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Figure 3.—A perspective view of the distribution of sulfur
atoms around an ammonium ion, identifying the [001] direction.
The sulfur atoms are located at the vertices of the slightly dis-
torted cuboctahedron.

alent values of 3.48 (3) A. In addition, there are two
sets of four equivalent distances at the larger values of
3.68 (3) and 3.82 (3) A. While the shortest N-S
distance suggests the possibility of N-H- - -S hydrogen
bonds, ¥ the angular distribution of these sulfur atoms
about the ammonium ion is not favorable for their
formation. The larger N-S distances are somewhat
greater than the sum of the van der Waals radii of
sulfur and nitrogen.’® The four sulfur atoms nearest
any nitrogen lie 0.10 A in the [001] direction from the
corners of a square, the plane of which is parallel to
(001) and contains the nitrogen atom. These four
sulfur atoms and the other eight can be considered as
residing at the vertices of an approximate cubocta-
hedron which is slightly elongated in the ¢ direction and
surrounds the ammonium ion, as shown in Figure 3.
The cuboctahedra and the tetrahedra share edges only,

(17) W. C. Hamilton and J. A. Ibers, “Hydrogen Bonding in Solids,”
W. A, Benjamin, Inc., New York, N. Y., 1968, p 167.
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giving rise to open packing of polyhedra in this struc-
ture.®®

The corresponding tungstate could not be prepared
using any of the methods mentioned above. Neither
could a nickel, cobalt, or silver ammonium thiomolyb-
date be obtained. Attempts were made to prepare a
cuprous sodium or potassium thiomolybdate using
method iii. Sodium or potassium thiomolybdate
solutions were prepared by passage of hydrogen sulfide
into a solution of molybdenum trioxide in caustic soda or
potash. To these were added freshly precipitated
cupric sulfide; a deeply colored liquid resulted. Acidi-
fication to pH 5 gave a reddish precipitate, difficult to
filter, as reported by Debray.2 The phases present in
these precipitates could not be identified by X-ray
diffraction due to poor crystallinity. Chemical analy-
sis was not meaningful as the precipitates could not be
washed well. Reduction of the cupric copper had
probably taken place in the dissolution process. This
does not appear to be the case when a 59, excess of
cupric sulfate solution is added to ammonium thio-
molybdate solution to form a black precipitate. Clark
and Doyle® showed that this was not cupric thiomolyb-
date, CuMoS,, as thought by Berzelius!® but presum-
ably a mixture of molybdenum and cupric sulfides.
An unreported and unexplained event in this precipita-
tion is that the pH drops to a final value of 2.0.

Acknowledgments.—We wish to thank Dr. W. W.
Harvey for helpful discussions, Dr. R. H. Duff for
taking the electron diffraction plates, J. R. Carter for
assistance with the measurement of X-ray films, and
S. I. Andersen for help with the chemical analysis.

(18) A.F.Wells, Acta Crystallogr., T, 545 (1954).
(19) J.J. Berzelius, Poggendorffs Ann., T, 261 (1828).
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The boron hydride hexadecaborane(20), BisHa, crystallizes in the monoclinic space group P2;/c with a = 5.849 (9), b =

13.67 (2), ¢ = 16.75 (3) A, 8 = 100.83 (5)°, Z = 4, and peated = 0.975 g/cm®,

The BjsHyo molecule may be described as an

unsymmetrical fusion of a By, icosahedral fragment with a B icosahedral fragment in which the component fragments open
in opposite directions and, as such, is the first example of a neutral boron hydride without molecular symmetry. The struc-
ture was solved by direct methods and refined by least squares to a conventional R factor of 5.4%, for 1095 reflections which

were collected by counter methods.
new fused fragment boron hydrides are discussed.

Introduction
The structures of 12 neutral boron hydrides have
been determined? previously, and in ten of these com-

(1) (a) Department of Chemistry, Wellesley College, Wellesley, Mass.
02181; (b) Department of Chemistry, Wayne State University, Detroit,
Mich, 48202.

Mechanisms for the formation of BjsHs, chemical properties of BigHy, and possible

pounds (all but B;Hy and ByHig) the boron atoms are
arranged such that the frameworks. or portions thereof,

(2) (a) W. N. Lipscomb, “Boron Hydrides,” W. A. Benjamin, Inc,, New
York, N. Y., 1963; (b) R. M. Adams in “Boron, Metallo-Boron Compounds
and Boranes,’”’ Interscience Publishers, New York, N. Y., 1964; (c¢) M. F.
Hawthorne in ‘““The Chemistry of Boron and Its Compounds,” John Wiley
and Sons, Inc,, New York, N. Y., 1867,
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may be regarded as fragments of an icosahedron. Two
of the ten icosahedral fragment boranes may he de-
scribed as fusions of other simpler icosahedral fragment
boranes; n-BigHz and 4-BisHs each consist® of two
BiHys fragments? which open in opposite directions
and which share a common edge. The ByHjs molecule,
which consists® of two BioHy, fragments joined together
across the open face of each fragment, is not a fusion of
simpler boranes in the same sense as is #-BisHs or -
BisHs,. We report here® the details of an X-ray diffrac-
tion study of hexadecaborane(20), BisHy, and show that
the structure of this new borane may be regarded as a
fusion of a ByyHjy, fragment with a BsH;, fragment’ in
such a way that the component fragments open in
opposite directions and share a common edge.

Experimental Section

Hexadecaborane(20), BigHg, was recently prepared® by the
pyrolysis of BH13S(CHj)s. A small sample of BigHy was sup-
plied by Dr. Jaromir Pledek and Dr. Stanislav Hefmanek of the
Institute of Inorganic Chemistry, Prague-Rez, Czechoslovakia,
and small, needlelike single crystals were grown by sublimation.
Weissenberg photographs of 0k, 1k, and 2kl layers and preces-
sion photographs of 40!, hll, k&0, hkl, and hk2 layers, all taken
with Mo Ke radiation, showed reciprocal lattice symmetry Csn
and systematic absences of / odd for 20! and of % odd for 0kO,
consistent with space group P2;/c (Cor®). The lattice constants
of a = 5.849 (9), b = 13.67 (2),¢ = 16.75(3) A, and 8 = 100.83
(5)° were determined by least-squares refinement of the angular
settings of 16 reflections which had been centered on a Picker
automatic X-ray diffractometer using standard procedures.®
The measuremients were made at 22° with Mo Ke radiation (A
0.70926 A), and a local version of the program pIck2 was used®®
for the least-squares calculations. A density of 0.975 g/cm? was
calculated from the assumption that four molecules occupy the
unit cell. This value is in reasonable agreement with experi-
mental measurements (flotation technique) which bracket the
density between 0.94 and 1.00 g/cm3. The high solubility of the
compound and the limited amount of sample precluded a more
accurate density determination. There is one molecule of BigHzo
in the asymmetric unit, and no molecular symmetry is demanded
by the space group.

The intensity data were collected from a crystal of approximate
dimensions! 0.5 X 0.5 X 1.0 mm (1.0-mm dimension parallel
to a) which was sealed in a thin-walled glass capillary and
mounted with the ¢ axis approximately coincident with the ¢
axis of the Picker four-circle diffractometer. The moving

(3) (a) P. G. Simpson and W. N. Lipscomb, J. Chem. Phys., 89, 26 (1963);
(b) P. G. Simpson, K. Folting, R. D. Dobrott, and W. N. Lipscomb, ¢bid., 89,
2339 (1963).

(4) (a) J. S. Kasper, C. M. Lucht, and D. Harker, Acta Crystaliogr., 8, 436
(1950); (b) C. M. Lucht, J. Amer. Chem. Soc., 78, 2373 (1951); (c) E. B.
Moore, R. E. Dickerson, and W. N. Lipscomb, J. Chem. Phys., 27, 209
(1957); (d) A.Tippeand W. C. Hamilton, Inorg. Chem., 8, 484 (1969).

(5) R. D. Dobrott, L. B. Friedman, and W. N. Lipscomb, J. Chem. Phys.,
40, 866 (1964).

(6) A preliminary account of this work has been reported previously:
L. B. Friedman, R. E. Cook, and M. D. Glick, J. Amer. Chem. Soc., 90, 6862
(1968).

(7) R. E. Enrione, F. P. Boer, and W. N. Lipscomb, Tnorg. Chem., 8, 1659
(1964).

(8) J. Plefek, S. Hetmdnek, B. Stibr, and F. Hanousek, Collect. Czech.
Chem. Commun., 82, 1095 (1967); 88, 699 (1968).

(9) T. C. Furnas, Jr., “Single Crystal Orienter Instruction Manual,”
General Electric Co., Milwaukee, Wis., 1957,

(10) p1cK2, J. A, Ibers’ least-squares program for crystal lattice con-
stants and orientations based on W. C. Hamilton’s MoDEL.

(11) A referee has pointed out the potential error associated with the use of
such a large crystal. However, only a few milligrams of sample was avail-
able, and since the stability of the compound was uncertain, we chose to
collect the data from the first reasonably good crystal which could be pre-
pared. The rather large uncertainties in the cell dimensions may be due, in
part, to the large size of the crystal.
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crystal-moving counter technique was used with a scan rate of
1°/min and a scan range of 1.00° in 26 (0.40 less and 0.60 greater
than the calculated 26 value). All scans were recorded on a strip
chart, and periodic inspection of the tracings indicated that the
peaks were properly centered. Background counts of 10 sec
were taken at each end of the scan range. Mo Ka radiation
was used and the diffracted beams were filtered through Zr foil.
The scintillation counter had an aperture of 3.5 X 5.0 mm and was
31.5 cm from the crystal. The takeoff angle was set to 2°, and
the pulse height analyzer was set to admit 909, of the Mo Ka
peak. Essentially all reflections of significant intensity were
below 20 = 35°. Two symmetry-related quadrants of recipro-
cal space, (+h, +k, +1) and (=hk, +k, —1), were measured in
the range 0 < 26 < 35°, and the former quadrant was also ex-
plored for 35° < 260 < 50°.

Throughout the data collection the intensities of five standard
reflections in diverse regions of reciprocal space were measured
at approximately 2-hr intervals. During the first 7 days of
measurement the intensities of these reflections did not change
noticeably; however theré was a uniform decrease in intensity of
approximately 3%, during the last 3 days of measurement. All
data collected during this latter period were corrected by assum-
ing that the decrease was a linear function of elapsed time.
After measurements were completed the most intense reflections
were rechecked to see if any had exceeded the linear counting
capacity. Three such reflections (012, 110, 102) were found and
after attenuator calibration with less intense reflections, inten-
sities of these three were corrected.

Approximately 1800 of the 2500 observations represented
unique data points, and, after Lorentz and polarization cor-
rections were made,!? 1046 of the unique reflections had F,? >
2.50(F,?), where ¢ was defined?® as

[(c + S-gusl + B») 4 (0.03) X

60 27/
: <C — 50(31 + Bz)> :|

where C is the total integrated counts during the 60-sec scan, and
B; and B; are background counts during the two 10-sec back-
ground measurements. These 1046 data were used for the
solution of the structure and preliminary refinement and were
merged with the reflections with Fo? > 2.5¢(F,?) from the sym-
metry-related quadrant for the final refinement procedures.

Absorption by crystals of BigHy is insignificant; the linear ab-
sorption coefficient is 0.384 c¢m™ for Mo Kea radiation, and
transmission factors for the minimum and maximum possible
path lengths are 0.980 and 0.954, respectively.

Solution of the Structure and Refinement

The structure was solved by Sayre’s method!* using
programs which had been modified locally for use on
the IBM 360 computer. The normalized structure
factors

N
Eg* = (FH2/(€j§fjH2>

were calculated with the program NorMaL® for re-
flections with p = (sin? 6)/A2 < 0.30, where Fz?® has
been corrected for thermal motion, ¢ = 2 for 020 and
h0l, and e = 1 for all other reflections in space group

(12) DpAcOR, a program for making Lorentz and polarization corrections,
calculating intensity standard deviations, and merging data.

(13) The local program DACOR calculates a o similar to, but not identical
with, that described by P. W. R. Corfield, R. J. Doedens, and J. A. Ibers,
Inorg. Chem., 6, 197 (1967).

(14) D. Sayre, Acta Crystallogr., B, 80 (1952),

(15) NORMAL, a program for calculating normalized structure factors,
which originated at Harvard University.
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TaBLE I
DISTRIBUTION OF E’st®

Obsd Theory (centric)
{E]) 0.869 0.798
{E?) 1.000 1.000
(B — 1] 0.813 0.968
E[>3.0 0.20% 0.3%
E| >2.0 3.6% 5.09
E| > 1.0 31.5% 32.09%

e Eg? = Fgp?/(eZ;uYf;u4%), where Fp? has been corrected for
thermal motion, /V is the number of atoms in the unit cell, e = 2
for 0k0 and k0l reflections, and ¢ = 1 for all other reflections.
b {E?) normalized to 1.000 by adjustment of the scale factor.

Inorganic Chemistry

for a local version of the program REL." The Ex
terms were ordered'®:'® in decreasing size of the function

EulSlE

and then the first three linearly independent E’s asso-
ciated with these terms were fixed in sign in order to
determine the origin. The next four reflections were
given assumed signs and each of the 16 resulting sets
of assumed signs was used in an iterative application of
Sayre’s relationship with those reflections for which Ex
was greater than 1.3 (total of 169 reflections).

TABLE 11
COMPARISON OF OBSERVED AND CALCULATED STRUCTURE FACTORS FOR BisHa®

- A= Weooa,ke 1 s1Y 77 Th [PV Y] IERCTERT SA 1y 193 -5
LooEn o FC Loorn Foo -1z 51 8o 2w R LY -5
2w 1o am -1 72 7 PR IERRT LY -
W78 34 > 3125 13 &8s a3 T
8 110 112 « 2277 -8 106 102 6 127 123
10 53 64 6 133 152 -1 115 109 7153 153
12 172 179 6 122 129 -5 8y 87 314 12
16 60 73 7183 183 -4 4300 W17 3 es1 236
& 86 B -1 318 329 130 123 125
K= 0,%= 1 9 121 125 -2 292 3 12 9% @2
L PO FC 100 w6 98 -1 337 458 13 70 67
1ore 133 133 un o 906 9319 31 28
2 733 759 12 6D 66 1o2RL 286
3 60u 813 13 Se b 2 273 283 EENR PR TR
4129 1 1535 37 32 23 Loord BT
5 28 L] 521 LA P SR 1
6 106 102 = 0,%= A 5B 81 11 s 6d
7032 33 L F0 PC 7 9022 121 -1 w8 49
8 a5 35 0 156 153 A 193 197 -3 133133
10 106 109 o 13 7103 0 ES AT B 1Y
o7 72 2 83 60 1w 5s ek PSR L
1377 81 3 a3 e 1ok 7 -5 143 13w
w36 31 ione 117 1z 1Au 185 -3 ds 3
17 88 61 5 1un 150 13 9 8% -2 118 116
6 100 105 w12 S1wss 47
7 w1 o3 ® 3 &) 92 1w
g 4 w2 17 w2 3 [EEETPIE FLY
5 s Woss Wy 3 s 32
1z 75 71k w37 w2
73 97
553 52
PR
w7y 73
1Moass 19
1wy 35
13032 16
woowa b1

L oTo P
1261 238 W71 10
2 57 55 [ I RN FE AN PY
4 329 318 521 217 -7 N
6 201 197 3 8 30 EE IS B S
7033 2w & 59 85 -5 18 T4
9 205 205 79y A -3 e 103
o790 80 10 60 58 -2 1 1
s 33 29 -1 %33 197
He o 9,K= 11 3135 108
K= 0,k= 4 L PO FC 2 13 126
L Fo £ Tt 102 3 es 70
9 123 128 ER T A P33 39
1232 225 w52 sk 5 t4s 182
2 214 2 73 32 50113 125
FERTTERTS] 8 b4 59 71 13}
6 183 179 LRI I 1) 3 w1 87
7298 58 G vad 180
8 56 55 A= 0,Kk= 12 10 4
3 83 33 L FO PC 12 tve 1w
10 86 a5 ERE PR 358 A2
131 19 © 35 3
12005 m 5 45 4w He o 1,45 7
15 64 BU 6 30 72 Loso 7C
3 64 60 S18 43 3w
4= 0,k= 5 85 76 ERERE T ]
L PO FC -3 w60
1261 258 He 9,K= 13 EE R VO P
2 120 116 L Py PC -1 21 222
3 102 101 165 s so 38 57
L oas ue u6R &7 ~5 73 A1
s 79 7 5 49 59 -4171 72
6 69 63 550 43 -1 88 39
7154 158 -2 31y
8 180 179 H= -1 3 35 1,k 13
9 93 96 L ERRPERNTE) LI
10020 18 2 144 NS 63 bk
IR R T 4 2 o1 o 51 47
278 79 5 39 97 52 57
13 94 96 & 10 72 35 5
w33 2 = 1,%= 0 5wy 1.9 ur oy
L PO PC 6 83 95 3 7
We O,k= 6 ~18 47 51 3200 199 35 29
L PO P -12 99 10 3 55 51 107 99
0 376 36 =10 33 105 oye 9y sy 39
1o1ar 135 - 41 4s 1293 92 73 63
2138 132 -4 w2y w17 1373 78
3039 38 -2 te1 170 [ T
“ 7175 o 495 491 s 1,4 3 L > ve
5 31 38 2 1234 1063 LooF o Es -4 oup 27
6 95 102 5 81 A0 -3 81 52 -3 70 e}
7 [T 8 106 108 EEERT I 1 -2 3% 7
8 8¢ a1 10 154 166 -7 54 sS4 FERER LS
9 108 114 w53 67 o 35 35 CEEE B
10229 235 1% 72 69 -5 295 207
1146 4 EENE R 1 -4 5o 8 He o 2,k= 0
12 54 50 -3 7T L Fy e
134y as K= Y.k= % -2 15 133 =12 33 50
Wwooue o 3 Po rC 9121 125 -1 b6 5B

¢ The values for

P2;/c. The sum over® f;5* extends over the N = 144
boron and hydrogen atoms in the unit cell, and (Ex%
is normalized to 1.000 by adjustment of the scale fac-
tor. Experimental and theoretical values of the nor-
malized structure factors are presented in Table I.
Normalized structure factors, Eg, were used as input

(18) The f; values were obtained from “International Tables for X-Ray
Crystallography,” Vol. 3, The Kynoch Press, Birmingham, England, 1968.

o 11y 11

and ‘F are in electrons X 10. Fgp = 4000.

In the iterative process newly calculated signs were
used immediately to determine signs of all remaining

(17) Rret, “A Program for Phase Determination hy Reiterative Applica-
tion of Sayre’s Equation,” R. E. Long, Ph.DD. Thesis (Part 111), UIniversity of
California, Los Angeles, Calif., 1965.

(18) Details of the operation of REL recently have been published,!?and are
repeated here only to clarify the steps involved in the solution of the current
structure.

(19) T. F. Koetzle, F. E. Scarbrough, and W. N. Lipscomb, Inorg. Chem.,
7, 1076 (1968).
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TaBLE III
ATOMIC PARAMETERS FOR BjgHag

Atomic Positional and Isotropic Thermal Parameterse?

Atom x ¥ z B, Az

Bl 0.4455 (6) 0.0830 (3) 0.1514 (2)

B2 0.5193 (7) 0.1999 (3) 0.1858 (2)

B3 0.4773 (7) 0.1014 (3) 0.2541 (3)

B4 0.5371(7) —0.0160 (3) 0.2074 (2)

B5 0.6696 (6) 0.1479 (3) 0.0936 (2)

B6 0.8110(6) 0.2175(2) 0.1512 (2)

B7 0.7175 (7) 0.1807 (3) 0.2529 (2)

B8 0.7206 (8) 0.0348 (3) 0.2699 (3)

B9 0.8294 (7) —0.0359 (3) 0.1819 (3)

B10 0.6806 (7) 0.0090 (3) 0.1061 (3)

B1’ 0.9238 (6) 0.2042 (2) 0.0498 (2)

B2’ 0.8862 (6) 0.3127 (3) —0.0065 (2)

B4’ 0.9375 (7) 0.3221 (3) 0.0972 (2)

B35’ 0.7457 (7) 0.4028 (3) 0.0564 (3)

B6' 0.5953 (7) 0.3343 (3) —0.0030 (3)

B7' 0.6891 (7) 0.2096 (3) —0.0036 (2)

H1 0.272 (5) 0.074 (2) 0.129(2) 2.2(7)

H2 0.393 (4) 0.264 (2) 0.192(1) 0.4(5)

H3 0.346 (5) 0.109 (2) 0.199 (2) 2.6(7)

H4 0.414 (4) —0.077 (2) 0.226 (1) 1.6(6)

H7 0.742 (5) 0.228 (2) 0.308 (2) 3.1(7)

HS8 0.734 (5) 0.008 (2) 0.334(2) 3.7(8)

H9 0.938 (5) —0.103 (2) 0.181(2) 3.0(7)

H10 0.677 (5) —0.037 (2) 0.049(2) 2.6(7)

Hl’ 0.085 (4) 0.161 (2) 0.026 (1) 0.9(6)

H2' 0.017 (4) 0.333 (2) 0.939(2) 1.6(6)

H4’ 0.095 (5) 0.356 (2) 0.111 (1) 1.7(6)

H5' 0.771 (5) 0.482 (2) 0.053 (2) 2.5(7)

He' 0.512 (4) 0.365(2) 0.948 (2) 2.5(7)

H7' 0.677 (5) 0.167 (2) 0.911(2) 2.0(8)

H(B6B7) 0.918 (5) 0.178 (2) 0.199 (2) 2.6(7)

H(B8B9) 0.918(5) 0.026 (2) 0.223(2) 2.2(7)

H(B9B10) 0.883(5) 0.015 (2) 0.114(2) 1.7(6)

H(B4’B5’") 0.765(5) 0.370 (2) 0.132(2) 2.7(7)

H(B5'B6’) 0.529 (5) 0.379 (2) 0.065(2) 2.5(7)

H(B6'B7') 0.505(5) 0.246 (2) 0.024 (2) 2.4(7)

Anisotropic Thermal Parameters®
Atom Bt Bas B3 Bie B Bas

B1 290 (15) 57 (3) 40(2) —-9(5) —17(4) 5(2)
B2 338(16) 50(3) 33(2) 19 (5) -9 (4) 2(2)
B3 340(13) 70(3) 37(2) 19 (8) 0@4) 9(2)
B4 357(17) 52(3) 49(2) —14(6) —12(5) 8(2)
B5 281(14) 46(2) 35(2) 13(5) —256(4) —4(2)
B6 202 (14) 44 (2) 37(2) 9(3) —33(4) 2(2)
B7 412 (18) 63(3) 34 (2) 10 (6) —22(5) 1(2)
B8 424 (19) 62(3) 47(2) 9(8) —23(5) 17(2)
B9 381 (18) 47(3) 60(2) 17(6) —16(5) 10(2)
B10 371 (17) 47(3) 50(2) —32(6) —17(5) —2(2)
Bl' 254 (14) 47(2) 38(2) 0(3) —10(4) —1(2)
B2/ 205 (14) 57(3) 38(2) —11(5) —1(4) 7(2)
B4’ 322 (17) 50(3) 45(2) 1(6) —25(5) —3(2)
B5’ 386 (17) 50(3) 54(2) —2(8) —3(5) 6 (2)
B6’ 346 (16) 73 (3) 44(2) 5(6) —9(5) 20(2)
B7/ 301(15) 65(3) 35(22) —12(5) —13(4) 0(2)

2 The numbers in parentheses here and in succeeding tables are
estimated standard deviations in the least significant digits.
b The coordinates are expressed as fractions of the unit cell
parameters. ¢ Anisotropic temperature factors are multiplied
by 104 The form of the anisotropic thermal expression is:

expl— (Buh? 4 Buk? + Bul? + 2B1hk + 281kl + 262k0)].

unknown reflections. For each of the 16 sign sets the
number of cycles and the consistency indices, defined
as

C == <IEH>;EKEH-K|>/<|EH;>K:IEK!|EH_Kl )

HexXADECABORANE(20) 1455
where the average is taken over all H, were calculated.
Sign set number 6 had the highest consistency index,
C = 0.73, required five cycles of iteration, phased all
169 input reflections, and yielded the correct structure.
The next highest C was 0.59 (after seven cycles), and
only one other sign set required fewer than five cycles
of iteration (this set had a consistency index of C =
0.56). No sign set other than the correct one phased
all of the input reflections.

The E map computed® from the 169 phased reflections
clearly showed positions for 15 of the 16 boron atoms in
the asymmetric unit, as well as a probable position for
the 16th boron atom. Twelve of these atom positions
(two pentagonal pyramids) were used in a structure
factor calculation?! and the resulting electron density
map contained the three peaks not used as input and
confirmed the expected location for the 16th boron
atom. Two cycles of full-matrix least-squares re-
finement?! minimizing Zw( F0| - Fc])2, where the
weights w are taken as 4F,?/o(F,?), were carried out
for the 16 boron atomic positions with individual iso-
tropic temperature factors giving R = Z||F| — |FCH/
Z|F,| = 0.165 for 1046 reflections. At this stage a
difference map was calculated? and all 20 hydrogen
atoms were located. Of the 21 largest peaks in the
difference map (electron density values 0.54-0.28
e~ A—%), 20 were assigned to hydrogen atoms and the
other peak appeared to be associated with a poorly
located boron atom. Further refinement was made
for all atomic positions (boron and hydrogen) with in-
dividual isotropic temperature factors (two cycles),
and then after merging data from the two symmetry-
related quadrants, anisotropic temperature factors
were introduced for boron atoms and all parameters
were refined further (two cycles). The final two cycles
of refinement included 225 variables, and the final value
of R is 0.054 for the 1095 pieces of merged data. The
standard error of an observation of unit weight, de-
fined as [Ew(EFo — ]Fc‘)“’/(n — m)]”, where n is
the number of ohservations (1095) and  is the num-
ber of variables (225), is 1.07. Observed and calculated
structure factors are compared in Table II. Atomic
coordinates expressed in fractions of unit cell dimen-
sions and temperature factors (anisotropic for boron
and isotropic for hydrogen atoms) are contained in
Table III.

Results and Discussion

The structure of the BisHjy, molecule and the num-
bering scheme???? are illustrated in Figure 1. Lips-
comb’s topological rules?® for boron hydrides of general
formula (B,B,H,:,+.)°, where 7 is the number of
boron atoms without terminal hydrogen atoms and ¢
is the electrical charge, yield for BigHy the styx num-
bers (6.10.4.0). The proposed nomenclature rules for

(20) ForbpaP, A. Zalkin’s Fourier program.

(21) W. Busing, K. Martin, and H. Levy’s ORFLS, a least-squares program,
and ORFEE, a function and error program,

(22) The numbering scheme used here differs from that used in the pre-
liminary report of this work® and is consistent with the proposed nomen-

clature rules?? for boron compounds.
(23) Inorg. Chem., T, 1945 (1968).
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TABLE IV
BoroN-Borox Boxp DisTaxces (4)

S

Av values®

Dyj —
i j BisHa BisHao
Bl B2 1.780 (5) )
Bl B4 1.786(6) | e
B2 B3 1.754 (8) | 1777 (14)
B3 B4 1.790 (8) ]
B2 B5 1.777 (5))
B2 B7 1.780 (6)! -
B4 BS 1.775 (8! 1.777.(6)
B4 B10 1.779 (6))
Bl B5 1.722(3))
B1 B10 1.760 (6) .
B3 B7 | 7728)| 1751 (18)
B3 B8 1.751 (6))
B5 B6 1.680 (5) 1.680 (5)
B6 B7 1.763 (6))
BS B9 1.779 (7)) 1.773 (7)
B9 B10 1.778 (6)f
Bl B3 1.782 (6) 1.782 (6)
B2 B6 1.713 (6] -
B4 B9 1.704 (8) 1.709 (6)
B5 B10 1.914 (6) 1.965 (30)
B7 B8 2.015 (7
B5’ B6’ 1.723 (6) 1.723(6)
B2/ B5’ 1.725 (8)] -
B2’ BG’ 1.717 (6)} 1.721.(6)
B2 B4’ 1.821 (6)|
B2’ BT’ 1.816 (6) 1.818(6)
B1/ B4/ 1.806 (3)] -
Bl BY’ 1.775 (6) 1.790(15)
B4’ B’ 1.797 (6),
B6’ B7’ 1.791 <6)f 1.794 (6)
B4’ B6 1.779 (5)) -
B3 B7’ 1.818 (6)f 1.799 (19)
B’ B2’ 1.794 (5) 1.794(5)
Bl B5 1.712 (5))
B’ B6 1.712 <6>f 1.712 (6)

BioHua BsHi n-BisHa i-BisHa
1.776 (5) 1.777 (13) 1.778 (16)
1,786 (5) 1.801 (10) 1.802 (20)
1.756 (4) 1.758 (14) 1.756 (12)
1.775(13) 1.674 (4) 1.838(5) 1.794 (2)
1.775 (13) 1.798 (17) 1.787 (5)
1.772 (6) 1.783 (4) 1.781(3)
1.715(4) 1.754(35) 1.721 (3)
1.973 (4) 1.972(4) 1.971(19)

1.707 (4)
1.720 (4)
1.809 (5)
1.792 (4)
1.806 (6)
1.822(4)
1.830 (4)
1,710 (4)

¢ The deviatiouns listed for the average values are either the mean of the standard deviations or the root-mean-square deviation, which-

ever is larger in each case.
are from the neutron diffraction study* of 'Bi*Hu.

Figure 1.—The molecular structure and numbering scheme for
ByeHo.

boron compounds?® yield the name hexadecaborane(20),
or octaborano(12)[3’,8":5,6]decaborane(14). The lat-
ter name for the compound seems particularly appro-
priate since positions of boron and hydrogen atoms,
bond distances, and bond angles in BiHy are, with
but a few exceptions, remarkably similar to the corre-
sponding positions, distances, and angles observed?’
in BigHyu: and BsHp. The formal fusion of the BigHy
and BgHj, fragments is along the B5-B6 edge of ByHis
and the B3-BS8 edge of BsHy, with the two fragments

Distances for BgH:p, #-BisHas, and 4-BisHsz are those obtained®” in the X-ray studies, while those for BigHis

opening in opposite directions. Bridge hydrogen atoms
along these edges in the component boranes are not
present in the B;sHy molecule, and terminal hydrogen
atoms on B5 and B6 of B10H14 and B3 and BS of BgHm
are also not present in BjgHy. The symmetries of
ByHis (Coy) and BeHye (Cs) are lost in the unsymmetri-
cal fusion of the two units into BisHge, the first struc-
turally characterized neutral boren hydride without
molecular symmetry.

There are six bridging hydrogen atoms in BigHy,,
three of which, H(B6B7), H(BSB9), H(BIB10D),
occupy positions corresponding to those found in ByHu
and the other three, H(B4'B5’), H(B5'B6’), H(BG6'-
B7’), occupy positions corresponding to those in
BsHjpe. The 14 terminal hydrogen atoms are distri-
buted one per boron atom, with the two boron atoms
(B5 and B6) connecting the two icosahedral fragments
lacking terminal hydrogens. Each boron atom in
BigHy is six-coordinate, and B5 is coordinated to boron
atoms only. In the n-BisHz molecule®* there are two
boron atoms each surrounded by six boron atoms;
however these atoms also participate in bridge hydro-
gen bonding and are therefore seven-coordinate. The
i-BisH,e molecule also has * two seven-coordinate boron
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Figure 2.—The molecular packing of BygHuy as seen in the
Okl projection. Hydrogen atoms are omitted for the sake of
clarity.

atoms; one is surrounded by one hydrogen and six
boron atoms, and the other is surrounded by seven
boron atoms.

Table IV lists all bonded B-B distances in BisHgo
and compares the appropriate average values with
those foundav“ in B10H14, Bngz, 'n—Blgsz, and ’l:-BlgHgg.
Especially noteworthy is the B5-B6 distance of 1.680
(5) A which is considerably shorter than the corre-
sponding distance in ByHis, #-BisHs, and ¢-BisHs
but which is almost identical with the corresponding
value of 1.674 (4) A found in BsHy,. In addition, the
B5-B10 and B7-B8 distances of 1.914 (6) and 2.015
(7) A, respectively, indicate a slight distortion in the
symmetry of the By, fragment of BisHy as compared
with ByHy or the By, fragments of #-BiHse and -
BisHa.

TABLE V
BoroN-HYDROGEN BOND DisTANCES (A)
m———B~H, terminal -~ B-H, bridge—————~
B H B-H B H B-H
Bl H1 1.15(3) B6 H(B6B7) 1.23 (3)
B2 H2 1.13(2) B7 H(B6B7) 1.34(3)
B3 H3 1.08(8) B8 H(B8&B9) 1.28 (3)
B4 H4 1.11(3) B9 H(B8BY) 1.26 (3)
B7 H7 1.16 (8) B9 H(BYB10) 1.31(3)
B8 HS8 1.15(3) B10 H(B9B10) 1.22(3)
B9 H9 1.11(3) B4’ H(B4'B5’) 1.36(3)
B10 H10 1.16 (8) B5' H(B4'B5%) 1.25(8)
Bl H1’ 1.12(2) B5’ H(B5'B68’) 1.29 (3)
B2/ H2' 1.11 (3) Bg’ H(B6'B7’) 1.36 (3)
B4’ H4' 1.09 (8) B6’ H(B5'B6') 1.29 (3)
B5’ H5' 1.09 (3) BT/ H(B6'B7’) 1.20(3)
B6’ H6’ 1.12 (3) Av 1.28(5)
B7/ H7' 1.10 (3)
Ave 1.12(8)

2 Root-mean-square deviations are listed for the average values.

The boron-hydrogen bond distances are listed in
Table V, and the average values are 1.12 (8) A for
terminal hydrogen atoms and 1.28 (5) A for bridge
hydrogen atoms, in general agreement with values
found?® for other boranes, The B-B-B angles are
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TABLE VI
BorRON-BORON-BORON ANGLES (DEG)

Atoms Angle Atoms Angle
B2-B1-B3 59.0(2) B3-Bg&-B4 61.0(3)
B2-B1-B5 61.0(2) B3-B&-B7 55.6 (2)
B3-B1-B4 60.2 (2) B4-B8-B9 57.3(2)
B4-B1-B10 60.2 (2) B7-B8-B9 115.6 (3)=
B5-B1-B10 66.7 (2) B4-B9-B8 61.2 (2)
B1-B2-B3 60.6 (2) B4-B9-B10 51.4(2)
B1-B2-B5 57.9(2) B&-B9-B10 104.9 (3)#
B3-B2-B7 60.2 (2) B1-B10-B4 60.6 (2)
B5-B2-B6 57.5(2) B1-B10-B3 55.7(2)
B6-B2-B7 60.6 (2) B4-B10-B9 57.3(2)
B1-B3-B2 60.4 (2) B5-B10-B9 116.9(3)=
B1-B3-B4 60.0 (2) B5-B1’-B6 58.8(2)
B2-B3-B7 60.6 (2) B5-B1'-B7’ 62.8(2)
B4-B3-BS8 60.2 (2) B6-B1/-B4’ 60.7 (2)
B7-B3-B& 69.8 (3) B2'-B1’-B4’ 60.8(2)
B1-B4-B3 59.8 (2) B2/-B1’'-B7’ 61.2 (2)
B1-B4-B10 59.2 (2) B1'-B2/-B4’ 59.9 (2)
B3-B4-B8 58.8(2) B1/-B2/-B7’ 58.9 (2)
B&-B4-B9 61.5(3) B4’'-B2/'-B5’ 60.8 (2)
B9-B4-B10 61.3(3) B5'-B2'-B6&’ 60.1(2)
B1-B5-B2 61.1(2) B6'-B2'-B7’ 60.8(2)
B1-B5-B10 57.6(2) B6-B4’-B1’ 57.1(2)
B2-B5-B6 59.3 (2) B6-B4'-B5’ 117.2(8)e
B6-B5-B1/ 60.6 (2) B1'-B4'-B2’ 59.3(2)
B10-B5-B7’ 124.2(3)» B2/-B4'-B5’ 56.9 (2)
B1'-B5~-B7/ 60.3 (2) B2'-B5'-B4’ 62.2 (2)
B2-B6-B5 63.2 (2) B2'-B5’'-B6’ 59.7 (2)
B2-B6-B7 61.6(2) B4’-B5'-B6’ 108.0 (3)
B5-B6-B1’ 60.6 (2) B2/-B6’-B5’ 66.2 (2)
B7-B6-B4’ 138.2 (3)* B2'-B6’-B7’ 62.3 (2)
B1’-B6-B4' 62.3(2) B5’-B6’-B7’ 109.4 (8)
B2-B7-B3 59.2 (2) B5-B7/-B1’ 56.9 (2)
B2-B7-B6 57.8(2) B5-B7'-B6’ 118.0 (3)e
B3-B7-B8 54.6 (2) B1/-B7’'~-B2’ 59.9 (2)
B6-B7-B8 114.2 (3 B2'-B7'-B6’ 56.8(2)

¢ External angle.

contained in Table VI and a careful inspection of com-
parable angles indicates that the molecule is not sig-
nificantly distorted.  The crystal structure as pro-
jected onto the 0%/ plane is illustrated in Figure 2, and a
projection drawing and wvalence structure for ByHy
isincluded in Figure 3.

BigHa0
Figure 3.—Projection drawing, valence structure, and number-

ing scheme for BsHjy (6.10.4.0). All boron atoms are bonded
to terminal hydrogen atoms except those circled.

We consider now the chemical implications of this
structural study. The pyrolysis of BsH;3S(CHjs), pro-
duces® a relatively large yield of ByHy and #-
BigsHs, as well as small amounts of BiHy. Plesek,
et al., have proposed®?* that the first step of this py-

(24) S. Hefmdének and J. Pledek, private communication.
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rolysis involves the loss of dimethyl sulfide and the
generation of an intermediate B¢H;; which then (1)
dimerizes to BisHys whicly, in turn, clecaves to yield By
H,, and BgHjy;, (ii) dehydrogenates to BRyHy, which
then dimerizes to give n-BiH., and (iii) eliminates a
BH; group to yield an unstable BsHy. We add here a
proposal for the dimerization of a possible Bs fragment
which yields, in a very simple way, the observed boron
framework of BigHy,.

B
8—B |
JAv4 \/ v
LA N \/
5 TN 50—~
Bl BG /,'i/’/;B‘\\\‘ (‘,/
T TS
FEAN /B*B\ /
B\\B// 7 \\8//87
(a) {b)
B
138
B—pRg-——
/\/\/
58/5\3/
>
‘OB—//Bl/\\Bz//G
™ /N s
B/?——B‘ 7
\B/

()

Figure 4.—A proposed dimerization of two Bz fragments (a) to
yield the boron framework of BisHa (c).

Consider two Bj icosahedral fragments (Figure 4),
each with boron atoms arranged as in the known BsHj,.
Assume the fragments, one opening upward and the
other opening downward, approach each other in such
a way that an end of one fragment (5-6) approximately
straddles a corner (1-2-7) of the other (Figure 4a).
Assume bonding interaction between one edge of the
first fragment and three edges of the second (5 to 10,
5tol,5t02 6to2 6to7) (Figure 4b). Slight shifts
by each of several boron atoms yield the boron atom
framework observed in BisHy (Figure 4c¢).%

There is, of course, the possibility that BjsH,, arises
from a more complex series of reactions. For exam-
ple, some of the n-ByH;, produced in the pyrolysis
may lose boron atoms 8 and 9’ which, after minor
shifts in the positions of the remaining boron atoms
and appropriate rearrangement of bridging hydrogen
atoms, would yield BiHjy. A similar degradation
of i-BisHy, (which is not a product of the pyrolysis
reaction which produces BysHz) would also yield By
H,,.2

Only a few chemical properties of BigHy have been

(25) 8. Hefmadnek, J. Plesek, and B. Stibr proposed a structure for BigHu
based upon their chemical studies and the structural principles observed for
the previously characterized boranes. This proposal, presented at the 5th
Czechoslovak Conference on Inorganic Chemistry, Oct 1967, described
BisHz as a symmetric Bz dimer with six bridge hydrogen atoms, a struc-
ture which is actually closely related to the structure established here.

(26) Recent studies by S, Hefmdnek and J. Plesek show #-BisH to be
thermally stable up to 190°. Since BisHx is obtained by pyrolysis at much
lower temperatures, an intermediate role for #-BisHg seems unlikely.
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reported® and they are all consistent with the structure
now established. Dimethyl sulfide and triphenylphos-
phine react with ByigHyy to give first decaborane(14)
and then the corresponding base adducts of decaborane,
BuH[S(CHy)sl and ByHu[P(CeH;)sl., respectively.
It seems reasonable to assume that the base simply
cleaves the BigHsy molecule in such a way as to pro-
duce a By fragment and a Bg fragment. The boron—
boron bond distances in BisHs do not, however, indi-
cate special weakness for the B3-B7’, B5-B1/, B6-B1/,
or B6-B4’ bonds, which require cleavage for the sim-
plest route to a decaborane-type fragment. Such a
cleavage suggests formation of base adducts of the
Bs fragment, and it is noteworthy that other, as yet
unidentified, products indeed are obtained?® in the reac-
tion of BigHge with dimethyl sulfide.

The observed acidic character of BisHy and the
resulting yellow anionic conjugate base are reminiscent
of the acid character?? of BijgHy, #-BisHs, and 7-Bis-
Hy. It is tempting to speculate that the conjugate
base of BiHae is structurally similar (in the By frag-
ment) to the BigHy; ™ ion,? as the #-BisHo —, #-BisHy? ™,
-BigHy—, and 4-BisHa?~ ions are presumed? to be.
Unfortunately, the structure proposed® for the Byg-
Hy;~ ion has not been confirmed by X-ray diffraction.

The establishment of the structure of BigHa, the
third neutral borane with a fused icosahedral fragment
structure, suggests that numerous additional fused
icosahedral fragment boranes may be capable of exis-
tence. In Bigly, #7-BisHs, and :-BiH,, the fused-
fragment structures may formally be generated from
the component fragment boranes by removal of one
bridge and two terminal hydrogen atoms from each
compornent fragment and reduction of the sum of boron
atoms from the components by two. For component
fragments B,H,, and B,-H,s, the fused-fragment for-
mula iS Bin—oHpim—s. Application of this formal
procedure to the simple icosahedral fragment boranes
(BsHie, B;Hiy, BsHyg, BsHyg, BoHys, and By Hy,) implies
the generation of 123 fused-fragment boron hydrides
(235 including enantiomers) each made up of two-
component icosahedral fragments. Especially inter-
esting are possible By, By, Bis, Bus, Bis, and By neutral
boranes which, as of this writing, have not been char-
acterized. There is also, of course, the possibility
that three or more simple borane fragments may (for-
mally) be fused to give even more new structures.
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