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Synthesis and Structure of the Elusive §2-B,oH1g]®~ Anion
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The apicat-apical isomer of the polyhedral borane ani@d-B2oH1g]*~ reacts with various proton sources in
dichloromethane to produce the protonated speafeBjoH14]3~ in high yield. The mixed tetraethylammonium
pyridinium salt of B>-ByoH14]3~ crystallizes in the monoclinic space groB@./n with a = 11.223(3) A,b =
10.970(3) A,c = 15.328(4) A5 = 106.06(1}, V = 1819 A, andZ = 2. Data were collected on a Syntex P1
diffractometer using Cu K radiation, to a maximum@= 115, giving 2359 unique reflections, and the structure
was solved by direct methods (SHELX86). The final discrepancy indices Rered.062 andr,, = 0.086 for
1967 independent reflections with> 30(l). The structure of theaf-BgH1g]3~ anion is similar to that of its
apical-apical p?-BoH1g]*~ precursor with the addition of a hydrogen bridge connecting the two 10-boron atom
cages. The boronhydrogen-boron bond forms an angle of 91¢3lthough the component;BHy cages share

a common axis through their B(2B(10) vertices.

Agueous F&" oxidation of the [BoH10]2~ ion produces the 4-
[B2oH1g%~ anion! whose reduction with sodium in liquid
ammonia yields a kinetically controllede-B,oH1g]*~ product
composed of two 10-boron atom cages linked by an equatorial
equatorial € two-electron two-center borerboron bond
structurally confirmed by X-ray diffractiofi. Protonation of the Q e
[€2-BaoH1g)*~ ion leads to an isomeric mixture of §BH19]3~ '\, 2e’
ions which, upon basification, results in two other isomers of = » 4-
[B2oH1g)4~ characterized by two 10-boron atom cages linked [6”-B2oH1g]

(Unstable Isomer)

[BooH19l>

2-
by a two-center apicalequatorial &€) or a two-center apical [B2oH1e]
apical @) boron—boron boné?3 depending upon conditions .
(Figure 1). Consequently, isomeric 4§B11¢]3~ ions appear to H
serve as reaction intermediatemd their structures have long
been sought. Although protonation of the electron-rich-83 OH"

bonds present in the isomeric 4§B1:g]*~ ions is attractive on
ana priori basis, protonation of edges and faces of the square

[@-BgoHg*

H+ (Stable Isomer)

pyramidal regions nearest the—B interactions would also
produce viable speciédsWe here report the solid state structure *B
of the [az-Bon]_g]S_ ion. o BH

Both experimental and theoretical studies have been per-
formed on a variety of protonated borane aniodsh Initio
calculations have been carried out for both thesfB;]~ and
the [B/Hg]~ anions? The structures of the [Bl7]~ and
[B1oH11]~ anions have been determined crystallographiczly.
However, as noted above, structural data on the protonated

[@®-BgoHgl*

Figure 1. Acid-catalyzed conversion of the equatoriglquatorial
[€2-B2oH1g)* ion to the apicatapical p?-BaoHig)*™ ion.2®

have indicated that at least two isomers @ ByoH 1]~ exist

[a2-BagH1¢]3~ species have proved elusive, dff NMR studies
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(1) (a) Kaczmarczyk, A.; Dobrott, R.; Lipscomb, W. Rroc. Natl. Acad.
Sci. U.S.A1962 48, 729. (b) Pilling, R. L.; Hawthorne, M. F.; Pier,
E. A.J. Am. Chem. S0d.964 86, 3568.

(2) (a) Hawthorne, M. F.; Pilling R. L.; Stockely, P. F.; Garret, P.M.
Am. Chem. S0d.963 85, 3704. (b) Hawthorne, M. F.; Pilling, R. L.;
Stokely, P. FJ. Am. Chem. Sod.965 87, 1893. (c) Chamberland,
B. L.; Muetterties, E. LInorg. Chem.1964 3, 1450.

(3) Ng, L.; Ng, B. K.; Knobler, C. B.; M. F. Hawthorntnorg. Chem.
1992 31, 3669.

(4) (a) Mebel, A. M.; Charkin, O. P.; Buhl, M.; Schleyer, P. v.IRorg
Chem.1993 32, 463. (b) Mebel, A. M.; Charkin, O. P.; Buhl, M,;
Schleyer, P. v. RInorg Chem.1993 32, 469.

(5) Privalov, V. I.; Tarasov, V. P.; Meladze, M. A.; Vinitskii, D. M,;
Solntsev, K. A.; Busalaev, Yu. A.; Kuznetsov, N. Russ. J. Inorg.
Chem. (Engl. Transl.1986 31, 633.

(6) Kuznetsov, K. T.; Solntsev, K. AChemistry of Inorganic Hydrides
Nauka: Moscow, 1990; p 5.

in solution2b

(7) All data were collected at 85 K in th# —26 scan mode. Data were
corrected for Lorentz and polarization effects and for secondary
extinction but not for absorption. Programs used in this work include
locally modified versions of the following: CARESS (Broach,
Coppens, Becker, and Blessing), peak profile analysis and Lorentz
and polarization correction; SHELX86 (Sheldrick), a crystal structure
solution package; ORTEP (Johnson). All calculations were performed
on a VAX 3100 computer in the J. D. McCullough X-ray Crystal-
lography Laboratory.

(8) Stewart, R. F.; Davidson, E. R.; Simpson, WJTChem. Physl965
42, 3175.

(9) (a) Hoijtink, G. J.; van Schootne, J.; de Boer, E.; Aalbersberg, W. I.
Recl. Tra. Chim. Pays-Bag954 73, 355. (b) Tabner, B. J.; Yandle,

J. R.J. Chem. Soc1968 381. (c) Sheng, M. N.; Zajacek, J. G.
Org. Chem.1968 33, 588.

(10) Shore, S. G.; Lawrence, S. H.; Watkins, M. I.; BauJRAmM. Chem.
Soc.1982 104, 7669.

S0020-1669(95)01484-4 CCC: $12.00 © 1996 American Chemical Society



2964 Inorganic Chemistry, Vol. 35, No. 10, 1996

During an attempted carbonylation of tha@?{ByH1gl*~
species with oxalyl chloridé&l a synthetic route was developed

Watson-Clark et al.

Table 1. Crystallographic Data Collection for
([(C2Hs)aN]2[CsHsNH])[ @>-B2oH1q]

which results in a high yield of onea}-B,oH1g3~ isomer.
Simple acidification of §-BoHig*~ with HCI in dichlo-
romethane produces this same ion. The structure of &is [

B,oH19]3~ isomer has now been successfully determined by a @Ppearance

radiation (graphite monochromator)

temp/K 85
cryst size/mm 0.3%0.2x 04
normal to faces 101, 011, 011

colorless parallelepiped
CwK

single-crystal X-ray diffraction study. wavelength/A 1.5418
. . space group P2i/n
Experimental Section alA 11.223(3)
Materials and General Procedures. The potassium salt ofaf- blé 1?2;3%2;
B2oH1g-xH20]*~ was prepared by published methédd©xalyl chloride e 166.06(1)
was obtained from Aldrich as a 2.0 M solution in dichloromethane. /A3 1813
Dichloromethane was freshly distilled over calcium hydride. All other 7 2
reagents were obtained from commercial sources and used without p(calcd)/g crm3 1.05
further purification unless otherwise noted. TH& NMR spectra were wlem™t 3.39
recorded on a Bruker ARX 500 NMR spectrometer and referenced to scan width below K,/deg 1.3
external BR-O(C;Hs),. Peaks upfield with respect to the reference scan width above ./deg 1.6
are designated as negative. Infrared spectra were obtained as NujolScan rate/deg mirt 6
mulls with a Nicolet 205 FT-IR spectrometer. Standard glovebox, No-.of unique refins 2359
Schlenk, and vacuum-line techniques were employed for all manipula- N0- of observedi(> 3o (1)) refins 1967
tions of air- and moisture-sensitive compounds. sgtgig{%i%e d +lhli—k N
Preparation of ([(C2Hs)aN]2[CsHsNH])[ @2-BoH1g). The tetraethy- no. of parameters refined 2’51’

lammonium salt of thed?-B,oH1sXH,OJ]*~ species was prepared from

a hot saturated aqueous solution qfdé-BoH1g-xH20] by the addition

of saturated aqueous tetraethylammonium bromide. The precipitated
[(C2Hs)aN]a[a?-BaoH1e:xH20] was filtered off, dried overnight under
vacuum, and kept under nitrogen.

R, Ry, GOF

0.062, 0.086, 2.91

aR=}||Fo| — |FCH/Z|F0|- Ry = [ZW(“:O - Fc|)2/2W|F0|2]1/2| where
w = L/o¥(|Fo|). GOF= [SW(|Fo — Fe|)?/(No — N,)]*2

A slurry of [(CoHs)4aN]s[a%-B2oH1s'xH-0] (1.03 g, 1.36 mmol) in

+h,+k,£I reflections. Unit cell parameters were determined from a

dichloromethane (150 mL) was prepared and cooled in an ice bath. least-squares fit of 18 accurately centered reflections (¥729 <
Pyridine (2.00 mL, 24.7 mmol) and a 2.0 M solution of oxalyl chloride 40.5’). These dimensions and other parameters, including conditions
in dichloromethane (7.00 mL, 14.0 mmol) were added sequentially. of data collection, are summarized in Table 1. Three intense reflections
Immediately upon the addition of the oxalyl chloride, the suspension (3,2,-4; 2,-1,0; 2,1,1) were monitored every 97 reflections to check
turned bright yellow. The mixture was stirredrf h at 0°C. The stability. Intensities of these reflections did not decay during the course
solvent, excess pyridine, and excess oxalyl chloride were removed underof the experiment (25.1 h). Of the 2359 unique reflection measured,
reduced pressure. Dichloromethane (100 mL) was then added, and1967 were considered observed> 3o (I)) and were used in the

the insoluble product, ([(§15)4N]2[CsHsNH])[a%-BagH1g], was removed

by filtration as a yellow solid and washed three times with dichlo-
romethane (3« 20 mL). A minor byproduct, [(gHs)4N]2B2oH1s, Was
also identified in the dichloromethane filtrate and washings. No
carbonyl product was found. ([¢85)sN]2[CsHsNH])[a2-BaoH1g] was
obtained in 92% yield (0.718 g, 1.25 mmol). Single crystals were
obtained by recrystallization from dimethyl sulfoxide/ethanol. IR
(Nujol): 2498 cm?! (B—H); 1851 cm! (B—H-B). B NMR
(dimethyl sulfoxide): 7.94 (d), 6.71 (d), 0.80 (d}1.73 (d),—4.86

(s), —22.20 (d),—26.25 (d) ppm.

After the successful synthesis and characterization of e [
B2oH19)3~ species using the above procedure, additional synthetic routes
were explored. The simplest synthetic route for the preparation of the
[a2-B2oH1g]®™ ion is the reaction of [(€Hs)sN]4[a?BaoH1g'xH20] in
dichloromethane with dry HCI(g). A slurry of [(Els)sN]sa*
BaoH15°XH20] (1.37 g, 1.82 mmol) in dichloromethane was prepared
and cooled in an ice bath. Dry HCI(g) was bubbled through the slurry
for 15 min. The insoluble product, [¢8s):N]s[a?-BxH1g), Was
removed by filtration and washed with additional dichloromethane (3
x 20 mL). The salt [(GHs)sN]s[@*BzagH1g] (1.13 g, 1.80 mmol) was
isolated in 99% vyield. In addition, the reaction of f).N]sa*
B2oH1s°XH0] in dichloromethane with freshly distilled acetyl chloride
also produced theaf-BaoH1g3~ species in high yield. From both
alternate synthetic routes, th@&{B2oH1¢]3>~ anion was identified using
B NMR. Additional single crystals containing tha?B.gH19)%~ anion
were obtained from dimethyl sulfoxide/ethanol solutions. The presence
of pyridine in any of the synthesis routes described above leads to the
formation of the minor byproduct [({E1s)aN].B2oH1s. In the absence
of pyridine, these reactions yield tha?{B,oH1g]3~ anion exclusively.

Collection and Reduction of X-ray Data for ([(CoHs)aN]2-
[CsHsNH])[a*BaoH1g).” A colorless crystal, obtained from a dimethyl
sulfoxide/ethanol solution, was mounted on a fiber and placed on a
Syntex Pidiffractometer (Cu K radiation). Data were collected for

subsequent structure analysis.

Solution and Refinement of the Structure of ([(GHs)aN].-
[CsHsNH])[ @>-BagH1g. A pyridinium cation is located at a center of
symmetry. One position (and its equivalent position) is occupied half
of the time by carbon and half of the time by nitrogen. The hydrogen
atom attached to this carbon atom has been included at half-occupancy.
All non-hydrogen atoms were refined with anisotropic thermal param-
eters. All methyl and methylene hydrogens were included in calculated
positions, G-H = 1.0 A. Positional parameters for hydrogen atoms
of the anion and the pyridinium cation were allowed to vary. Hydrogen
atoms were assigned isotropic displacement values based approximately
on the value for the attached aténCrystallographic data and selected
bond distances and angles are reported in Tables 1 and 2.

Results and Discussion

As previously reporteé?-?the [a2-B,oH10]3~ anion is formed
by the acidification of thed?-B,oH1g)*~ species. Oxalyl chloride
and acetyl chloride can both serve as proton sources upon
exposure to trace amounts of water present in the starting
material, since HCl is a byproduct of the hydrolysis of either
acid chloride. Dry HCI(g) was also demonstrated to be a useful
proton source in the absence of pyridine. Protonation of the
[a®-BagH1g*™ ion is thereby readily achieved. The presence of
pyridine (K, of the pyridinium ion 5.23¥ does not impair the
formation of the §2-BgH19]3~ ion, a weak acid with alg, of
approximately 7.3¢ but it does facilitate the formation of the
[B2oH1g)?~ anion as a byproduct. The latter reaction is presumed
to result from the ability of the pyridinium ion to act as a mild
oxidizing agen®, although this point was not investigated further.

All of the above synthetic routes result in products which
exhibit identical'’B NMR spectra in solution. Thé&B NMR

(11) Shelly, K.; Knobler, C. B.; Hawthorne, M. Fhorg. Chem1992 31,
2889.

(12) Harris, D. C.; IQuantitatve Chemical AnalysjsV. H. Freeman and
Company, New York]1982 p. 737.
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Table 2. Selected Interatomic Distances (A) and Angles (deg)

B1-B3 1.674(5) BBl 1.936(6)
B2—-B6 1.799(5) B3-B6 1.801(5)
B4—B7 1.802(5) B5-B9 1.796(5)
B6—B10 1.697(5) B8-B9 1.821(5)
H1lbr—B1 1.35(5) B1-B4 1.664(6)
B2—-B3 1.825(6) B2-B9 1.794(6)
B3—B7 1.798(5) B4-B8 1.794(5)
B6—B7 1.819(5) B7B8 1.838(5)
B8—B10 1.687(5) B16-B10 9.195(0)
B1-B2 1.675(6) B1B5 1.671(7)
B3—-B4 1.860(5) B4-B5 1.828(6)
B5—B8 1.787(5) B6-B9 1.821(5)
B7-B10 1.683(6) B9-B10 1.687(6)
B1—H1br 1.36(5)
B2—-B1-B3 66.0(2) B2-B1-B4 102.3(3)
B3—-B1-B5 102.5(3) B4-B1-B5 66.5(2)
B1-B2-B3 57.0(2) B1-B2-B6 112.3(3)
B1-B2-B9 110.3(3) B3-B2—B5 90.4(3)
B3—B2—B9 102.2(3) B5-B2—B6 101.9(2)
B5—-B2—-B9 59.0(2) B6-B2—B9 60.9(2)
B1-B3-B6 111.1(3) B6-B3—B7 60.7(2)
B8—B5—B9 61.1(2) B2-B6—B7 102.2(2)
B2—B6—B10 112.2(3) B3-B6—B9 102.1(2)
B7—-B6—B9 89.9(2) B9-B6—B10 57.3(2)
B3—B7—-B6 59.7(2) B3-B7—B10 112.6(3)
B6—B7-B8 90.2(2) B8-B7—-B10 57.1(2)
B4—B8—B5 61.4(2) B4-B8—B9 102.2(2)
B9-B8-B10 57.3(2) B8-B10—-B9 65.3(2) ) ) . ) )
B3—B1-B1 129.1(3) B1-H1br—B1 91(3) Figure 2. Structure of thed?B,oH14]*~ anion showing atomic labeling.

) N The anion ha€s;, symmetry, with a mirror plane passing through B1
spectra obtained are extremely solvent sensitive and are notand Hibr, and is centrosymmetric.

indicative of the solid state structure. In dimethyl sulfoxide,

two major resonances occur-a2.20 (d) and-26.2 (d) ppm. cages. In thed?-ByoH1g)°~ anion, these B1 atoms are bridged
Five minor resonances appear in the spectra at 7.94 (d), 6.71by a hydrogen atom with a borethydrogen distance of 1.36-
(d), 0.80 (d),—1.73 (d), and -4.86 (s) ppm, a region generally (5)or 1.35(5) A. The B-H—B bridging angle is 91(3) Other
associated with apical boron vertices. In water, the spectrum differences between thea3BoH1g]%~ ion and the §2-BogH1g]4~

is more complicated. Four major resonances occur23.2 ion stem from differing bororrboron bond lengths. In the title
(d), —24.26 (d),—27.61 (d), and-29.36 (s) ppm, and six minor  anion, the B(1}-B(1) distance is 1.936(6) A while the compa-
resonances at 6.72 (d), 5.83 (e})0.55 (d),—0.35 (d),—1.46 rable distances in the £a2-BygH1g-xH,O] structure are 1.699-
(d), and—4.14 (s) ppm appear in that region of the spectrum (4) A in the tetrahydrate and 1.666(12) A in the dihydrate.
assigned to apical boron vertices. In addition, a second singletthe [a2-B,gH10]3~ species, the apicakequatorial &—€) boron—
occurs at-20.03 ppm. The simplicity of the solid state structure boron bond lengths beginning at the apical boron furthest
should be associated with a correspondingly sinigeNMR removed from the apicalapical @—a) boron—boron bond,
spectrum similar to that of the parer@2{B,oH1g]*~ ion. The B(10), are slightly longer than the—e boron—boron bond
observed complexity of the solutid#B NMR spectra supports  lengths beginning at the apical borons involved in thea
the suggestion that th@}B,oH19]3~ species exists in solution  boron-boron bond (B1), with average lengths of 1.686 and

as a tautomeric mixture of ions of unknown structure. 1.671 A, respectively. This is opposite the effect found in the
As has been found for thead-BooH1g]*~ anion, the inner  [a2-BygH1g]* species. In thed-BagH1g*~ anion, thea—e
equatorial belts of B-H vertices of the boron cages in tha?{ boron—boron bond lengths closest to tlae-a boron—boron

B2oH1g)3~ ion are eclipsed and parallel. The bridging hydrogen bond average 1.72 A while tree-e boron—boron bond lengths
atom occupies a position centered between the two boron cagesfurthest removed from the—a bond average 1.70 A. Ai—e
but to the side of an axis connecting all apical boron atoms. bond distances are shorter in tha-BoH1¢]3~ anion than in
Consequently, the two apical boron atoms closest to the bridgingthe [a2-B,gH1¢*~ ion. In both anions, the equatorisgquatorial
hydrogen atom and the bridging hydrogen atom form an (e—e) distances are approximately 1.828A.
isosceles triangle and the ion has approxin@esymmetry. Although the bridging proton seems to be strongly bonded
The plane containing this triangle bisects the two equatorial to the two apical boron atoms connecting the two cages, the
boron—boron bonds of each cage perpendicular to the plane proton is located to the side of the original bordyorono bond
and closest to the bridging hydrogen atom. An approximate present in thed?-ByoH1g]*~ ion rather than being inserted into
C, axis perpendicular to the axis connecting the apical boronsit. A potentially similar bonding arrangement exists in the
bisects the bridging hydrogen, Hlbr. A vertical mirror plane [B;H7]~ anion, the only other structurally characterized example
is also defined by the bridging hydrogen, H1br, and the apical of an unsupported BH—B bridge. The angle formed by the
borons, B1 (Figure 2). The space group of the crystal was B—H—B bridge in the [BH7]~ anion is 138, significantly larger
centrosymmetric, leaving the placement of the bridging hydro- than that seen in the present structure. In addition, the distance
gen at half-occupancy in two positions related by the center of between the bridging boron atoms is quite different. In the
symmetry. This hydrogen is located on either side of the apical [B,H;]~ anion, there is no apparent bonding character between
boron atoms connecting the two cages. the boron atoms, and the distance is 2.10% Adowever, in
The gross structure of th@}ByoH:1g3~ anion is similar to the [a%-BxgH10]3~ species, the distance is only 1.936(6) A.
that of the B2-ByoH1gl*~ anion, except for the addition of a The boron hydrides often display a bent hydrogen bridge
hydrogen bridge between the two boron atoms connecting thederived from the strongly directional pair of 3por similar
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hybrid, boron orbitals shared with the 1s orbital of the hydrogen  In conclusion, the long-sought structure of théBaoH1g]%~
bridge. In the §-B,oH1g]®~ anion case, the participating apical anion has now been crystallographically determined. Synthesis
sp orbitals would be parallel to the axis containing the apical of the anion is readily accomplished through the protonation of
borons of the 10-boron atom cages. Loosely confining the the [a>-ByH1gl*~ anion using a variety of proton sources. The
overlap of the apical sp boron orbitals and the hydrogen orbital anion is similar in structure to the3B,H1g*~ species with

to the usual pattern would result in a bent structure which forces the addition of a proton to the edge of the-B bond connecting

the two 10-boron atom cages together. This bent structure the two 10-boron atom cages at their apices.
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cages, and the retention of considerabteBBo bond character

between the apical boron atoms. 1C951484G



