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An Improved Synthesis ofarachno-4-CBgH14 and Crystallographic and ab Initio/IGLO/
NMR Investigations of the Solid State and Solution Structures of thearachno-4-CBgH 13~
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An improved synthetic route for the monocarbaborarsehne4-CBgH4, as well as the first definitive confirmation

of the structure of its conjugate anioatachne4-CBgH 35~ are reported. Thus, the reaction of thielo-7,9-
C2B1gH13~ anion and MeS with the addition of concentrated hydrochloric acid has been found to give the®-Me
1-6,9-[(HO)BCH;]-arachne6-CBgH3 1 zwitterion, in 58% yield. Further treatment of this intermediate species
with a mixture of hexane and water results in the hydrolytic elimination of one CH and two BH vertices to give
arachne4-CBgH14in a typical yield of 75% (45% based on the starttagarborane). The structure of taeachne
4-CBgH13~ conjugate anion was determined by both a single-crystal X-ray study and ab initio/IGLO/NMR
calculations. The X-ray study confirms that in the solid state the anion has a 9-vertex arachno cage-geometry of
C; symmetry with endo-hydrogens on C4 and B8 and adjacent bridge hydrogens at-tf&6 Bid B6-B7

edges. This structure is also supported by the ab initio calculations which find that this configuration is the
lowest in energy among those investigated. However, the IGLO calcut#BeNMR chemical shifts for this
structure do not match the reported room temperature solthi®NMR data forarachne4-CBgH3~. Instead,

the experimental spectra indicateCasymmetry cage-structure containing three bridge hydrogens on the open
face, suggesting the anion is fluxional in solution at room temperature. Good agreement between the experimental
and calculated'B NMR chemical shifts was obtained by assuming a simple fluxional process involving rapid
simultaneous migration of two hydrogens between bridge and endo positions and one hydrogen between two
bridging positions. Averaging the IGLO calculated chemical shift values for the borons in the static structure
that become equivalent in the fluxional process is found to give good agreement with the room temperature
experimental’B NMR spectrum.

Introduction purchased from Aldrich and used as received. The solvents were
. purchased from Aldrich, with tetrahydrofuran (THF) dried over Na/
The arachne4-CBsH14 and the corresponding Mrachno benzophenone and hexane dried over £aktl both freshly distilled

4-CBgHi3™ salts (M= K, Li, or NMey) were first reported in  before use. Diethyl ether was stored underuitil use.

1976 and 198145 however, the lack of efficient synthetic routes Physical Measurements. The 1'B NMR spectra were obtained

to these clusters has inhibited investigations of their chemical either at 64.2 MHz on a Bruker AF-200 spectrometer, at 96.3 MHz on
and structural properties. In this paper we report a new simple a Bruker AF-300, or at 160.5 MHz on a Varian XL-500, equipped
method for the synthesis airachno4-CBgHy4 based on a with the appropriate decoupling and low temperature accessories. The
regiospecific cluster degradation of the readily available starting "1 NMR spectra were obtained at 300 'l"HleO” a Bruker AF-300 or at
material o-carborane. In addition, we also report the first 200 MHz on a Varian XL-500. Thé'8—%18 2-D COSY NMR

L S . ) experiments were performed as described elsewhere.
def|n|t|\£e de.termlnathn of the structure of iwrachne4 Synthesis of 9-MeS-6,9-[(HO)BCH;J-arachno6-CBH 11 (2) and
CBgH13~ conjugate anion.

arachno-4-CBgH14(3). A solution ofo-carborane (14.6 g, 100 mmol)
in 150 mL of THF was treated with naphthalene (0.5 g) and finely cut
sodium metal (5 g, 217 mmol), and the mixture was stirred at ambient
temperature for 4 h. The dark green solution thus formed was
maintained at ®C and treated with 100 mL of 20% aqueous NacCl.
The THF layer was separated and poured into a solution aN@e
(13.2 g, 120 mmol) in 50 mL of water. The THF was removed in
vacuo, and the precipitated M¢" salts were isolated by suction
filtration followed by washing with~100 mL of water and drying in
vacuo. The mixture of the MBbI* salts of two isomericiido-C;B1oH13~
e . anions thus obtained was stirred with 100 mL off@&nd 100 mL of

gg Xgé\aeerrsrze/(?ffggggggg/%?lfﬁe Czech Republic. concentrated hydrochloric acid at room temperature for 24 h. The two-
(3) (a) Sibr, B.; Ba®, K.; Hemanek, S.; Plésk, J.J. Chem. Soc., Chem. layer mixture was filtered with suction and the Melayer (upper)

Commun1976 150-151. (b) DolanskyJ.; HEmanek, S.; Zahradhy evaporated and dried in vacua f® h toobtain 13.0 g (58 mmol, 58%

R. Collect, Czech. Chem. Commui81, 46, 2479-2493. based on the starting-carborane and 77% on tmédo-7,9-G:B1oH1s™
(4) Ba®, K.; Jibr, B.; Dolansky J.; Duben, JCollect. Czech. Chem.  apjion) of a white compound which was identified as 9,8ta-6,9-

Commun.1981], 46, 2345-2353.
(5) Howarth, O. \}V Jasztal, M. J.; Taylor, J. G.; Wallbridge, M. G. H. [(HO)BCH;]-arachno6-CBsHu (2) by NMR spectroscopy. Fd: mp

Polyhedron1985 4, 1461-1466.
(6) Shriver, D. F.; Drezdzon, M. AManipulation of Air Sensitie (7) Kang, S. O; Carroll, P. J.; Sneddon, L. Grganometallics1988 7,
Compounds2nd ed., Wiley: New York, 1986. 772-776.

Experimental Section

All manipulations were carried out by using standard high vacuum
or inert-atmosphere techniques as described by SHriver.

Materials. The startingclose1,2-GB1gHi,, 0-carborane, was sup-
plied by Katchem, p.l.c., and sublimed before use. TheSVidle-
NCI, and Proton Sponge, 1,8-bis(dimethylamino)naphthalene, were
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Table 1. Crystallographic Data Collection and Structure Table 2. Refined Positional Parameters for
Refinement Information for PStarachno4-CBgHis™. PSHrarachne4-CBgH15~
formula: GsBsHsN2 F(gOO)= 1408 “ A atom X y z Bg2 A2
fw 326.92 radiation: Cu ki (A =1.541 84
C4 0.1665(2 0.05990(8 1.2913(2 5.23(5
space groupP2,/c (No. 14) 0 range: 2.6-60.0 BL 0.0785((23 0.09511§93 1.3376((2)) 4.21%5))
Z=8 scan modew—2¢ B2 0.1788(2)  0.12055(9)  1.4511(2) 4.10(5)
cell constants: h, k, | colled: £12,—30,+16 B3 0.1321(2) 0.15597(9) 1.3410(2) 4.12(5)
a=11.137(3) A no. of reflcns measd: 6572 B5 0.2140(2) 0.06011(9) 1.4160(2) 4.74(6)
b=27.175(4) A no. of unique reflcns: 6138 B6 0.3333(2)  0.10293(9)  1.4844(2) 4.42(6)
c=14.631(2) A no. of reflcns used in refinement: B7 0.2886(2) 0.16166(9) 1.4249(2) 4.39(6)
p=111.16(1) 4642 2 > 3.00) B8 0.2523(2) 0.1624(1) 1.2914(2) 4.87(6)
V=4129(3) B no. of params: 556 B9 0.1190(2) 0.1192(1) 1.2420(2) 4.76(6)
u=3.72cm? data/param ratio: 8.3 C10 0.1406(2) 0.06975(7) 0.8034(1) 3.51(4)
crystal size: Ry 0.044 Ci11 0.1224(2) 0.02635(7) 0.8437(1) 4.45(5)
0.18 % 0.40 x 0.40 mm Ry 0.061 C12 0.1243(2) 0.02462(8) 0.9398(2) 5.06(5)
Do — 1.052 g/crd C13 0.1455(2) 0.06604(8) 0.9940(1) 4.86(5)
cale = 1.U0< IC C14 0.1667(2)  0.11161(8)  0.9566(1) 3.97(4)
C15 0.1890(2) 0.15504(9) 1.0139(1) 4.82(5)
C16 0.2068(2) 0.19876(8) 0.9772(1) 5.01(5)
102°C dec. Anal. Calcd C, 21.40; H, 8.98. Found: C, 20.15; H, C17 0.2063(2) 0.20222(8) 0.8813(1) 4.42(5)
9.30. The parent ion for this compound was not observed in its mass C18 0.1858(2)  0.16136(7)  0.8242(1) 3.41(4)
spectrum, but instead peaks attributed to a decomposition product, €19 0.1645(2) ~ 0.11424(7)  0.8585(1) 3.29(4)
(C2B10H11)20, were found: mass calcd fot?C,'B1otH11)21%0, 306; gg% ggééggg 8%;28233 8;5%28; 2%%
found, 306 (4%), 300 (50%). ' ' ’ '
C24 0.2418(2) 0.04177(9) 0.6909(2) 5.68(6)
Compound2 (13.0 g, 58 mmol) was then stirred with 100 mL of C25 0.0113(2) 0.05729(8) 0.6299(1) 5.00(5)
hexane and 100 mL of water for 24 h at ambient temperature. The N20 0.1859(1) 0.16525(6) 0.7240(12) 3.45(3)
hexane layer was separated and the hexane removed by evaporation to N21 0.1372(1) ~ 0.07159(5)  0.7026(1) 3.61(3)
leave a white solid which was then sublimed in vacue-80 °C (bath) Bif' _8%%(3) 8288%3(2) 8283;(3) ggé(g)
to give 5 g (44 mmol, 75% based on the startthgnd 45% based on B> _0'3155223 0'15908E83 0'8637g23 3'66E53
the o-carbo_rane usgdl)lcafrachno4-CBgH14 (3), which was identified_ B3 —0:3480(2) 0:15008(8) 0:7363(2) 3:59(5)
by comparison of itsB NMR spectrum with that of an authentic B5' —0.2201(2) 0.10664(9) 0.9237(2) 4.33(5)
sample345 B6' —0.1575(2) 0.16743(9) 0.9257(2) 4.29(6)
Synthesis of PSHarachno-4-CBgH15~ (37). The PSHarachne B7 —0.2250(2)  0.19027(9)  0.8025(2) 3.88(5)
4-CBgH13~ salt was obtained by slowly adding 0.65 g (3.03 mmol) of Eg, :8%\%2% 88322&1&)) 83(1)22((?) 2121:73((2))
Proton Sponge dissolved in 10 mL of diethyl ether to 2 100 mL round 74 0:5851(2) 0:13022(7) 1:1625(1) 3:49(4)
bottom flask containing 0.32 g (2.84 mmol) afachno4-CBgHia c17r 0.5381(2) 0.11025(8) 1.0710(1) 4.60(5)
dissolved in 10 mL of diethyl ether. The solution was stirred for 15  C12 0.4821(2) 0.06331(8) 1.0563(2) 5.18(6)
min, and then the resulting precipitate was removed by filtration and C13 0.4743(2) 0.03737(7) 1.1328(2) 4.80(5)
washed with 10 mL of diethyl ether. This solid was dissolved in 10 ~ C14 0.5233(2)  0.05623(7)  1.2292(1) 3.90(4)
mL of CH.Cl, and filtered. The product was crystallized by addition gig 8%8?(3) 882222(;) 1-2826(? 2'22(?
of hexane to the CkCl, solution, then the solvent was removed via C17 0'6266223 0'09306273 1'420§E13 4'128
can_nula_. Washing _the remaining solid with additional hexane and (c1g 0.6313(2) 0.12133(6) 1.3444(1) 3.32(4)
drying in vacuo yielded 0.71 g (2.17 mmol, 76.4% yield) of Cc19 0.5812(2) 0.10392(6) 1.2457(1) 3.21(4)
PSHrarachne4-CBsH;5~ as an off-white solid. Cc22 0.8243(2) 0.17082(8) 1.4239(1) 4.95(5)
Crystallographic Data. Single crystals of PStarachne4-CBsHis~ C23 0.6125(2)  0.20375(8)  1.4031(1) 4.81(5)
were grown by slow evaporation of a @El,/hexane solution. The 8%3 8;332% 8%231‘88; iigggg; ggig%
cell constants were determined from a least squares fit of the setting N20 0.6863(1) 0'17092(5) 1-3626(1) 3'32(3)
angles for 25 accurately centered reflections. N21' 0:5413(1) 0:17966(6) 1:1777(1) 3:70(4)
Collection and Refinement of the Data. X-ray intensity data were H1 —0.020(2) 0.0823(7) 1.326(1) 4.9(4)*
collected on an Enraf-Nonius CAD4 diffractometer employing graphite-  H2 0.137(2) 0.1283(7) 1.509(1) 5.9(5)*
monochromated Cu & radiation using the)—20 scan technique. Three Ei %Cﬁ%(zz) % %377%(%) 11%25%(11) %71(%):
standard reflections measured every 3500 s of X-ray exposure showed H 4‘3 0'252((23 0.069(1() ) 1.276((2)) 9 '9((8))*
an intensity decay of 2.2% decay over the course of data collection. A g 0:203(2) 0:0254(8) 1:454(1) 6:7(5)*
linear decay correction was applied. The intensity data were corrected Hg 0.389(2) 0.0986(7) 1.559(1) 5.2(5)*
for Lorentz and polarization effects, but not for absorption. H7 0.324(2) 0.1948(7) 1.473(1) 5.4(5)*
Solution and Refinement of the Structure. The calculations were H8a 0.245(2) 0.1997(8) 1.255(1) 6.2(5)
performed on a DEC MicroVAX 3100 computer using the Enraf-Nonius :gb 88’22(3) giggi’(g) %fgg(i) g"g(g’)*
Molen structure package. The structure was solved by direct methods H56 0'337E2)) 0.068 4%9% 14 41((2)) 9. 4%7))*
(SIR88). Refinement was by full-matrix least squares techniques based g7 0.389(2) 0.1239(7) 1.447(1) 6.3(5)*
on F to minimize the quantity w(|F,| — |F¢|)? with w = 1/0%(F). Non- H1' —0.441(2) 0.0806(7) 0.811(1) 4.7(4)*
hydrogen atoms were refined anisotropically, cage hydrogens were H2' —0.387(2) 0.1767(6) 0.890(1) 4.7(4)*
refined isotropically, and all other hydrogen atoms were included as H3' —0.434(1) 0.1662(6) 0.685(1) 4.2(4)*
constant contributions to the structure factors and were not refined. Eig *8%23(3) 8-8%271(9) 8332(5) ég(;):
Crystal and refjnement data are given in.TabIe 1. Refined posjtional H5' _0:2238 0:0902()7) 01991((1)) 5:78*
parameters are given in Table 2. Selected intramolecular bond distances g -0.128(2) 0.1915(7) 0.989(1) 5.4(5)*
are presented in Table 3. H7 —0.233(2) 0.2301(7) 0.799(1) 5.4(5)*
Computational Methods. The combined ab initio/IGLO/NMR H8d —0.112(2) 0.1373(7) 0.741(1) 5.6(5)
method, using the GAUSSIAN92 progrénwas used as described Hg“ _8'533(5) 882;8(;) 8223(? g'g(g)*
previously? The geometry was fully optimized at the HF/6-31G* level H56 _0'109E23 0.1320g83 0'944&% 8'2&33*
within the specified symmetry constraints (using the standard basis sets g7 ~0.109(2) 0.1748(8) 0.873(1) 7.5(6)*

included) on a Silicon Graphics International IRIS 4D/440VGX _ ) )
computer. A vibrational frequency analysis at the HF/6-31G* level @ Starred values denote atoms that were refined isotropidaiy=
determined that the optimized structure possessed no imaginary¥al8118° + B22b? + BssC? + B12ab cosy + Bizac cosp + Bashc cosal.
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Table 3. Comparison of Selected Observed and Calculated Bond
Distances (A) forarachne4-CBgH3~

bond obsd obsd calce
C4-B1 1.677(4) 1.655(3) 1.682
C4-B5 1.707(3) 1.694(3) 1.642
C4-B9 1.766(3) 1.770(3) 1.847
C4—H4a 1.087(20) 1.129(24) 1.074
C4—H4b 1.086(27) 1.049(30) 1.078
B1-B2 1.773(3) 1.775(3) 1.818
B1-B3 1.753(3) 1.742(3) 1.740
B1-B5 1.802(3) 1.813(3) 1.873
B1-B9 1.744(4) 1.742(4) 1.718
B2-B3 1.785(3) 1.783(3) 1.822
B2-B5 1.805(4) 1.804(3) 1.825
B2-B6 1.681(3) 1.679(3) 1.724
B2-B7 1.797(4) 1.786(4) 1.832
B3-B7 1.738(3) 1.746(3) 1.734
B3-B8 1.747(4) 1.736(4) 1.793
B3-B9 1.723(4) 1.721(3) 1.741
B5-B6 1.778(3) 1.789(4) 1.854
B5—H56 1.301(23) 1.355(23) 1.432
B6—B7 1.801(3) 1.795(3) 1.855
B6—H56 1.139(24) 1.092(22) 1.273
B6—H67 1.116(23) 1.109(25) 1.285
B7-B8 1.846(4) 1.847(4) 1.952
B7—H67 1.466(20) 1.391(18) 1.381
B8—B9 1.826(4) 1.819(4) 1.802
B8—H8a 1.133(20) 1.095(17) 1.205
B8—H8b 1.083(22) 1.118(18) 1.201

2The unit cell contained two independent molecubddF/6-31G*.

frequencies. A single point calculation, carried out at the MP2(FULL)/
6-31G* level using the HF/6-31G* optimized geometry, gave a relative
energy of—243.82794 au. The zero point energy (ZPE), determined
at the HF/6-31G* and scaled by 0.89 as recommenitisdd6.65 kcal/
mol. The NMR chemical shifts were calculated using the HF/6-31G*
optimized geometry as input for the IGLO program employing the
following basis sets. Basis DZ: C, B, 7s3p contracted to [4111, 21];
H 3s contracted to [21].

Results and Discussion

One of our groups has previously demonstrated thatitthe
7,9-GB1oH13™ aniort! (structurel in Figure 1) is a versatile

starting material for the syntheses of a range of important types

Wille et al.

Me,S

cone. HCI

nido-7,9-C,ByoHqg™ (1)

arachno-CBgHy4 (3)

9-Me,S--6,9-[(HO)BCH,]-
arachno-6-CBgHy4 (2)

Figure 1. Possible reaction sequence to foarachne4-CBgH .

that under different conditions, this degradation reaction can
be employed as a convenient and efficient synthetic route to
the arachne4-CBgH14 monocarbaborane.

As outlined in Figure 1, the room temperature reaction
between the tetramethylammonium salt of anio(generated
from the reaction betweea-carborane and metallic sodium)
and dimethyl sulfide in the presence of concentrated hydro-
chloric acid generated a moderately stable, zwitterionic mono-
carbaborane 9-M&-u-6,9-[(HO)BCH]-arachne6-CByH11 (2)
in 77% yield (58% based on the startiogarborane), according
to the stoichiometry in eq 1. The composition2ds consistent

nido-7,9-CB,H;; + H0" + Me,S—
9-Me,S-6,9-[(HO)BCH,]-arachne6-CByH,, + H, (1)

of intermediate-sized carboranes. These syntheses are based

on a regiospecific dismantling of thedo-7,9-GB1¢H135~ cage
with reaction conditions that can be controlled to yield specific
smaller-cage products, ranging from the dicarbaboraicis
7,8-GBgH15~ and nido-5,6-GBgH12,12 to monocarbaboranes,
including 6-L-arachne4-CBgH1,,1% arachne4-CB/Hy3!® and
closa1-CB;Hg™.1* As discussed below, it has now been found

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,
M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K;
Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.;
Baker, J.; Stewart, J. J. P.; Pople, J.@aussian 92/DFTRevision
F.2, Gaussian, Inc.: Pittsburgh PA, 1993.

(9) Keller, W.; Barnum, B. A.; Bausch, J. W.; Sneddon, LIg&rg. Chem.
1993 32, 5058-5066.

(10) Pople, J. A.; Schlegel, H. B.; Krishnan, R.; DeFrees, D. J.; Binkley,
J. S.; Frisch, M. J.; Whiteside, R. A.; Hout, R. F.; Hehre, Wng. J.
Quantum Chem., Symf981, 15, 269-278.

(11) (a) Dunks, G. B.; Wiersema, R. J.; Hawthorne, MJFChem. Soc.,
Chem. Commuril972 899-900. (b) Dunks, G. B.; Wiersema, R. J.;
Hawthorne, M. FJ. Am. Chem. Sod973 95, 3174-3179.

(12) Plegk, J.; Sibr, B.; Fontaine, X. L. R.; Kennedy, J. D.; Heanek,

S.; Jelnek, T.Collect. Czech. Chem. Commur291, 56, 1618-1635.

(13) (a) Plésk, J.; Jehek, T.; Sibr, B.; Hemének, S.J. Chem. Soc., Chem.
Commun.1988 348-349. (b) Plésk, J.; Sibr, B.; Fontaine, X. L.
R.; Jelnek, T.; Thorntor-Pett, M.; Hémanek, S.; Kennedy, J. D.
Inorg. Chem.1994 33, 2994-3002.

(14) Jelnek, T.; Sibr, B.; Plegk, J.; Kennedy, J. D.; ThornterPett, M.

J. Chem. Soc., Dalton Tran$995 431-437.

with the hydrolytic expulsion of the C7 and B8 vertices on the
open face ofl, followed by the formation of aB(OH)—CH,—
bridge between the cage C6 and B9 positions of the newly
formed 10-vertex arachno monocarbaborane framework. In this
respect? can be regarded as a bridged derivative of the earlier
reported 9-Larachne6-CBgHi3 monocarbaborane zwitteri-
onsg"15or as an endo-6,9-bridging derivative of taeachno6-
CBgH14~ anionl® Consistent with its proposeds symmetry,
the B NMR spectrum o® (Table 4) consists of one low-field
singlet (assigned to the 3BOH unit) and a set of 1(d):1(d):
1(s):2(d):2(d):2(d) resonances (reading upfield) that are similar
to those found for the above 10-vertex arachno monocarbabo-
ranest>6 The 'H NMR spectrum of2 consists of one broad
low-field and three sharper singlets, together with one broader
high-field singlet, atd (1H) 8.30, 2.60, 1.44, 0.41, and4.21
ppm that are attributed to the resonances of the BOH (bridge),
Me,S, C6H, CH (bridge), and B5H—B10/B7—H—B8 protons,
respectively.

(15) See, for example: BasK.; Hémanek, S.; $ibr, B. Chem. Ind.
(London)1976 1068-1069.

(16) (a) Sibr, B.; Jelnek, T.; Plésk, J.; Hémanek, S.J. Chem. Soc., Chem.
Commun.1987 963-964. (b) Fontaine, X. L. R.; Kennedy, J. D;
Thornton-Pett, M.; Nestor, K.; Jelek, T.; Bag, K. J. Chem. Soc.,
Dalton Trans 199Q 2887-2894.



Improved Synthesis airachne4-CBgH14

Table 4. NMR Data for2 in (CD3),CO

Inorganic Chemistry, Vol. 35, No. 18, 1996345

compound nucleus J (multiplicity, assignment] (Hz))
9-Me;S--6,9-[(HO)BCHyJ-arachne6-CBgHy; (2) 11pa 47.5 [s, B(OH, bridge)], 5.7 (d, B4sy 132),—5.6 (d, B2,Jgn 160),
—7.6 (s, B9);-10.6 (d, B5,7Jsn 147/30), —22.4 (d, B8,10,Js4 133/43),
—33.2(d, B1,3,Jsn 145)
-1 cross-peaks: B4B9; B4—-B8,10; B4-B1,3; B5,7B8,10¢ B5,7-B1,3;
B9—-B8,10
H 8.30 (s, br, 1 H, B® bridge), 2.60 (s, 6H, 8ey), 1.44 (s 1 H C&H),

0.41 (s, 2 H, @1, bridge),—4.21 (s, br, 2 HuH5,7/8,10)

a Assignments determined ByB{'H(broadband) measurements and 2-BB—B COSY NMR spectroscopy and by comparison of tHe
NMR patterns with those of the structurally related arachno compoundsS-dMachne6-CByH13 andarachne6-CBgHi4~. ° Additional uH splitting.

¢Weak cross-peaks.

Figure 2. Previously proposed &ymmetry structure ohrachne4-
CBnggf.

Intermediate2 can then be converted inemachne4-CBgH14
(3) in 75% vyield (45% based on the-carborane used), by

treatment with water at room temperature for 24 h, as shown in

eqg 2. The formation o8 is in agreement with the hydrolytic
removal of the triatomic B(OH)CH,—B9 section from2
(dotted area in Figure 1).
arachno9-Me,Su-6,9-[(HO)BCH,]-6-CBgH,; +
2
4H,0 — arachne4-CBgH,, + CH,B(OH), + B(OH), +
3

SMe, (2)

The new route t@rachne4-CBgH14 is much less complicated
than the multistep methods that have previously been repétted.

Figure 3. ORTEP drawing of the molecular structure asichno4-
CBnggf.

Deprotonation oarachne4-CBgH14 with Proton Sponge was

found to yield an air-stable, crystalline PSitachne4-CBgH13~

salt that was suitable for a single crystal X-ray structural
determination. The salt crystallized in space group'®®&ith

Z = 8; therefore, there are two independent molecules in the
unit cell. Selected bond distances for both molecules are given
in Table 3 and an ORTEP drawing for one anion is presented
in Figure 3. The gross cage geometry observed for the anion
is typical of those found for other nine-vertex arachno clusters,
including, for examplearachneBgH14~,1° arachne4,5-GB7H13,%°

Furthermore, this route employs the commercially available andarachne4,6-GB7H13?* However, the cage is found to have
o-carborane as a starting material and the product can bethe C: symmetry predicted by William¥, rather than the €
essentially obtained in one reaction. This reaction now promisesSymmetry suggested by the NMR data. Thus, rather than having
to open the way for extensive investigations of the properties & Symmetric arrangement of bridging hydrogens, there is, in

of the arachne4-CBgH14 monocarbaborane.

Definitive structural determinations of neitharachne4-
CBgH14 norarachne4-CBgH;3~ have been previously reported.
Williams!” had proposed and McK&aecently confirmed using
ab initio calculations thaarachne4-CBgH14 should have &,
symmetry cage framework, even though the solution NMR3data
indicate a more symmetrical structure. Likewise, the room
temperaturé'B and'H NMR spectra, as well as a 2-D NMR
study? of thearachne4-CBgH13~ anion suggest that in solution
the anion also has @s cage symmetry, such as shown in the
structure in Figure 2. However, Williarffshas proposed that

addition to the CH group, one BH (B8), and two bridge-
hydrogens located at the adjacent-B%6 and B6-B7 edges.
Accordingly, B5-B6 (1.778(3) and 1.789(4) A) and B®B7
(1.801(3) and 1.795(3) A) are shorter than in the corresponding
unbridged B7B8 (1.846(4) and 1.847(4) A) and B®9
(1.826(4) and 1.819(4) A) edges. The remaining intracage bond
distances and angles are all within normal ranges.

The crystallographic structure is also supported by ab initio
calculations at the HF/6-31G* level. Initially a symmetric
structure similar to that shown in Figure 2 was used as input,
but the optimization yielded th€; symmetry structure shown

these spectra are the result of a rapid interconversion betweer" Figure 4, where the bridge and endo hydrogen atoms are

two enantiomeridC; structures. We have now confirmed the

C; structures proposed by Williams by both a single-crystal
X-ray determination and ab initio/IGLO/NMR computational

methods as described below.

(17) (a) Williams, R. E.Adv. Inorg. Chem. Radiocheni976 18, 67—
142. (b) Williams, R. EChem. Re. 1992 92, 177—-207. (c) Williams,
R. E. InAdvances in Organometallic Chemistrigfone, F. G. A., West,
R., Eds.; Academic Press: New York, 1994; Vol. 36, pp 41-42.
(18) McKee, M. L.Inorg. Chem.1993 33, 6213-6218.

(19) (a) Greenwood, N. N.; Gysling, H. J.; McGinnety, J. A.; Owen, J. D.
J. Chem. Soc., Chem. Commad87Q 505-506. (b) Greenwood, N.
N.; McGinnety, J. A.; Owen, J. Ol. Chem. Soc., Dalton Tran972
986-989. .

(20) (a) HEmanek, S.; Jéhek, T.; Plésk, J.; Sibr, B.; Fusek, JJ. Chem.
Soc., Chem. Commuh987 927—928. (b) Hémének, S.; Jéhek, T;
Ple=k, J.; $ibr, B.; Fusek, JCollect. Czech. Chem. Commur288§
53, 2742-2752.

(21) (a) Garret, P. M.; George, T. A.; Hawthorne, Mlfforg. Chem1969
8, 2008-2009. (b) Fibr, B.; Plegk, J.; Hémanek, S.Collect. Czech.
Chem. Commurl973 38, 338-342.
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C, Structure

Figure 4. OptimizedC; structure ofarachne4-CBgHi3™.

Table 5. Comparison of Calculated and Experimerit@ NMR
shifts forarachno4-CBgH13~

calcdt calcd® av expt diffd
10.1 (B9
—4.9 (B5 2.6 4.0 (B5, B9) 1.4
34(80 3.4 3.9 (87) 73
—17.0 (B1) -17.0 —21.5 (B1) 45
—9.9 (B3 3 B
—-54.5 (B2 32.2 30.4 (B2, B3) 1.8
—24.6 (B6 3 B
—42.3 (B8 335 35.2 (B6, B8) 1.7

aDZ//6-31G*. " Averaged values that become equivaléifitrom ref
5; assignments based on 2LB—''B NMR data.? Difference between
calculated and experimental chemical shifts. C Structure

.. . . Figure 5. Proposed interconversion between the enantiomeric forms
located at the same positions as those in the crystallographicof arachne4-CBsHys .

determination. A similar result was obtained when the atomic

coordinates of the X-ray determined structure were used as inputagreement with the room temperature experimeH&INMR

and there is good agreement between the values of the boncsPectrunt? _

distances and angles in the optimized and X-ray structures (Table Low temperature NMR studies afachno4-CBgH:3™ were

3). When the ab initio calculation was constrained to give only IS0 carried outin an attempt to observe #H2NMR spectrum
structures possessing a mirror plane of symmetry, then theOf the static structure. At-100°C in CD,Clz, broadening of
resulting optimized structure at the HF/6-31G* level was found 2!l the peaks was observed. Most importantly, the two peaks
to possess two imaginary frequencies and to be at higher energydttributed to the B2B3 and B6-B8 boron pairs at-30.4 and

than the structure in Figure 4. Likewise, further optimization —35.2 ppm disappeared and new broad resonances were

of this symmetric structure, with the symmetry constraints Observed near15 ppm and between40 and—50 ppm. These
released, yielded th€; structure. resonances are near the predicted IGLO values for-889),

B8 (—42.3) and B2 {54.5) in the static structure. The peak
at 4.0 ppm which is attributed to the B5 and B9 borons would
also be predicted to be replaced by new peaks at 10.1-dr@i
ppm, but these were not observed, only significant broadening
of the 4.0 ppm peak. Clearly, although the observed spectral
changes are consistent with a slowing of the fluxional process
' to approach the static structure, the slow exchange limit was
not reached at the limit«{100 °C) of our low temperature
experiment.
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The B NMR chemical shifts for the optimized structure were
calculated using the HF/6-31G* optimized geometry as input
for the IGLO program, but the calculated values are substantially
different than those observed experimentally, as shown in Table
5. Additionally, even though a BHyroup is both observed by
X-ray crystallography and predicted by the ab initio calculations
the triplet coupling expected for a BHinit is not observed for
any resonance in the experimentss NMR spectrum. Given
the proposed fluxional behavior adrachne4-CBgHi3~ in
solution, the disagreement between the observed chemical shifts[h
and coupling pattern with those of a calculated “static” structure
is not surprising. Good agreement between the experimental
and calculated'B NMR spectra, however, was obtained by
assuming a simple fluxional process involving the simultaneous
rapid migration of two hydrogens between the two bridge and
endo positions (B5B6 and B6; B8 and B8B9) and one
hydrogen between two other bridging positions {H5 and
B7—B8). Such a process can be envisioned to occur by the
individual steps depicted in Figure 5. Averaging the IGLO
calculated chemical shift valu&gor those borons (B2 and B3;

B5 and B9; and B6 and B8) in the static structure that become
equivalent in the fluxional process, is found to give good

(22) For example: (a) Kang, S. O.; Bausch, J. W.; Carroll, P. J.; Sneddon,

L. G. J. Am. Chem. S0d992 114 6248-6249. (b) McKee, M. L.;  C9602409
Biihl, M.; Schleyer, P. v. Rlnorg. Chem1993 32, 1712-1715. (c)
Holub, J.; Wille, A. E.; $ibr, B.; Carroll, P. J.; Sneddon, L. Gorg. (23) Calculations at a higher level of theory (DZ//MP2/6-31G*) provide

Chem.1994 33, 4920-4926. even better agreement. Bausch, J. W. Unpublished results.



