a carbonyl by examining the prototypical reaction— 
lithium hydride addition to formaldehyde to form lithium meth-
oxide (eq 1). Furthermore, molecular orbital analysis of the 
transition state points out a fundamental error inherent in many 
frontier molecular orbital applications. 

H2CO + LiH — H3COLi (1) 

Computational Methods 
The calculations reported in this work were carried out by using the 

GAUSSIAN-823 package on a VAX-11/750. All structures were optimized 
at the restricted SCF level by using the 3-21G* basis set.4 The transition 

(4) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre, W. 
J. J. Am. Chem. Soc. 1982, 104, 2797. Exponents for the polarization 
functions were Ct6(C) = 0.75, ad(Q) = 0.8. 
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Lithium Hydride. The General Importance of the 
HOMO-HOMO Interaction 
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Abstract: The transition states for the reactions of formaldehyde and acetaldehyde with lithium hydride were calculated at 
the restricted SCF level by using the 3-21G* basis set. Integrated electron population analysis indicates that lithium carries 
a charge of +0.85 in the transition state, nearly the same as in ground-state organolithium compounds. Molecular orbital 
analysis of these transition states reveals their HOMOs to be formed from both HOMO-LUMO and HOMO-HOMO interactions. 
The general importance of the HOMO-HOMO interaction is also shown through analysis of the transition state of the 
1,3-cycloaddition of HCNO with acetylene. 
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