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difference between terminal [on B(10))] and bridging
[between B(10) and B(9) or B(11),or lll ] sites is small. X-ray
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Introduction

The icosahedral carborangpso1,2-GBigHio, is the most
widely researched of all carboranes and has an extensive
derivative chemistry.Its most important reaction is that with
Lewis base% > removing one boron vertex to generate the anion
(nido-7,8-GBgH127), the intermediate through which vast
numbers of closo carboranes, heteroboranes, and metallacarstudies of salts with the cation [(M8OXH]™ (in the case of
boranes have been prepaféthe icosahedral fragment structure  the parent specigsdo-7,8-GBgH157), and assorted cations (in
of its C,Bo framework and the location of its eleven exo-terminal the case of species bearing substituents) have indicated endo-
hydrogen atoms are undisputed. However, the location of the terminal (1 )° and asymmetric bridgingI{ )1° sites, respectively.
endo hydrogen atom has remained contentious over the 3 \We have recently reported the structure of [(MEPNH,]-

MeoN. _NMe.
2N~y 2

v

decades since the anion was first repoftadalculations of
various degrees of sophisticatigthave shown that the energy
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(nido-7,8-GBgH12~) where the endo hydrogen was located by
X-ray diffraction in a very asymmetrical bridging position
between B9 and B10ll(a ).} Solution-state NMR studies
suggest thatr(ido-7,8-GBgH127) either is fluxional in solution
with the bridging hydrogen flipping between the B9/B10 and

(1) For references and reviews of carborane derivatives, see: (a) Grimes,B10/B11 bondsI@)'? or is static with structurel .13

R. N. Carboranes Academic Press: New York, 1970; pp 5235.
(b) Bregadze, V. IChem. Re. 1992 92, 209-223. (c) Soloway, A.
H.; Tjarks, W.; Barnum, B. A.; Rong, F.-G.; Barth, R. F.; Codongi I.
W.; Wilson, J. G.Chem. Re. 1998 98, 1515-1562.

(2) Wiesboeck, R. A.; Hawthorne, M. B. Am. Chem. Sod 964 86,
1642-1643.

(3) Hawthorne, M. F.; Young, D. C.; Garrett, P. M.; Owen, D. A;
Schwerin, S. G.; Tebbe F. N.; Wegner, P.JAAmM. Chem. So&968
90, 862-868. Hawthorne, M. F.; Wegner, P. A.; Stafford, R.I@org.
Chem.1965 4, 1675-1675

(4) Zakharkin, L. |.; Kirillova, V. S.Bull. Acad. Sci USSR, bi Chem.
Sci. 1975 24, 2484-2486.

(5) Grafstein, D.; Bobinski, J.; Dvorak, J.; Smith, H.; Schwartz, N.; Cohen,
M. S.; Fein, M. M.Inorg. Chem1963 2, 1120-1125. Zakharkin, L.

I.; Kalinin, V. N. Bull. Acad. Sci USSR, bi Chem. Sci1965 14,
567—-567. Stanko, V. |.; Titova, N. S.; Kashin, A. N.; Butin, K. P;
Beletskaya, I. PJ. Gen. Chem. USSR (Engl. Trandl97Q 40, 2217
2220. Zhigach, A. F.; Svitsyn, R. A.; Sobolev, E. 5.Gen. Chem.
USSR (Engl. Transl}977 47, 212-213. Tomita, H.; Luu, H.; Onak,
T. Inorg. Chem.1991, 30, 812-815

(6) (a) Greenwood, N. N.; Earnshaw, 8hemistry of the Element&nd
ed.; Butterworth-Heinemann: Oxford, 1997; p 189 and references
therein. (b) Plésk, J.; Hémanek, S.; $ibr, B. Inorg. Synth1984 22,
231-234.

(7) (a) Dunks, G. B.; Hawthorne, M. Acc. Chem. Red.973 6, 124~
131. (b) Callahan, K. P.; Hawthorne, M. Rdv. Organomet. Chem
1976 14, 145-186. (c) Williams, R. EAdv. Organomet. Cheni994
36, 1-55. (d) Onak, T. IfComprehensie Organometallic Chemistry
Wilkinson, G., Stone, F. G. A., Abel, E., Eds.; Pergamon: Oxford,
1982; Chapter 5.4. (e) Williams, R. Ehem. Re. 1992 92, 177—
207. (f) Porterfield, W. W.; Jones, M. E.; Wade, Korg. Chem.
199Q 29, 2927-2933.

(8) Lee, H.; Onak, T.; Jaballas, J.; Tran, U.; Truong, T. U.; To, H. T.
Inorg. Chim. Actal999 289, 11-19.

10.1021/ic000961e CCC: $20.00

Experimental Section

Synthesis of (PSH)(nido-7,8-CBgH127). Addition of a hexane
solution (40 mL) of Proton Sponge (1MN,N',N'-tetramethylnaph-
thalenediamine= PS) (0.214 g, 1 mmol) to a hexane solutiomafo-
7,8-GBgH13 (0.134 g, 1 mmol) afforded a precipitate. This solid was
filtered and recrystallized from dichloromethane with slow diffusion
of hexane at-30 °C to yield crystals of (PSH(nido-7,8-GBgH127)
(0.27 g, 77%). Found: C, 54.70; H, 8.87; N, 7.924t:BoN, requires
C, 55.11; H, 8.96; N, 8.03.

NMR data for the (PSH) cation (acetonek): oy (300 MHz) 18.79
(1H, s, NH), 7.97 (2H, dJun = 8 Hz; H4,5), 7.91 (2H, d, 8; H2,7),
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Table 1. Summary of Crystallographic Data for Table 2. Selected Bond Distances (A) and Angles (deg) and Their
(PSH")(nido-7,8-GBgH127) Estimated Standard Deviations for (PSthido-7,8-GBgH,7) as
X-ray diffraction neutron diffraction E;etermined by Diffraction of X-rays (at 150 K) and Neutrons (at 30

%U] pirical formula %’2381392'\]2 neutron diffraction X-ray diffraction
a(A) 8.129(1) 8.110(2) Distances
b (A) 11.251(2) 11.134(2) c7-c8 1.570(4) 1.564(3)
c(A) 12.392(2) 12.342(2) C8-B9 1.625(6) 1.623(4)
o (deg) 68.524(5) 68.34(1) B9—-B10 1.825(6) 1.813(4)
S (deg) 86.359(7) 86.55(1) B10-B11 1.871(6) 1.841(4)
y (deg) 79.712(8) 79.98(1) B11-C7 1.615(6) 1.620(3)
V (A3) 1037.7(3) ~1019.9(4) B11-H12 1.469(11)
space group P1 B11-H11 1.207(10)
z 2 B10—H10 1.201(13)
u 0.058 mnT! (Mo Ka)  1.25+ 14.7% cmt B10—H12 1.252(10)
Ru(F? (alldata)  0.1284 0.2372 N1-H1N 1.228(13)
Ri(F?) 0.0561 0.0982 N2---H1N 1.419(13)

[2823 reflnsl > 20(1)]  [5005 reflnsl > 20(1)] N1:--N2 2.599(3) 2.601(2)

Angles
7.63 (2H, t, 8; H3,6), 3.17 (12H, s; GH Oc (75 MHZz) 144.8 (C1,8), B10—H12-B11 86.4(5)
135.8 (C10), 129.7 (C4,5), 127.5 (C3,6), 122.0 (C2,7), 119.5 (C9), 46.2
(CHb). factors using standard SXD procedutgs total of 19586 reflections
NMR data for the iido-7,8-G:BgH12~) anion (acetonek): o (300 were observed, reducing to a unique set of 5005 structure factors on

MHz, H{11B}) 1.86 (2H, B1H), 1.81 (2H, CH), 1.68 (1H, B4), 1.14 merging R = 0.066). This structure factor set was used for structural
(4H, ByusH), 0.46 (1H, BH), 0.01 (1H, BgH), —2.95 (lH, u-H); 0g refinement using SHELXTL-NT? All non-hydrogen atom positions
(96.2 MHz) —10.4 (Bs.1), —15.9 (Bsg), —16.4, (B), —21.4 (B.a), from the X-ray model were used as a starting point for the refinement.

—32.5 (Byy), —37.2 (By); solid-stateds (96.2 MHz)—19.3 (7B),—33.6 Hydrogen atom positions were located from subsequent difference
(1B), —38.7 (1B). Calculated NMR chemical shifts for neutron Fourier maps. All atoms refined with anisotropic displacement param-
diffraction geometry (GIAG-B3LYP/6-311G*):—6.0 (Bs), —8.1 (B), eters. Neutron scattering lengths were taken fioternational Tables
—15.3 (Bu), —18.2 (Bs), —20.8 (By), —25.4 (B), —26.4 (B)), —36.1 for Crystallography,Vol. C, Table 4.4.4.1 (Wilson, A. J. C., Ed.;
(Bi), —32.2 (B). Calculated NMR chemical shifts for neutron Kluwer Academic Publishers: Dordrecht, 1992). Crystal data are given

diffraction geometry, averaged fa@s symmetry (GIAO-B3LYP/6- in Table 1. Selected bond distances and angles are given in Table 2.
311G*): —10.7 (By.11), —16.8 (Bs,e), —18.2 (B), —23.6 (Bp0), —36.1 . .
(Bro), —39.2 (B). Results and Discussion

Description of the X-ray Diffraction Study. The X-ray diffraction In view of the structural uncertainty, the suspicion that

experiment was carried out at 150 K, using graphite-monochromated sybstituents on carbon might favor a bridged site in contrast to
Mo Ka. X-radiation  0.71073 A), on a Bruker SMART-CCD detector 3 terminal site for the parent anionido-7,8-G:BgH1,7), and
diffractometer equipped with a Cryostream flow cooling device'* the knowledge that neutron diffraction methods are usually

Cell parameters were determined and refined using the SMART ) . . .
softwaré® from the centroid values of 279 reflections with 2alues preferable to X-ray diffraction when hydrogen atom sites are

between 5and 42. Raw frame data were integrated using the SAINT &t 1SSué, we embarked on a neutron diffraction study of the
programi® The structure was solved using direct methods and refined Proton Sponge salt (PSh{nido-7,8-GBeH1>7), though ap-

by full-matrix least squares off? using the SHELXTL suite of  Preciating that the high neutron capture cross section of the
programst’ A shapeless colorless crystal with dimensions 0<36.32 boron isotope!®B might thwart the study. The only previous

x 0.28 mni was used for the measurements. A total of 6319 reflections cage borane structurally characterized by neutron diffraction was
were measured which merged to 3652 unique data with an agreementjeuteratedloB-depIeted decaboranai(jc}llBloDM)zo though
factor of 0.0458. The monoclinic space gra@pcannot be determined  some smaller boran®sand metal tetrahydridoborat@shave
unambiguously from the systematic absences; however, a clearly heen studied at natural abundance.

satisfactory refinement of the structurefifh confirmed this space group We succeeded in growing large crystals of the salt (PSH
assignment. All non-hydrogen atoms were refined with anisotropic nido-7,8-C:BgH1») by slow diffusion of hexane into a GH

atomic displacement parameters (adps). Hydrogen atoms were locate . ; . . -
from difference Fourier maps and their coordinates and isotropic adps Iz solution and obtained good quality neutron diffraction data.

refined. Crystal data are given in Table 1. The atom-numbering schemeFigure 1 shows the structure of (PSfthido-7,8-GBoH12) as

with H(12) bridging B(10)-B(11) rather than B(9)B(10) was chosen determined by neutron diffraction, and selected metric data from
for consistency with ref 8. both the X-ray and neutron diffraction studies are in Table 2.

Description of the Neutron Diffraction Study. A thin plate crystal The unique hydrogen atom H(12) in the anion is clearly

of size 3x 2.5 x 1 mm? was selected to collect neutron diffraction  localized in an unsymmetric BH—B bridging position over
data on the SXD instrument at the I1SIS spallation neutron source, using
the time-of-flight Laue diffraction methotf.Data were collected at a  (20) Tippe, A.; Hamilton, W. Clnorg. Chem.1969 8, 464—470.
temperature of 3@t 2 K under experimental conditions described (21) (a) Khan, S. I.; Chiang, M. Y.; Bau, R.; Koetzle, T. F.; Shore, S. G;

reviously!® The intensities were extracted and reduced to structure Lawrence, S. HJ. Chem. Soc., Dalton Trans986 1753-1757. (b)
P Y Klooster, W. T.; Koetzle, T. F.; Siegbahn, P. E. M.; Richardson, T.

B.; Crabtree, R. HJ. Am. Chem. S0d.999 121, 6337-6343.

(14) Cosier, J.; Glazer A. M. Appl. Crystallogr 1986 19, 105-107. (22) (a) Takusagawa, F.; Fumagalli, A.; Koetzle, T. F.; Shore, S. G,;
(15) Bruker.SMART-NTV5.0; Data Collection Software; Bruker Analytical Schmitkons, T.; Fratini, A. V.; Morse, K. W.; Wei, C. Y.; Bau, R.
X-ray Instruments Inc.: Madison, WI, 1998. Am. Chem. S0d.981 103 5165-5171. (b) Bernstein, E. R.; Hamilton,
(16) Bruker.SAINT-NTV5.0; Data Reduction Software; Bruker Analytical W. C.; Keiderling, T. A.; La Placa, S. J.; Lippard, S. J.; Mayerle, J.
X-ray Instruments Inc.: Madison, WI, 1998. J.Inorg. Chem 1972 11, 3009-3016. (c) Broach, R. W.; Chuang,
(17) Bruker.SHELXTL-NT V5.1; Bruker Analytical X-ray Instruments I.-S.; Marks, T. J.; Williams, J. MInorg. Chem.1983 22, 1081—
Inc.: Madison, WI, 1998. 1084. (d) Corey, E. J.; Cooper, N. J.; Canning, W. M.; Lipscomb, W.
(18) Wilson, C. C.J. Mol. Struct 1997, 405 207—-217. N.; Koetzle, T. F.Inorg. Chem.1982 21, 192-199. (e) Johnson, P.
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IV, andV are —306.06799,—306.06565,—652.03475, and
—652.03618 au, respectively. The resulting energy differences
between geometries ata /Il = 1.47 andlV/V = 0.87 kcal
mol~! without zero point energy corrections. These results do
not unequivocally rule out the possibility of geomettyfor
(nido-7,8-GBgH127) in a different solid-state phase.

What of the geometry fom{do-7,8-GBgH32™) in the solution
state? Recently, application of the combined ab initio/IGLO or
GIAO/NMR method® to (nido-7,8-GBgH1,7) revealed flux-
ionality of the asymmetrically bridging hydrogen between
geometriesllla and lllb (via geometryll) in solution to
correspond best with the observed solution-state boron NMR
Figure 1. The molecular structure of (PSi{nido-7,8-GBgH1,7) as data for (ido-7,8-GBgH127). Our calculated NMR shifts
determined by si_ngle-_crys_tal neutron diffraction; all atoms are shown (GAUSSIAN94) generated from the neutron diffraction geom-
as 50% probability ellipsoids. : . -

etry are in good agreement with observed solution state

. . (assuming that fluxionality takes place in solution between the
the B(10)-B(11) bond, with B-H distances OT 1.252(10) and two geometriedlla andlllb ) and the limited solid-staté&'B
1.469(11) A. On these boron atoms the terminal hydrogens are\ VIR data

unaffected by the presence of the bridging atom, with B(9)
H(9) and B(10)-H(10) being insignificantly longer than the
other seven B-H units. The bridged cluster edge B(XB(11)
is longer than its unbridged counterp#itthe asymmetry of
the open pentagonal face extends to the(Bdistances.

The location of the hydrogen between the nitrogen atoms in
the (PSH) cation may be symmetrid\() or asymmetricY),
the latter geometry being more common in reported X-ray
structures of salts containing (PSHcations?4 In our discrete
(PSH") cation, the bond lengths are 1.228(13) and 1.419(13)
A for N1-H13 and H13:-N2, respectively, corresponding to
geometry V. A previous neutron diffraction study on the
complex of PS and 1,2-dichloromaleic acid, (P'$@HO,-
CCICCICO), reported a more asymmetric hydrogen bond, with
N1-H13 = 1.106(5) A and H13:N2 = 1.608(6) A.

In agreement with recently reported results at the HF/6-31G*

From our neutron diffraction study it is clear that the geometry
of (nido-7,8-GBgHi,7) is best drawn adla/llb with an
asymmetric bridge, while the diagrane/lb with symmetric
bridges may be used for convenience in the same way as, for
example, BoH14, where asymmetric bridging hydrogens were
also found by neutron diffraction. The same geometry is found
in solutions of (ido-7,8-GBgH1,7) where endo hydrogen
fluxionality occurs between the two geometrids. andlllb .
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and B3LYP/6-31G* levels, two geometriesl (and llla) Supporting Information Available: Crystallographic data for the
were located by optimization ofn{do-7,8-GBgH1,7) at the X-ray and neutron diffraction studies as a CIF file. Cartesian coordinates
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has the endo hydrogen asymmetrically bridging the-B20
bond as seen in the neutron diffraction structure reported here;
the fitting error between the calculated and experimental
structure for all atoms is only 0.03 A using tbét command
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