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The boron hydride B,Hu has been synthesized in an electric discharge of pentaborane-9, diborane-6, and hydrogen, and 
purified samples have been prepared by careful fractionation procedures. The compound is thermally unstable above the 
melting point of very roughly -20’. Both the formula and structure are established by a three-dimensional single-crystal 
X-ray diffraction study. The symmetry of the isolated molecule is C,, and there are eight terminal H, two symmetrical 
bridge H, and two unsymmetrical bridge H atoms attached to an icosahedral fragment of eight B atoms. The space group 
is Pbca, and there are eight molecules in a unit cell having dimensions a = 13.613, b = 10.410, and c = 10 410 A. The 
value of R = Z I lF,I - IF, 1 I /Z IF,, ~ = 0.11 for the 1571 observed reflections. 

The existence and structure of a Bs hydride are of 
interest for several reasons. Probable structures for 
both a B8Hlz and a have been predicted1v2 on the 
basis of structural principles derived from known boron 
hydrides and valence theory. Intramolecular H . H 
contracts in BxH14 render this molecule a bit overcrowded 
although it may yet be found to exist with C2 symmetry, 
and hence the more important prediction1p2 has been 
BsH12 having symmetry C2v, C,, or Cp (Fig. 1). All 
three of these structures have the most compact possible 
icosahedral fragment for the boron arrangement, and 
they differ only in displacements of two H atoms by 
0.25 A. as the symmetry of the Czv structure is lowered 
to C, or C2. Of these three closely related structures 
we shall see that the C, structure is the correct one and 
that an extended Huckel theory confirms- this result. 

The previous experimental evidence is not conclusive 
as to the formula, but is indicative of the probable 
existence of a Bs hydride. The B9H15 composition3 
has now been assigned4 to the earliest report of a B8H, 
c o m p o ~ n d . ~  Vapor pressure anomalies in the first 
B9Hlj preparation6a7 were indicative of another hy- 
dride. The previous mass spectrographic e ~ i d e n c e ~ - ~  
has been ambiguous as to the formula, inasmuch 
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as BgHI5, BsH1l, and B4H10 show mass spectrum 
cut-offs a t  two mass units less than the maximum 
~ e r m i t t e d . ~  Hence, both B x H ~ ~ ~  and BsH1410 have been 
assigned as possible formulas of the B8 hydride. Im- 
provements in the sensitivity of the method may soon 
yield reliable determinations of maximum mass num- 
bers, but even the most recent mass spectroscopic 
study” was withheld until i t  was confirmed by the 
X-ray diffraction method. The isolation of a sample 
of BsHlg appears not to have been accomplished pre- 
viously in the earlier studies,1° but a sample of a hy- 
drideI2 showing similar properties decomposed before 
i t  could be studied by X-ray diffraction methods. 
We report below the preparation, isolation, formula, 
and molecular structure of BsHI2. 

Experimental 
Preparation and Isolation.-Octaborane( 12) was prepared in 

extremely small yields in an electric discharge of a mixture of 
diborane-6, pentaborane-9, and hydrogen (Fig. 2 ) .  The hydro- 
gen was freed of oxygen by passage through a Fisher Deoxo 
hydrogen purifier and was then introduced a t  6 p.s.i.g. into the 
high vacuum system where the pressure was reduced to 12 mm. 
with the use of a needle valve. The hydrogen was then passed 
through a drying tube, through a -196” trap packed with 
glass wool, and then into a short mixing tube D where the 
and BSHQ were introduced into the stream. The B~HP,, main- 
tained as a liquid a t  - 126’ in a reservoir F, was introduced into 

(8 )  I. Shapiro and B. Keilin, J .  Am.  Chem. Soc , 76, 3864 (1954). 
(9) I Shapiro, C. 0. Wilson, T F Ditter, and W. J Lehman, “Botax 

to Boranes,” Advances in Chemistry Series, American Chemical Society, 
Washington, D. C., 1961, p. 127. 
(10) R E. Williams, piivate communication, 1963. 
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(12) G. Kodama and W. N. Lipscomb, unpublished studies, 1961. 
86, 1451 (1964). 
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H 

A 

( b )  ( e )  
Fig. 1.-Structure proposals for BBH~P of (a) symmetry Czv, (b)  

symmetry C,, and (c) symmetry Cp. One terminal H atom has 
been omitted from each B atom. Structure (b)  is correct. 

the stream through a 0.25-mm. capillary 150 mm. in length. 
The BjHa, maintained a t  0" in a reservoir E, was introduced into 
the mixing tube through a 0.5-mm. capillary 330 mm. in length. 
The resulting B2Hti:BjHo ratio was about 2 : l .  These gases 
mixed with Ha were then passed into the discharge tube I, 
which contained two parallel circular electrodes 90 cm. in di- 
ameter and 80 mm. apart. The inlet and outlet geometry is 
shown in Fig. 2. h i  estimated 2700 volts was maintained 
between the electrodes by a 15,000-volt neon tube transformer 
which had a 20-volt input from a Yariac. Runs in excess of 24 
hr. were required in order to obtain adequate samples. 

The development of the complex separation procedure was 
carefully monitored by mass spectrographic studies. The 
gaseous mixture passed from the discharge tube into four suc- 
cessive traps, a t  -80, - 131, -196, and - 196". The two - 196" 
traps contained mainly B2HB, while the -80 and -131' traps 
contained mainly BjHa. Of course, the octaborane was in the 
-80' trap, along with small amounts of B~Hlti, BjHll, BeHln, 
BgHli, B I o H ~ ~ ,  and BICHIG, all of which were identified. Inter- 
estingly, very small amounts of other materials were present, 
but were neither separated nor identified. Most of the BjHg 
in this -80" trap was then allowed to pass through two -57' 
traps over a period of several days. The remaining mixture was 
then fractionated rapidly through a - 45" trap, which retained 
nearly all material except for BsHlo and small amounts of BjHD 
and octaborane. This process \\-as repeated until the material 
which passed through shon-ed the presence of no B,Ho or BbHIti. 
The final fractionation which passed through this - 45" trap theii 
was pure octaborane, provided the fractionation was carried out 
sufficiently rapidly that BDHl: and Bl"Hl6 were retained. The 
octaborane was then sealed into thin-walled Pyrex capillaries 
having an inside diameter of about 0.5 mm. 

X-Ray Diffraction Study.-The growth of single crystals 
proved to be very difficult. All but two of more than twenty 
samples had to be discarded either because the material de- 
composed so rapidly near the melting point of very roughly -20" 
or because the liquid became very viscous and finally glassy be- 
fore a crystal of significant size was grown as the temperature was 
lowered. Indeed, seed crystals had to be grown deftly and 
quickly, a t  a rate which was fast compared with the rate a t  which 
decomposition lowered the melting point. The purer samples 
seemed to be more stable, a phenomenon usually observed in 
boron hydride chemistry, and hence we are very unsure of either 
the intrinsic stability or the melting point of pure  BsH12. 

The usual low temperature techniques were employed. A 
cold stream of S, was blown a t  the crystal through an insulated 
tube leading from a 25-1. dewar containing a heating coil for 
adjusting the rate of the stream. The capillary containing the 
sample was mounted on a Weissenberg goniometer and observed 
through a polarizing short-focus telescope between crossed 

ITXp HIGH VACUUM SYSTEM 

M 
PUMPING 
SYSTEM 

-196OC -131.C -80.C -196.C 

Fig. 2 -Schematic diagram of vacuum line: 1, stopcocks, A, 
Fisher Deoxo purifier; B, needle valve, set for 12 mm. pressure; 
C, glass wool packing; D, mixing tube; E, BjHg reservoir, main- 
tained a t  O n ,  F, BlHti reservoir, maintained a t  -126'; G, 0.25- 
mm. capillary 150 mm. long; H, 0.25-mm. capillary 330 mm. 
long; I, discharge tube, copper electrodes 90 mm. in diameter, 
80 mm. apart. 

polaroids during gronth. During X-ray diffraction photog- 
raphy the whole goniometer was encased in polyethylene sheet in 
order to keep the sample free of frost. 

In  all, four different crystals were used fcr data as follows: 
crystal 1, hkL, L = 0,1,  8 ,9 ;  crystal 2, hkL,  L = 2, 3,  4; crystal 
3,  Hkl, H = 0 through 10; crystal 4, hkL,  L = 5, 6, 7. The 
first three were from the same capillary, and the last from a 
second capillary. The first sample was never above the melting 
point for 4 months of experimentation. Crystal 1 was grown 
from a single seed a t  about -20°,  but growth stopped owing to 
high viscosity when less than half of the material was crystalline. 
The temperature was then lowered slowly to -30" arid quickly 
to -100". Unfortunately, the 25' tilt of the c axis from the 
axis resulted in diffraction photographs which showed a felv 
variations of intensity of symmetry related reflections by 30%, 
due to varying path lengths of X-rays through the glass. Sever- 
theless, we recorded levels hk0 through hk9, and also levels 0 
through 10 about the [ O i l ]  axis; of these levels we later used 
only hk0, h k l ,  hk8,  and hk9. Crystal 2 was very favorably ori- 
ented with the c axis along the capillary axis, and hence no ab- 
sorption problems were present. Crystal 3 was regrown itlong 
the a axis and yielded a complete set of data. Crystal 4 was 
grown on a completely different apparatus, which yielded three 
levels before the cork blew. 

The crystal data establish the reciprocal lattice symmetry of 
Dill, the systematic absences of Okl when k is odd, of h0l when l 
is odd, and of hk0 when h is odd and tliereiore the space group of 
Pbca. A single film on which were exposed a powder pattern of 
A l ,  a Okl Weissenberg level, and an a axis oscillation pattern 
yielded the unit cell dimensions of a ="13.613 f 0.013, b = 10.410 
i: 0.007, and c = 10.410 z t  0.007 -4. In spite of the equality 
of b and c (within cxperimental crror) the crystal syrnnictry is 
orthorhombic. The assumption of eight molecules in the unit 
cell of volume 1472 A.3 gives a calculated derisity of 0.896: g. 
crn-3, but, of course, there is no measured density for comparison. 
However, the molecular volume ill the crystal fits exactly on the 
linear plot3 of Y j ( n B )  zu. n H / n B  if one aswnies that the formula 
is BsH12, but this evidence is not suilicient to fix the number of 
H atorris ( n ~ )  with certainty. If, as me fourid later, the molecule 
lies in a general position in the space group, no molecular syni- 
metry is required by the space group. Of the 1679 possible 
unique reflections, plus 271 systeniatic absences, in the Cu K a  
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TABLE I 
OBSERVED F VALUES AND STANDARD DEVIATIONW 

a The range of I and the value of k are given in parentheses. For observed reflections the value of 101 F,l and its standard error 
are listed separated by a slant line. The standard error of 1 F,I is obtained from the standard error of 1 Fol by the relation 

[ u( F O ?  /F021 

u(lFoI) = ( 4  + [u(F,)2/2F,2]2]/1/2Fo 
For reflections too weak to be measured (indicated by an asterisk) the standard error is not given but is 1.41~~1. 
indicated by an extra comma, and reflections which were not observed are labeled U. 

Extinctions are 

sphere of reflection, we photographed regions of 1571 reflections 
but 280 of these mere below the observational limit. These 
intensities were estimated visually with the use of a standard 
scale prepared from timed exposures of a representative reflec- 
tion. The usual multiple film technique was used, and two in- 
dependent measurements were made of each reflection on each 
film. Corrections for Lorentz and polarization factors, correla- 
tion of levels, averaging of reflections, and analyses of standard 
errors of each reflection were carried out with the aid of programs 
written for the IBM 7094.13 The observed structure factors F, 
and their standard errors are listed in Table I.  

Method of Solution and Structure 
A three-dimensional sharpened Patterson function 

A search for peaks was then made was computed. 
(13) P. G. Simpson, K. Folting, R D. Dobrott, and W. N. Lipscomb, 

J. Chenz. Phys., 39, 2339 (1963). 

among the three Harker lines (I/* - 2x, O), (0, 
'/z - 2y,  l / J j  and 0, '/z - 22), the three planes 
('/z, ' / 2  - 2y, 2 ~ ) .  (2%) '/z, '/z - 221, and ('/z - 2x, 
2y, and the centrosymmetric interaction (2x, 2y, 
2z) .  Three consistent sets of interactions were ob- 
tained, which later were found to correspond to 
boron atoms 1, 2 ,  and 6 (Fig. 3). Each one of these 
boron atoms and its symmetry related congeners 
formed the basis of a three-dimensional super- 
position function, computed as a minimum func- 
tion on the IBM 7094. These three completely in- 
dependent superposition functions gave, respectively, 
10, 11, and 13 peaks of height greater than one-third 
of the maximum height of any peak. Comparison of 
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is based on both their chemically unreasonable posi- 
tions and their substantially lower heights. At this 
stage the structure and formula were established, but 
we chose not to accept all of the details of the structure 
without further study. 

Every known boron hydride which is based upon a 
single icosahedral fragment has one terminal H atom 
on each B atom with the B-H pointed away from the 
polyhedral center. Hence we accepted eight of the 
twelve H atoms as a basis for further refinement, omit- 
ting the remaining four H atoms. After two cycles of 
least-squares refinement of anisotropic thermal param- 
eters and distance parameters of B atoms only, the 
values of RF = 0.14 and R,F, = 0.34 were obtained. 
A three-dimensional difference map then yielded the 
remaining four H atoms as the highest peaks (Table 

d b 
Fig. 3.-Molecular geometry of B8H12. 

are numbered the same as their parent borons. 
mirror plane lies in the plane of the paper. 

Terminal hydrogens 
The molecular 

these superposition functions yielded eight peaks com- 
mon to all three functions, and a preliminary model 
of the structure indicated an icosahedral fragment 
having reasonable B-B distances. Thus the boron 
arrangement was solved The 500 strongest reflections 
gave R, = Z 1 IF,I - IF,] l /Z I F,[ = 0.24 and RUFa = 

[ 2 h ~ ( F , , ~  - Fc2\2/Z~F,,4]1’2 = 0 64. 
After two cycles of three-dimensional least-squares 

refinement in which isotropic temperature factors and 
boron positions were refined with the use of all reflec- 
tions, a three-dimensional electron density map was 
computed from which boron atoms had been sub- 
tracted (Table 1 1 ~ ) .  As was expected the incomplete 

TABLE IIA 
DIFFEREXCE FOURIER 

Peak 
height 

2 72 
152 
125 
116 
114 
111 
110 
88 
76 
75 
65 
64 
62 
62 
56 
55 
54 
54 
51 
46 
35 
32 
32 

X 

0 250 
0 167 
0 067 
0 433 
0 117 
0 183 
0 283 
0 383 
0 450 
0 483 
0 167 
0 300 
0 350 
0 483 
0 300 
0 175 
0 083 
0 317 
0 367 
0 150 
0 133 
0 217 
0 233 

Y 
0 150 
0 083 
0 083 
0 461 
0 133 
0 200 
0 100 
0 433 
0 383 
0 433 
0 417 
0 050 
0 117 
0 133 
0 183 
0 317 
0 183 
0 467 
0 383 
0 017 
0 183 
0 500 
0 000 

z 

0 167 
0 417 
0 300 
0 183 
0 150 
0 300 
0 333 
0 367 
0 167 
0 133 
0 017 
0 233 
0 367 
0 167 
0 083 
0 317 
0 067 
0 367 
0 250 
0 117 
0 067 
0 233 
0 400 

Assignment 

Residual of box11 5 
Residual of boron 3 
Residual of boron 2 
Residual of boron 7 
Residual of boron 6 
Residual of boron 1 
Residual of boron 4 
Residual of boron 8 
Hydrogen 8 
Hydrogen 7 
Hydrogen 3 
Hydrogen 11 
Hydrogen 4 
Hydrogen 2 
Hydrogen 5 
Hydrogen 1 
Hydrogen 6 
Hydrogen 9 
Hydrogen 12 
Hydrogen 10 
False peak 
False peak 
False peak 

a Electron density of borons 1-8 is removed. Boron positions 
Peaks and isotropic temperature factors have been refined. 

G30 not listed. 

refinement and anisotropic thermal motion yielded 
boron residuals, which were the strongest eight peaks. 
The next twelve peaks, however, were found in posi- 
tions which were eminently reasonable for a boron 
hydride. The assignment of remaining peaks as false 

IIB). 

Peak 
height 

54 
51 
43 
42 
37 
35 
35 
32 
32 
29 
27 
26 
26 
26 
25 
25 
24 
23 
21 
21 
21 
21 

Although some residuals of other atoms re- 

TABLE I I B  
DIFFERENCE FOURIER I I f i ~ u  

X 

0 283 
0 383 
0 317 
0 150 
0 167 
0 150 
0 283 
0 150 
0 450 
0 283 
0 383 
0 000 
0 317 
0 150 
0 117 
0 000 
0 300 
0 050 
0 483 
0 267 
0 083 
0 083 

Y 

0 050 
0 400 
0 450 
0 017 
0 200 
0 417 
0 117 
0 067 
0 467 
0 167 
0 450 
0 450 
0 117 
0 283 
0 133 
0 167 
0 300 
0 167 
0 383 
0 233 
0 417 
0 400 

2 

0 233 
0 233 
0 367 
0 117 
0 267 
0 000 
0 333 
0 417 
0 183 
0 150 
0 350 
0 417 
0 417 
0 350 
0 433 
0 333 
0 333 
0 117 
0 383 
0 100 
0 125 
0 417 

Assignment 

Hydrogen 11 
Hydrogen 12 
Hydrogen 9 
Hydrogen 10 
Residual of boron 1 
Residual of hydrogen 3 
Residual of boron 4 
Residual of boron 3 
Residual of boron 7 
Residual of boron 5 
Residual of boron 8 
Residual of hydrogen 7 
Residual of hydrogen 4 
Residual of hydrogen 1 
Residual of boron 6 
Residual of hydrogen 2 
False peak 
Residual of hydrogen 6 
Residual of hydrogen 8 
Residual of hydrogen 5 
False peak 
False peak 

Electron density of borons 1-8 and terminal hydrogens 1-8 
is removed. Borons have been refined with anisotropic thermal 
parameters. Hydrogens are unrefined. Peaks 6 20 not listed 

mained, the highest false peak was reduced to about 
half of the H atom peak heights. 9 t  this stage we 
introduced bridge H atoms 11 and 12, which were 
expected in all of the predicted models and had already 
appeared in both difference maps. Another round of 
refinement and difference synthesis yielded H atoms 
9 and 10, now for the third time (Table IIc). We felt 
at this stage that there was no doubt about the formula, 
B8H12. 

In the final refinement all atomic positions, boron 
anisotropic thermal parameters and hydrogen isotropic 
thermal parameters were varied. Final values of IiF 
= 0.112, R,, = 2 1 FO2 - Fc2 i / B F o 2  = 0.212, andIZ,,. 
= 0.253 were obtained for all reflections. For ob- 
served reflections only a value of RF = 0.099 was found. 
A summary of disagreement factors is given in Table 
111. 
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TABLE I Ic  
DIFFERENCE FOURIER IIIa~' 

Peak 
height z Y z Assignment 

38 0 317 0.441 0.367 Hydrogen 9 
34 0 167 0 033 0 133 Hydrogen 10 
28 0.283 0 117 0 333 Residual of boron 4 
27 0 017 0 417 0 333 Residual of hydrogen 7 
26 0 450 0 333 0 417 Residual of hydrogen 8 
25 0 150 0 100 0.483 Residual of boron 4 

25 0 283 0 200 0 067 Residual of hydrogen 5 
25 0.400 0 433 0 383 Residual of boron 8 
25 0.433 0 450 0 417 Residual of boron 7 
25 0.067 0 500 0.433 False peak 
24 0 450 0 417 0 450 Residual of hydrogen 8 
24 0.225 0 000 0 35 
24 83 0 408 0 20 
23 0 133 0 133 0 200 Residual of boron 6 
22 0 400 0 017 0 467 Falsepeak 
22 0 083 0 333 0 150 False peak 
22 0 367 0.000 0 417 False peak 
21 0.000 0,167 0.267 Residual of hydrogen 2 
a Electron density of borons 1-8, terminal hydrogens 1-8, and 

All positions and 
Peaks <20 not tested. 

and hydrogen 4 

bridge hydrogens 11 and 12 are removed. 
thermal parameters have been refined. 

TABLE 111 
FINAL VALUES OF R = Z 1 IF, 1 - IF, 1 l/ZIFo [ 

R 
All ( h ,  k, or I # 0) 0.114 

h even 0.117 
h odd 0.113 
k even 0.112 
k odd 0.116 
I even 0.109 
1 odd 0.119 
k + 1 even 0.112 
k + Zodd 0,117 
h + 1 even 0.115 
h + I odd 0.114 
h + k even 0.114 
h + k odd 0.115 
h + k + I even 0.121 
h + k + I odd 0.108 
over-all 0.112 

0.00 to 0 .40 0.105 
0.40 to 0 .50 0.085 
0.50 to 0 .60 0.084 
0.60 to 0 .65 0.097 
0 .65  to 0.70 0.097 
0.70 to 0.75 0.129 
0 .75  to 0 .80 0.155 
0.80 to 0 . 8 5  0.151 
0.85 to 0 .90  0.128 
0 .90  to 1 .00 0.134 

Range of sin 0 

One further, and final, test was made of the structure. 
An objective resolution of the C2", C,, or Cz ambiguity 
was made by placement of H atoms 9 and 10 in the 
intermediate Czv model and then allowing their pararn- 
eters to refine. After two cycles of three-dimensional 
least-squares refinement these atoms had moved three- 
quarters of the way toward the final positions of the C, 
structure of Fig. 3. This same type of test was simi- 
larly successful in B9HI6 where the same kind of choice 
between a terminal and bridge position had arisen. 

OCTABORANE (12) 1663 

n - Y  
Y 

8 

X I '  
Fig. 4.-Unit cell of the crystal structure of BaH12. The 

origin a t  upper left is chosen a t  a center of symmetry. Only B 
atoms are shown. 

TABLE IV 
FINAL STRUCTURE PARAMETERS 

Boron positions 
Boron 

no X Y 2 

1 0 3275 0 6969 0 2934 
2 0 4384 0 5980 0 3032 
3 0 3355 0 5712 0 4108 
4 0 2223 0 6142 0 3286 
5 0 2481 0 6492 0 1753 
6 0 3802 0 6299 0 1509 
7 0 4360 0 4780 0 1899 

0 4424 0 3460 8 

Boron anisotropic temperature factors 

0 4104 

Boron 
no 104P11 104Pzz 104P3s 104Pin 104@is 104@w 

1 38 50 62 2 2 -2 
2 32 66 71 5 2 0 
3 42 65 56 8 1 -1 
4 36 81 9 i  2 -3 -10 
5 41 77 79 -3 13 -2 
6 44 69 61 -3 2 3 
7 49 73 86 12 10 -2 
8 47 64 81 8 -9 10 

Hydrogen positions and isotropic temperature factors 

no X Y Z B 
Hydiogen 

1 0 3397 0 8013 0 3216 3 0  
2 0 5074 0 6439 0 3344 1 8  
3 0 3410 0 5780 0 5186 1 3  
4 0 1543 0 6284 0 3894 2 8  
5 0 2045 0 6949 0 1010 1 5  
6 0 4133 0 6836 0 0690 1 8  
7 0 4911 0 4351 0 1275 1 2  
8 0 4482 0 3758 0 4033 2 4  
9 0 3026 0 4600 0 3735 3 4  

10 0 3486 0 5202 0 1157 3 5  
11 0 2056 0 5446 0 2251 1 6  
12 0 3825 0 3895 0 2432 1 5  
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Center 
a tom 

1 Bi 

1 Bz 

3 B3 

4 B4 

6 B j  

6 Bs 

0 
90 
0 

34 1 
98 5 

132 6 
246 9 
90 0 

0 
227 4 
261 8 
326 0 
113 2 
90 0 

0 
144 5 
31 6 

248 7 
90 8 
90 

0 
137 4 
269 8 
109 0 
90 
0 

136 8 
239 4 

27 8 
90 
0 

215 3 

BOER, AND W. N.  LIPSCOMB 

TABLE 1' 
BOXD LENGTHS~ AP*TD SPHERICAL COORDISATES~ FOR BYHI? 

P 

0 
60 .1  

113.3 
113.4 
59 .7  

113.8 
0 

5 8 , 9  
59 .0  

110.8 
111.2 
118.3 

0 .  
61 .0 
5 6 . 5  

108,8 
129.5 
115.1 

0 .  
61 .0  
6 0 . 7  

1 3 i .  7 
104.2 

0 .  
60.7 
60 .7  

137.0 
103,4 

0 .  
61 3 
56 .4  

Bond 
length, 

A 
1 830 
1 794 
1 710 
1 711 
1 789 
1 138 
1 830 
1 814 
1 804 
1 718 
1 723 
1 104 
1 794 
1 814 
1 819 
1 812 
1 127 
1 300 
1 710 
1 819 
1 6 i4  
1 132 
1 318 
1 ill 
1 674 
1 826 
1 085 
1 337 
1 789 
1 804 
1 826 

Cor- 
iected 
bond 

length,' 
A. 

1.832 
1.795 
1.718 
1.718 
1 ,793  
1,142 
1.828 
1.814 
1.807 
1,725 
1,730 
1 ,089 
1,792 
1 814 
1.824 
1.816 
1.108 
1.308 
1 ,  702 
1.814 
1 ,673  
1 ,123  
1.305 
1 .  703 
1.675 
1 .823  
1.062 
1.328 
1 ,  785 
1.801 
1 ,829 

Centei 
a tom 

6 B6 

7 Bi 

8 Bs 

9 HI 
10 H! 
11 Ha 
12 Hd 
13 Hs 
14 He 
15 Hi 
16 Hg 
17 H)  

18 Hio 

19 Hi1 

20 Hi2 

327. 8 
115.2 
268 ,6  

90. 
0. 

136.4 
25% , 9  
24 6 
115.8 
7 0 .  

0 .  
224.6 
111.6 
333 .1  
246.0 

. . .  

. . .  

. . ,  

. . .  

. . .  

. .  

. . .  

. . .  
90. 

0 
90 
0 .  

90.  
0 .  

90.  
0 .  
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P 

109.0 
126.8 
116.9 

0 .  
61 .6  
60.4 

134, 
9 9 . 1  

103.5 
0 . 

61.7  
60 .1  

131.4 
98 .6  

104, 7 
. . .  
. . .  
. . .  
. . .  
, . .  

, . .  

. . .  

. . .  
0. 

80.1 
0 .  
81.1 

0 .  
7 8 . 2  
0. 

83.4 

Bond 
length, 

A 
1.800 
1 115 
1 27.1 
1 718 
1 800 
1 707 
1 087 
1 486 
1 299 
1 723 
1 812 
1 707 
1 047 
1 506 
1 266 
1 138 
1 10-1 
1 127 
1 132 
1 085 
1 I15 
1 087 
1 047 
1 300 
1 506 
1 274 
1 486 
1 318 
1 337 
1 299 
1 266 

Cor- 
rected 
bund 

length,c 
A.  

1.803 
1.102 
1.288 
1 .711  
1,797 
1,708 
1.066 
1.493 
1.289 
1. i16 
1.808 
1,706 
1.038 
1.511 
1.256 
1 ,135  
1,119 
1,146 
1.141 
1.108 
1.128 
1,109 
1 .0,56 
1.292 
1.501 
1 ,260 
1.179 
1.331 
1.346 
1 ,309 
1.276 

Standard deviations were obtained from the full variance-covariance matrix calculated during the final lcast-squares refinement 
of the position parameters. These-ranged from 0.003 to 0.004 .q. for boron-to-boron, from 0.02 to 0.03 Ai. for boron-to-terminal 
hydrogen, and from 0.03 to 0.04 A. for boron-to-bridge hydrogen distances. Spherical coordinates of bonds a t  each atom are 
given for construction of precise models of boron hydrides. Corrected for torsional oscillation assuming second atom rides on first. 
These corrections are made with the use of the standard Busing-Levy program and are very much larger than the corresponding cor- 
rections based on the assumption that the molecule moves as a rigid body. 

The final structural parameters (Table IV) refer to 
a complete molecule and can be related to the peaks in 
Table I1 by the symmetry operations of Pbca. The 
final difference electron density map from which all 
atoms were subtracted showed the highest false peak a t  
23 units on the scale reported in Table 11. Bond dis- 
tances and standard deviations (Table V) were com- 
puted from the full variance-covariance matrix. JVith- 
in these standard deviations the molecule has a plane 
of symmetry. In Table V a set of bond distances is 
listed after correction for torsional oscillation of 
the molecule on the assumption that each atom 
"rides" on its neighboring atoms. Because the 
method of correction for this effect is not unique 
we have used the uncorrected values of bond distances 
throughout the discussion. 

A three-dimensional model of the structure indicated 
reasonable intermolecular packing. Computation of 
all close H .  . .H contacts yielded none closer than 
the expected minimum value of about 2.5 A. In Fig. 
4 a schematic projection of this three-dimensional 
structure is shown. 

Discussion 
The geometrical structure is very closely related to 

that3 of B9Hlj. If the doubly-bridged BH2 group of By- 
H15 is simply replaced by a bridge H one obtains 
BsH12. A close relation to the BB residue of C2HjNHe- 
B8HllNHC2Hj14 is also to be found. The lowering of 
symmetry from C2>- to C,, discussed below in the valence 
theory, suggests that BBHlz is not overcrowded with 
H .  . .H  contacts in the open face region of bridge H 
atoms. Probably therefore B8H13- can reasonably be 
expected,* and possibly even B8Hl, might be found in 
Cz symmetry. 

Bond distances involving Hs and Hln indicate that 
these atoms are very unsymmetrically bridged. The 
distances B 7 . .  .Hlo = 1.49 4. and B8. . .Hy  = 1.51 A. 
are long for H bridges, but the distances Be. . .Hlo = 

1.27 ,&. and Ba.  . . H y  = 1.30 A. are short for H bridges. 
Evidence that the close contacts Hg. . .H12 = 1.89 A. 
and Hlo. . .HI* = 1.96 K .  are crowding H12 is found in 
the dihedral angle of 133" between the planes (H12, Bx, 

(14) I?. Lewin, P. G. Simpson, and \ V  S. Lipscomb, J .  A i i z  Cl ie i i i  Y o c ,  
86, -478 IlSGS); J .  Chciiz. P h 3 ' ~ . ,  39, 1.532 (19IB) .  
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TABLE V I  
POSSIBLE VALENCE STRUCTURES OF B9H12 

/"\ 
Gener- No. of 
ating resonance 

symmetry structures B-B B B  

1 . .  1 3-4, 5-6 
2 U" 2 3-4, 2-8 
3 U" 2 3-4, 2-6 
4 UV 2 3-4, 1-6 5-6-2 
5 0" 2 3-4, 1-5 4-1-6, 5-6-2 
6 U" 2 3-4,2-7 6 2 - 8  

TABLE VI1 
ESTIMATED CHARGE DISTRIBUTION OF B8Hl2 

Most 
symmeti IC 

Atom LCAO structures structure 
Valence valence 

1 -0 094 -0 182 0 000 
2 -0 176 -0 182 0 000 
3, 6 -0 074 -0 106 -0 16i  
4, 5 +O 032 0 000 -0 167 
7, 8 + O  177 + O  288 +o 333 

VIII) for B8H12. Bond orders, defined as 2c,cJ, are 
also given for the one most symmetrical valence struc- 
ture and for the extended Huckel LCAO results in 
Table VIII. Parameters for the Huckel treatment are 
Coulomb integrals of -15.20 for 2s of B and -8.50 
for 2p of B, resonance integrals of /3 = l/zK(cr, + a,)S,, 
where K = 1.75, at is a Coulomb integral, and S,, is an 
overlap integral having the usual Slater exponent. 
The average charge of a bridge H of 0.03 and that  of a 
terminal H of - 0.16 are probably anomalous as usua1,'j 
and hence in order to facilitate comparisons of the two 
theories in Table VI1 all H atoms were required to be 
electrically neutral. Thus the net charge of B is the 
sum of its net charge plus that  of its terminal H plus 
half of the net charge of each adjacent bridge H. 

Boron atoms 7 and 8, each bonded to two bridge H 
atoms, are most positive in both methods, whereas B1 
and Bz, and to a lesser extent BP and toward the 
center of the molecule, carry an excess of negative 

TABLE VI11 
BOND ORDERS IN BsH12 

1-2 
1-3, 1-6 
1-4, 1-5 
2-3, 2-6 
2-7, 2-8 
3-4, 6-5 
4-H-5 

6-H-7, 3-H-8 
7-H-8 

Bond 
length, 

A. 
b v . )  

1.831 
1 ,792 
1.711 
1,809 
1.721 
1,823 
1.674 
1.807 
1.707 

LCAO 
overlap 
popula- 

tion 

0.40 
0 .45  
0 . 5 1  
0.45 
0 .51  
0 .46  
0.56 
0 .35  
0.44 

3-center 
bond 

order of 
resonance 

hybrid 

0 . i 3  
0.70 
0.88 
0.71 
0.73 
0.86 
1 . 0 5  
0.56 
0.92 

3-center 
bond 

order of 
most sym. 
structure 

1.33 
0.67 
0.67 
0.67 
0.67 
1.00 
1 17 
0 50 
1 .17  

Order of 
increas- 

ing bond 
length 

9 
5 
3 

4 
8 
1 
6 
2 

c 

Order of 
decreasing 

overlap 
population 

8 
6 
2 
5 
3 
4 
1 
9 
7 

Order of 
decreasing 
resonance 

bond order 

6 
8 
3 

5 
4 
1 
9 
2 

m 

Bi) and (Bz, Bs, Bi). The corresponding dihedral 
angle for Hll is 144'. This crowding, strain, and asso- 
ciated valence interactions may be associated with the 
0.033 A. greater length of B7 * * Bs as compared with 
that  of Bq. -B5. This lowering of symmetry from Czv 
to C,, and that  illustrated by comparison of the Hg. * B* 
= 2.00 A. and Hlo. + .BE = 2.02 A. with the H g .  .Bs 
= 1.51 A. and Hlo. .B7 = 1.49 A. pairs of distances are 
well outside the standard deviations of the corresponding 
values in this study. Shifts of both Hc, and Hlo by 
0.25 A. are required to obtain the CzV structure, and a 
shift of one of these two atoms by 0.5 k.  is required to 
obtain the Cz structure. 

The valence structures of the boron hydrides have 
previouslyz3l6 been discussed from both the three-center 
resonance and the molecular orbital points of view. 
If for BsH12 we assume four bridge H atoms, there are2 
four three-center bonds and two two-center bonds in 
the boron framework. A two-center bond between B3 
and B4 (or B5 and B6) and a three-center bond among 
B1, Bz, and B3 (or B1, Bz, and B6) must be common to all 
valence structures of which there are only eleven (Table 
VI). For want of a better criterion all valence struc- 
tures are weighted equallylj in the computation of 
charge distribution (Table VII) and bond orders (Table 

(15) R. Hoffmann and W. N. Lipscomb, J .  Chem. Phys., 37, 2872 (1962) 

TABLE IX 
TOTAL ENERGIES OF THE THREE ISOMERS OF 

Isomer symmetry C, C2" c2 

Energy, kcal. -12,529 05 -12,528 77 -12,525 52 
Gap, e v. 3 34 3 48 3 20 

charge. The Mullikan overlap populations16 were 
also computed from the extended Hixkel treatment 
(Table VIII). The bridge B4-Hl1-BS is the shortest 
hydrogen bridge yet found in the boron hydrides and 
does have a large bond order in the three-center reso- 
nance treatment, which is independent of the experi- 
mental value of the distance. Weak bonding across 
B ~ - H ~ o - B ~  is also confirmed by the valence theory, 
where the situation is much like that  of the 
Bs-H-B~ bridge15 in B9H15. The agreement is disap- 
pointing only in the B7-H12-B8 bridge, where the LCAO 
theory gives a lower result than the resonance theory 
predicts, but the crowding of bridges B6-HI0-Bi, 
B7-H12-Bsj and Bs-H9-B3 referred to above may prevent 
full participation of bonding in the actual molecule as 
compared with an idealized sterically free situation. 

Most interesting is a comparison of the total energies 
of the C,, Czv, and (2% structures by the extended Huckel 
method (Table IX) .  The CzV and Cz structures differ 
from the C, structure only in the positions of H g  and 

(16) R Hoffmann and W. N Lipscomb, z b z d ,  36, 2179 (1962) 
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Hlo, so that no adjustments of the remainder of the 
molecule have been made. The energy gaps between 
the lowest filled and highest unfilled molecular orbitals 
are also given in Table IX. The CZ structure seems to 
be distinctly less stable than the Csv structure, which is 
only slightly less stable than the observed structure of 
C, symmetry. We are not sure, without a considerably 
extended investigation of variations of many para- 
meters, that this result is of significance, but we would 
surely have been disturbed if the method had yielded 
greater stability for either the CBv or Cp structures. 
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Single crystal three-dimensional X-ray diffraction studies a t  - 100' have established the structures of B4H6C2H2 (mono- 
clinic, P21/n, four molecules in a unit cell having a = 8.97, b = 10.60, c = 5.83 A., and p = 95" 47') and of B ~ H ~ C ~ ( C H B ) ?  
(orthorhombic, P2lnm, two molecules in a unit cell having a = 5.709, b = 6.046, and c = 10.556 Ak.). The structure is ail 
icosahedral cap of BdC2 with one B as apex and a five-xnembered B3C2 ring having C atoms adjacent and two BHB bonds. 
These molecules have C, symmetry and strongly resemble B6Hla in geometrical and valence structures. 

The dihydrocarborane B4H6C2HZ, more precisely 
known as 2,3-dicarbahexaborane(8) was first discovered 
and synthesized by Weiss' in very small yields in a 
reaction of BjHg with C2H2 a t  elevated temperatures 
and pressures. The syntheses of this compound and, 
for the first time, of its alkyl analogs2 B4H6C2RR' (in 
particular B4H&(CH3)2) in excellent yields from BjHg 
and RCCR' with the use of 2,6-dimethylpyridine as a 
catalyst represent a significant advance in the avail- 
ability of these interesting molecules for further study. 

The structure for B4H6CzHz implied by the original 
name,' ethenyltetraborane(8), was shown to be in- 
consistent with the IlB nuclear magnetic resonance 
spectrum2 obtained by Williams, who first assigned2aY 
the structure confirmed below by X-ray diffraction 
methods and subsequently reported in a preliminary 
c o m m ~ n i c a t i o n ~ ~ ~  on B4H6C2(CH&. Further interest, 
which led to the elucidation of both structures described 
herein, was generated by the suggestion of a possible 
internal rearrangement,6 perhaps leading to a more 
stable isomer in which the C atoms are nonadjacent. 
However, this rearrangement has not occurred, and it is 

(1) H .  G. Weiss, t o  be published. Also H. G. Weiss and I. Shapil-o, 

(2) T. P. Onak, R. E. Williams, and H. G. Weiss, J .  A m .  Chem. Soc., 84, 

(3) R. E. Williams, H. G. Weiss, and T. P. Onak, private communica- 

(4) W. E. Streib, F. P. Boer, and W. N. Lipscomb, J .  A m .  Chew%. Soc., 

( 5 )  W. N. Lipscomb, "Boron Hydrides," The  W. A. Benjamin Co., New 

( 6 )  R. Hoffmann and W. N. Lipscomb, l i ro tg .  Chem., 2,  231 (1963). 

U. S. Patent 3,086,996 (April 23, 1963, filed June 13, 1956). 

2830 (1962). 

tions. 

86, 2331 (1963). 

York, X. Y., 1963. 

Also ASTIA Report A D  273469, Feb., 1962 (unclassified). 

shown below that the C atoms of the framework are 
adjacent to  one another in both B4HsC2H2 and BJH~CS- 
(CH3)2. 

Experimental 
The samples, both stable liquids a t  room temperature, were 

distilled and sealed into capillaries on a vacuum line. During 
slow growth of the crystal, near -50" for both compounds, the 
capillary which was mounted on a Weissenberg or precession 
goniometer was maintained a t  low temperature by a cold gas 
stream obtained by evaporation of liquid h*2.7 Supercooling of 
B1H6Cn(CHB)2 by as much as 20" caused some difficulty in ob- 
taining single crystals, which mere finally obtained from a suit- 
able seed remaining after a polpcrystallirie sample was carefully 
melted 

Crystals of BaHsC2H2 were easily grown a t  about -50" as 
needles elongated along c, and were cooled to - 100" for diffrac- 
tion study. The reciprocal lattice symmetry of C Z ~  and the 
space group of P21/n from extinctions of h0Z for h + Z odd and 
of Ok0 when k is odd were established. Calibration of an hk0 
Weissenberg level and a c axis oscillation pattern with an AI 
powder pattern yielded unit cell dimensions of a = 8.97 i 0.03, 
b = 10.60 rt 0.03, and c = 5.83 d= 0.02 -A,, in conjunction with a 
precession h01 level which established the monoclinic angle p as 
95" 47' i 4'. The assumption of four molecules per unit cell 
leads to the very reasonable calculated density of 0.903 g. c m . 7 .  
The levels hkL for 0 6 L 6 4 were taken on a Weissenberg goni- 
ometer, and levels Hkl for 0 6 H 6 3 and hKZ for 0 6 K 6 1 were 
photographed on a precession goniometer. Of the 1006 inde- 
pendent reciprocal lattice points only 93 were too weak to produce 
a measurable intensity. These photographs covered 7553 of 
the Cu Ka sphere of reflection. 

The BaHsC2(CH8)2 crystals gave 470 out of a possible 491 
unique reflections in the Cu K a  sphere. Levels Hkl for 0 6 H < 

(7) W. h-. Lipscomb, Norelco Repovte i ,  4, 56 (1957). 


