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The [BigH12%~ dianion has been shown by the ab initio/IGLO/NMR method to ha®@ aymmetric structure
(26) derived from BoH14 (17) by removing two opposite bridge protons. Adduct formation with one or two
solvent molecules, suggested on the basis of experimental NMR investigations, does not take phelzenl[F~

(n = 1, 2) structures with various ligands are not bound (v§HhB;]?~ andn L) and do not reproduce the
experimental'B NMR chemical shifts. The [BH13~ structure 19), computed to hav€, rather tharCs symmetry

in solution (as in the solid state), also can be derived fraghB, (17) by removal of a bridging proton. In both
the mono- 19) and the dianion46), a bridging hydrogen can rearrange easily from B5/B6 to B9/B10 (barrier ca.
5 kcal moi™t) but not from B8/B9 to B9/B10 (barrier ca. 15 kcal mylL The recently proposed 6,6-4dsN)>B1oH12

structure is not supported computationally.

Introduction

The stablelosoborane dianions, [B1,]2~, n = 6—12, adopt

with only four 3B signals (consistent with @, symmetry) for
NaBioH12in THFS The chemical shifts ai —35.6 (2),—6.8
(4), —5.2 (2), and 5.3 (2) were assigned to B2,4, B5,7,8,10,

closed polyhedral cluster structures and are well characterizedg1 3 and B6,9, respectively, on the basidi&—11B COSY 56

experimentally: In contrast, relatively little is known about
dianions derived fromnido-, arachne, or hyphceboranes.

The absence of hydrogen bridges between B6 and B5,7 and
between B9 and B8,10 was deduced because of the strong

Experimental investigations on these classes of compounds argqypjlings between these sets of boron atoms. The yellow color
complicated by high reactivity toward, e.g., disproportionation, of m,[BgH;5] solutions in THF, MeCN, and DME (1,2-

decomposition, and protonation. Consequently, doso di-

dimethoxyethane) was attributed to loose solvgBt;oH 122~

anions are ideal targets for computational studies which can complexes. Likewise, the broad B6,9 signal was attributed to

complement these challenging experiments.

an interaction with solvent molecules at B6,9. The proposed

[B1oH12]?™ is @ good example of such an extremely reactive structure considered to be the most favorable has two terminally
species: only a few experimental results are available and theybound exo donors L (MeCN or THF) and two hydrogens

are contradictory. The first synthesis, achieved by reacting bridging B5/B10 and B7/B8 (staticC,, symmetry).

B1oH14 (see Figure 517) with an excess of sodium hydride in
diethyl ether, was reported by Wilkes and Carter in 1966.
B1oH14like structure lacking bridging hydrogens but having the
two “extra’ hydrogen atoms of [BH15%~ bound asendo
terminal H's at B6 and B9, symmetry) was proposed (see
Figure 6,22). [BigH12)%~ was used to synthesize metallabo-

An
alternative possibility, which also would be in line with the
experimental findings, was mentioned: a fluxional system with
only one donor ligand bound at B at B9. Rapid equilibrium
with free [BioH12]%~ would lead to effectiveC,, symmetry on
the NMR time scale.

We have now applied the ab initio/IGLO/NMR metHau

ranes; in contrast to the dianion itself, these complexes wereestablish a different form as the solution structure abifB,]2~

amenable to X-ray structural analydis™B NMR data were
reported by Greenwood and Youll in 1975 for the JR$]>-
[B1oH17 salt: 6 —40.60 (1),—36.2 (1),—31.3,—25.9,—19.7
(total of 5), —6.65 (2),—1.44 (1)* This contradicts the 1966
(Cy,) structural proposa for which not more than four signals

are expected. Recently Bridges and Gaines questioned the 197

and to clarify the possible interaction with solvent molecules
as well as the dynamic behavior. The investigation also includes
related compounds, e.g., {#122L]%", [BioH12°2L], [B1o-
H12'L]27, [BloH;|_3‘|_]7 (L = Lewis baSE), and [ﬁH13]7.

gomputational Details

NMR work because they observed a quite different spectrum Al geometries were fully optimized within the given symmetry

consecutively at the HF/3-21G, HF/6-31G*, and MP2/6-31G* levels

T University of Georgia.
* Universita Erlangen-Nunberg.
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of theory? using the Gaussian 94 program pack&g@nly valence
electrons were considered for the electron correlation treatment (fc
frozen core approximation) in the MP2 procedure. Unless noted
otherwise, MP2(fc)/6-31G* geometric parameters are reported. Har-
monic frequencies were computed from analytical second derivatives
at HF/6-31G* to establish the nature of stationary points. Relative
energies at MP2/6-31G* are corrected for scaled (factor of 0.89)
differences in HF/6-31G* zero-point vibrational energies (ZPE) (MP2-
(fc)/6-31G*+ 0.89 ZPE(HF/6-31G*)). Chemical shifts were computed
using the IGLO methdd at the SCF level employing Huzinaga’'s
double¢ (DZ) basis sef$ in the recommended contraction schemes:
(3s), [21] for H and (7s,3p), [4111,21] for B, C, and N. For the largest
molecules, this was not possible and the GIAGCF? approach as
implemented in the Gaussian progffanas used instead together with
the 6-31G* basis set. Bl (0 = 114.88 at IGLO/DZ andr = 106.98

at GIAO—SCF/6-31G*) served as a primary reference for computed
1B chemical shifts; the experimental gas-phase value bfsBd =
16.61% was used to convert to the experimental standard; BEt (0
=0).

Results and Discussion

[BigH122L2]2~. On the basis of experimental NMR results
in solution, nido-[B1gH17]?~ was proposed to form &,
symmetric, static solvent adduct with two Lewis base molecules
L (MeCN, THF) bound at B6 and B9. Each donor L was
supposed to contribute two electrons to the cluster bonding. Figure 1. Optimized structures for [6,9-(HCBB1oH122~ isomers.
Consequently, [BH12-2L]%~ has ahyphoelectron count. The  (Energies are given relative to isolated;§B;5)2~, 26, and HCN.)
assumed structure, however, is typical for 10-verexchno
clusters such as [BH14)2", BigH12°2L, or 6,9-GBgH14. Most decomposition. When the ligands L were modeled bysNH
of our computations modeled the donors L by HCN (unsaturated instead of HCN, no minima correspondinglib—3b could be
donor) or NH (saturated) and assume€sg,, Cs, or C, symmetry located at correlated and even at noncorrelated levels. Com-
(see Figures 44)1* For C; mimimum and Cs transition puted!B chemical shifts forlaare in gross disagreement with
structures of BHiz:L, we found only insignificant differences  the measured data (the difference is 44.7 ppm for B1,3; Table
between L= MeCN and model HCN® At HF/6-31G*, 1).16
structure 1a (Figure 1) corresponding to theeXo6,exc9- Following the reviewers’ suggestions, we also computed
L2B1oH12]>~ proposal has five (!) imaginary frequencies and is  molecules with more realistic ligands, L (i.e., @EN, O(CH),

149 kcal mot? higher in energy than two isolated HCN's and  and THF). The HF/6-31G* optimized geometry ekp6.exc

our best [BoH12]?~ structure 26; see below). One2g) or two 9-(MeCN)B10H12]?™, 1c, does not differ much from that of the
(3a) endooriented ligands L also result in very high energy HCN model compound. Chemical shifts obtained at GIAO
structures (relative energies of 122 and 147 kcal thol =~ SCF/6-31G* also do not agree with the experimental data (see
respectively). These complexes only can be computed atTable 1). While GIAG-SCF/6-31G* gives chemical shifts
Hartree-Fock levels. Attempts to optimizea—3aat the MP2/ 5—10 ppm more positive compared to those at IGLO/DZ (for
6-31G* electron-correlated level lead to dissociation or to cluster 1a), the differences between the theoretical and measured data
for 1care much larger (more than 40 ppm). Structlcshows

(8) For anI i?troduction tlg computzi\]ti%nallz _chemisltry_ argih the tusual five imaginary frequencies (as dogs), and its relative energy

nomenclature see. (a) Foresman, J. b.; FI1SC orin: emistr 2— i

with Electronic S_trEJc)ture Methods. A Guicrlixtﬁo Us%ng Gaus;syian vs two MelCN plus.[BOHIZ] structure26 (see below) is 155.4

Gaussian Inc.: Pittsburgh, PA, 1993. (b) Hehre, W. J.; Radom, L.; kcal mol™, which is Yery close to the analogous _Va.lue.m

Schleyer, P. v. R.; Pople, J. Ab initio Molecular Orbital Theory (149.4 kcal mot?). With L = O(CHg), and THF, optimizations

Wiley: New York, 1986. o _ of [exo6,ex09-L,B1oH15)2 starting geometries (witk,, and
©) gf‘gﬁ"%b“"b: Uf‘%f’&e\’e\’s"eﬁfahr'f’%?'hﬂ' Eé’itﬁjllfﬁ'xigéégﬁ?rgé/g’.; C, symmetry contraints, respectively) lead either to dissociation

Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, into [BigH12]?~ and 2 L or(for L = THF) to transfer of electrons

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; and THF ring opening. The latter process results in two extra

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, g|actrons on the ligands L, and the species produced thus has

W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; . - .
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.. 0 be considered as arachno[(L ~)2'BioH12 compound in

Erq=1494kealmol! @  TIMAGS

Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Ga\issian line with electron-counting rules (rather than asypho|L
94, Revision C.3; Gaussian, Inc.: Pittsburgh, PA, 1995. BioH12]2~ compound).

(10) (a) Kutzelnigg, W.sr. J. Chem.198Q 19, 193. (b) Schindler, M.; I th . | | dict th | th
Kutzelnigg, W.J. Chem. Phys1982 76, 1919. (c) Kutzelnigg, W.; All these Computatlona -reSl.:l ts Con.tl’a Ict the proposa. that
Fleischer, U.; Schindler, MNMR 199Q 23, 165. a [BioH12-2L]?" species exists in solutich.

(11) Huzinaga, SApproximate Atomic Wa Functions University of [BloH12‘2|-]- Structures akin td.a, on the other hand, are
Alberta: Edmonton, Canada, 1971. well established foarachnospeci h trajoBl12° 2L

(12) (a) London, FJ. Phys. (Paris)L937, 8, 397. (b) Wolinski, K.; Hilton, nalk pecies such as neutraidli
J. F.; Pulay, PJ. Am. Chem. S0d.99Q 112, 8251. or the [BioH14)% dianion @). In 1957, Schaeffer reported the

(13) é)?,nilg?,g P.; Landesman, H. L.; Williams, R..E Phys. Cheml959 first example of a BoH12:2L species (L= MeCN)1” Theexo

(14) For structures with donor molecules L coordinated to boron hydride 6,ex09-(MeCN)Bi1oH12 structure §¢) was determined by an

clusters, we use the following labels; L = NCH; b, L = NHg; c,
L = NCCHg; d, L = pyridine. (16) The IGLO procedure did not converge fa and 3a.
(15) Hofmann, M.; Schleyer, P. v. Raorg. Chem., in press. (17) Schaeffer, RJ. Am. Chem. Sod.957, 79, 1006.
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7a, Cyy O
Eyq = 29.2 keal mol”!

5b,Chpy & D & s
Erey = 0.0 keal mol! Eye1 = 14.5 kcal mol™! E,q = 47.0 kcal mol’! Ege) = 31.2 keal mol'!

8

E;qt = 0.0 keal mol'! Epy = 34.4 kcal mol!

Figure 2. arachne[BigH14%", 4 (a), and related BH12-2L isomers with L= HCN (b), L = NHs (c), or L = pyridine (d).

X-ray structure analysi¥ 1B NMR datd® agree reasonably  differ by less than 1 ppm. The computational level (IGLO or

well with the values computed f@xo6,exc9-(HCN),B1oH12 GIAO) has a larger influence (differences in chemical shifts of
(58), Cy, (Table 3). This demonstrates that the MeCN ligand 2—4 ppm with GIAO-SCF to higher field).
is modeled well by HCN: The computéd chemical shifts Most BygH122L molecules known experimentally are derived
formally fromarachne[B1oH14]?~, 4, by replacingexoterminal
(18) (a) van der Maas Reddy, J.; Lipscomb, W.JNAm. Chem. Sod959 hydrides H at B6 and B9 by Lewis bases L. Recently, a 6,6-
81, 754. (b) van der Maas Reddy, J.; Lipscomb, WJINChem. Phys. _ . . .
1959 31, 610. (py)2B1oH12 (py = pyridine, NGHs) complex, with geminal

(19) Hyatt, D. E.; Scholer, F. R.; Todd, L. lhorg. Chem.1967, 6, 630. ligands, also was proposed on the basis of NMR investigations
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) i B =-1.6 keal mol’! &  Er=1.6kcal mol!

Figure 3. Optimized structures ofxo andendo[6-LB1gH1g) ™ isomers. (Energies are given relative to isolateghtiB;]?~, 26, and HCN.)

(2D 1B—11B COSY and pure-phas€B—11B 2Q correlation Table 1. B Chemical Shifts (ppm) forfxo-6,Ex0-9-LoB1oH12]*

NMR) and characterized by FTIR, UWis, mass spetroscopy, B1,3 B2,4 B5,7,8,10 B6,9
and elemental analys#€. While computational _m_odels 6,6- 1o L = NCHee 499 507 50 39
L2B1oH12, 8a(L = HCN) and8b (L = NHs), are minima, these 1a L = NCHbe —451 —42.7 0.0 14.6
are ca. 31 kcal mol higher in energy than thexo,exdsomers, 1c L = NCMebe —45.0 —38.1 -3.8 —5.7
5a and 5b, respectively. For the pyridine ligand, the energy  1c. L = NCMe"® —-476  —35.7 -7.8 -7.8
difference betweed and 8d is 34.5 kcal mot. This is in experimerft -52 —-356 —6.8 5.3

line with the experimental observation th&d is rapidly 2 |1GLOIDZ. ® GIAO—SCF/6-31G* < JIHF/6-31G* ¢ /IB3LYP/6-
converted into its isomesd when refluxed. Compoungd may 31G*. ¢ Experimental data for [BH12]2" in solution; values have been

have been formed by kinetic control. Chemical shifts computed estimated from the spectra shown in ref 5.

for models8aand8b do not compare well with the experimental

data assigned to 6,6-(pB1dH12 (see Table 3). Computations i the reaction of [BoHig~ with NHEL.2L The resulting
(GIAO—SCF/6-31G* chemical shifts on HF/6-31G* and B3LYP/  5rachno[B1oH:a:L]~ monoanion (L= NHEt,) was postulated
6-31G* optimized geometries) on 6,6-(pB)oH12 8d, do not g pe “structurally equivalent to BH;»2L compounds (e.g.,
not agree satisfactorily, either. However, a comparison of 54) except that one ligand is replaced by a hydride anion”. To
experimental and computed chemical shifts foréke6,ex09 our knowledge, only a very poorly resolv&® NMR spectrum
isomer, 5d, also shows unusually large differences of up to has peen reported (in 1982)showing three resonances at
almost 11 ppm. A large part of this deviation is likely due to  _14 4 —36.6, and—47.1 ppm?? Unfortunately, the poor
the computational level as can be judged from IGLO and GIAO quality of the data prevents a {BH:sNHEL]~ structure

results for model compounds (compare Tables3)L For8d, determination by the ab initio/lGLO/NMR method.
however, the discrepancies between theoretical and experimental [ex06-LBioH14~ is only favored slightly over theendo
results are as much as 21 ppm, twice as large as is usual at thissomer. The difference in energy is 2.1 kcal mofor L =
level. Unfortunately, due to the sizes of the molecldsaand HCN (9a/103) and 3.2 kcal mol® for L = NH3 (9b/10b). This
8d, we are not able to apply IGLO/DZ/IMP2(fc)/6-31G*, our  conirasts the BH1»+2L situation where thexo preference is

method of choice, which would give more reliable results. ,ch more pronounced (see above and Figure 2). Hende,
Nevertheless, the computed chemical shifts raise some doubtsypgiitytion is easier to achieve in the presence of only one L.

about the validity of the 6,6-substituted AB;oH;, structural On the other hand, the energy@sdis +10.6 kcal mot™ higher
proposal although we cannot discard it with certainty on the han that of isolated HCN and {44~ (19; Figure 5). The

basis of our results. _ . amino adduc®b is bound but only slightly (by 1.6 kcal mof).

We find the following stability order for neutral  agq ghserved for ByHi»2L, the resonance of the B6 ipso boron
(HCN)BioH,2: exo6,ex09 (58) > exo6.endo9 (6a) > endo atom is most sensitive to thexdendoorientation of L (Table
6,endo9 (7a) ~ exo6.endob (8a) (see Figure 2). For L= 4). ForexolL, the B6 chemical shift is found at ca—80 ppm
NHs, the relative energies are about the same bute®o-  pigher field thanrendeoriented L. Redetermination of tHés
6,endo9 isomer is much less stable most likely due to enhanced \ R spectrum should allovexo- and endof6-LB1oH1g~ to
steric repulsion involving the more crowded Akgands. be distinguished by comparison with the theoretical predictions.

[BioH1zL] . Experimentally, a derivative of [BH142~ with
only one H replaced by a neutral L has been reported to form (21) Graybill, B. M.; Pitochelli, A. R.; Hawthorne, M. Ainorg. Chem.

1962 1, 622.
(20) Cendrowski-Guillaume, S. M.; O’Laughlin, J. L.; Pelczer, I.; Spencer, (22) A value of 18.1 ppm was used to convert from the old, B(QM®)
J. T.Inorg. Chem.1995 34, 3935. the new standard BFOE®. (Hermanek, S.Chem. Re. 1992 92, 325).
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\.a &y
QUL

11a, C;

Egat
HF/6-31G*

Eyol = 68.4 kcal mol? ©

B =36.7 keal mol! ¢

Figure 4. Optimized structures of [iBigH12]?>~ isomers. (Energies are given relative tadB:5]%", 26, and HCN (a) and NEi(b), respectively.)

[BioH12 -L]?". Rapid equilibria (eq 1) have been suggested electron count, and the prototypeachneBi, cluster structure
as an alternative explanation for the NMR spectroscopic findings corresponds to [BH14]2~ (4). In 11a(Figure 4), oneendoH

on [BioH12?" in solution® [BigH12L]?>~ has anarachno of 4 (at B9) is removed while thexoH at B6 is replaced by a
. . . Lewis donor L (HCN). This arrangement was suggested for
[ex06-LB,H ] =L + [B,;H;)]” = [ex09-LB,H,] [B1gH12'L]%~ inref 5, but it is 63 kcal molt (MP2(fc)/6-31G*)

Q) higher in energy than [BH17%" (26, see Figure 6) and a
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Table 2. 1B Chemical Shifts (ppm) for [EBiogH12]?~ 2

Hofmann and Schleyer

B1,3 B2 B4 B5,7 B6 B8,10 B9
1lla exo6,L=NCH —39.8 —-11.3 —26.2 —42.8 —36.0 —-14.9 —-4.9
1lla exo6,L=NCH, av —39.8 —18.7 —18.7 —28.8 —20.5 —28.8 —20.5
1la exo6, L= NCHP —-34.1 —6.8 —22.3 —37.2 —-32.1 —12.8 —6.1
11b: exo6, L= NHs; —39.9 —-9.2 —36.2 —55.9 —21.2 —13.1 —-7.2
11b: exo6, L = NHj3, av —39.9 —22.7 —22.7 —34.5 —14.2 —34.5 —-14.2
11c exo6, L= NCMe® —34.5 —6.6 —23.7 —39.3 —31.3 —12.8 —-7.0
11lc exo6, L= NCMe, a¥ —34.5 —15.2 —15.2 —26.1 —19.2 —26.1 —19.2
12: 6,9-bridging, L= NCH —-32.1 —54 —-9.8 —21.0 —-9.3 —18.9 —23.0
13 endoe6-NH; ende9-H —27.3 23.3 18.4 —-7.5 2.5 -0.4 —-21.1
14: ende6, L = NH3; —-11.9 —13.2 —-32.1 —30.7 3.1 16.5 10.8
15a exo6, L= NCH¢ —39.9,—45.5 —-2.5 —3.6 —12.9,—26.5 —36.3 —27.2,-10.3 —35.0
15a exo6, L= NCH, av¥ —42.7 -3.1 -3.1 —19.2 —35.7 —-19.2 —35.7
15b: exo6, L= NHs; —41.9,—46.4 —0.6 -9.7 —20.4,-33.5 —26.8 —29.4,-9.7 —39.0
15b: exo6, L = NHjs, av —44.2 —-5.2 —-5.2 —23.3 —-32.9 —23.3 —-32.9
16a endae6, L = NCHe —37.3,-37.1 35 0.3 —6.7,—24.3 —31.7 —27.8,—2.4 —31.3
16a endeb6, L =NCH, a¥ —37.2 1.9 1.9 —15.3 —31.5 —15.3 —31.5
16b: ende6, L = NH3 —33.2,-40.4 7.0 2.0 —8.8,—28.4 —23.9 —19.0,—15.4 —39.0
16b: ende6, L = NH3, av —36.8 4.5 4.5 —-17.9 —31.5 —-17.9 —31.5
experimerit -5.2 —35.6 —35.6 —6.8 5.3 —6.8 5.3

a Computational level is IGLO/DZ//MP2(fc)/6-31G* if not specified otherwi8&IAO—SCF/6-31G* ¢ //HF/6-31G*.9 Experimental data for
[B1oH12)%" in solution; values have been estimated from the spectra shown in ref 5.

Table 3. B Chemical Shifts (ppm) foarachneBigHi2-2L Complexed

B1,3 B2 B4 B5,7 B6 B8,10 B9
5a exo6,ex09; L =HCN —41.0 1.9 1.9 —-185 —-31.6 -185 —-31.6
5a exo6,ex09; L =HCNP —-37.2 5.0 5.0 —15.2 —29.7 —-15.2 —29.7
5b: ex06,ex09; L = NH3 —43.2 —-0.8 —-0.8 —22.0 —27.8 —22.0 —27.8
5c. ex06,ex09; L = MeCN® —37.8 4.2 4.2 -16.1 —29.3 —-16.1 —29.3
5c. ex0-6,ex0-91. = MeCN, expt —42.8 —-5.7 —-5.7 —20.4 —-31.2 —-20.4 —-31.2
5d: exo6,exc9; L = pyridine’d —39.0 3.9 3.9 —-17.9 —-16.7 —-17.9 —-16.7
5d: exo-6,ex0-9L = pyridine, expt —-40.3 -5.3 -5.3 -19.0 —-275 -19.0 —-27.5
6a exo6,endoe9; L =HCN —35.9 7.3 8.7 —-14.1 —-30.1 —-15.0 —23.4
6b: exo6,ende9; L = NH; —-37.5 9.7 10.8 —-15.1 —26.8 —-19.3 —-14.0
7a ende6,ende9; L =HCN —-31.6 18.6 18.6 -9.4 —-20.9 -9.4 —-20.9
7b: ende6,endce9; L = NH3 —-30.2 235 235 —-17.7,—6.8 —26.5 —-17.7,—6.8 —26.5
8a: exo6,endoe6; L = HCNf —-35.1 1.2 7.3 —-8.5 —22.6 —-16.5 —14.2
8h: exo06,ende6; L = NH; —35.3 12.7 8.9 —-19.4 -16.4 —-14.6 —21.4
8d: exo6,endo6; L = pyriding9 —29.5 19.7 9.7 —16.2 6.3 —8.8 —-22.1
8d: exo6,ende6; L = pyridingd —30.3 18.1 8.6 —16.4 4.6 —10.5 —23.1
8d: exo0-6,endo-pL = pyridine, expt —-38.1 -3.3 —4.8 -17.1 -17.1 —-19.2 —29.4

a Computational level is IGLO/DZ/IMP2(fc)/6-31G* unless specified otherWiselAO—SCF/6-31G*.c Reference 19¢//B3LYP/6-31G*.
e Reference 20{HCN moieties were constrained to be lineallHF/6-31G*.

Table 4. B Chemical Shifts (ppm) foarachne[BioH1aL] 2

B1,3 B2 B4 B5,7 B6 B8,10 B9
9a: exo6,L=HCN —41.4 -3.1 —-0.7 —16.5 —37.3 —22.9 —26.5
9b: exo6, L= NH; —43.1 0.0 -39 —23.4 —29.1 —22.2 —30.8
10a ende6, L =HCN —36.3 2.2 3.2 —12.5 —-29.1 —19.7 —23.8
10b, ende6, L = NH3 —37.6 8.4 55 —19.7 —19.5 —-16.1 —30.4
exo0-6,L = NHE®b, exp? —47.0,—14.3,-36.2
4. L=H" —43.8 —4.3 —4.3 —-235 —36.4 —235 —36.4
4: L =H",expt —42.26 —8.09 —8.09 —23.10 —36.62 —-23.1 —36.62

aComputed at IGLO/DZ//MP2(fc)/6-31G* Reference 21; without assignmehReference 30.

dissociated HCN molecule. For E MeCN and NH, the
differences are similar: 65.11cvs [BigH17]%>™ (26) and MeCN)
and 56.2 kcal mof' (11b vs [BigH17]2~ (26) and NH).

In view of these energetic relationshipsxp6-LB1oH12]%~

siderably (up to 34.6 ppm for B1) from experimental data.
GIAO-computed chemical shifts fdrlcdiffer somewhat from
the IGLO values forlla but this is more likely to be due to
the performance of different levels of theory rather than to the

species are very unlikely to be present in solution in significant different L's. This is indicated by the GIAO values fbta A

amounts.

In addition, computed chemical shifts fbta
averaged tdC,, symmetry according to a hypothetical{o6-
LB1oH17)2 /[ex09-LB1gH15]%~ equilibrium (eq 1), differ con-

different ligand, e.g., NEI(11b) influences the chemical shift
not only of the ipso boron atom, B&AY = +15 ppm), but also
of B4 (Ao = —10 ppm) and B5,746 = —13 ppm) strongly;
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Ere) = 4.5 kcal mol™!

Figure 5. Optimized structures (a) fanido-BioH14 (17) and (b) for
the correspondingido-[B1oH13] ~ monoanion {8—21).

Eref = 0.0 keal mol™

however, the discrepancy with the experimental data also is
large. All attempts to optimize aneko6-(THF)BioH12]%~
geometry were unsuccessful since dissociation int@HB]2~

and THF occurred. In conclusion, relative energies and chemi-
cal shift considerations are contradicting the proposed equili-
brating exo6-LB1gH15]2 solution structuré.

An [endoe6-(HCN)B;gH17]?~ starting geometry converged to
12 upon optimization. The HCN unit it2 is bound as a 6,9-
bridging moiety (HC=N-) substituting bothendeH’s of 4
(at B6 and B9) rather than as a terminal ligand~E&EN]).
The structure thus represents a “normatachnocluster and
is 107.8 kcal mot! (MP2(fc)/6-31G*) more stable tharexo
6-(HCN)ByoH17%, 11a

The amino ligand L= NHz should not bridge and was
investigated as a model for aer[de6-LBigH15]%~ species.
However, a starting geometry with one BlHydrogen atom
pointingendotoward B9 led on optimization to H-transfer from
N to B9 without a barrier. The resulting structut® again
represents a-like arachneBjo cluster with anendeoNH,;
substituent at B6. The energy b8 is 62.9 kcal mot?! lower
than that of gxo6-(NH3)B1gH12]%~, 11b.

A different Cs starting geometry with one NH bond
eclipsing B6-Hexodoes not allow a single H to move from N
to B9. Optimization gave the strange-looking transition structure
for NHj3 rotation, 14, with endeH’s at B5 and B7. Although
much higher in energy thal8, 14is even 19.4 kcal mol lower
in energy tharil1b (which was proposed originally).

[L-B1gH17% can be considered to be a deprotonated
[L-BigHi3~. While an endoH (at B9) is missing in1l
(compare9), bridge hydrogen atoms are known to be more
acidic than terminal hydrogens. Accordingly, structuté®h
and 16b derived by removing the B5/B10 bridging hydrogen
atom from9b and 10b, respectively, are considerably more
stable than the proposed [ 817]%~ structurell (by 41.6 and
33.5 kcal mot?, respectively). However, both5b and 16b
are still unbound with respect to isolated;{B17]%>~ (26) and
NH3 (by 14.6 and 22.7 kcal mol). Theendoisomer16b is
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Figure 6. Optimized structures fonido-[B1oH12)%".

more stable that5b (by 8.1 kcal mot?), partially because the
former benefits from an intermolecular hydrogen bonding
between the positively charged H atom bound to N and the
negatively chargeéndeH at B9 (the H--H distance is 1.556
A).23 For L’s without positively charged hydrogens, taedo
isomer (L6) has no energetic advantage over ¢éxe(15): 15a
is lower in energy thari6a by only 2.8 kcal mott. Bulky
substituents probably will favor thexoover theendoposition.
Averaged chemical shifts computed for structui@®s-17 do
not fit the NMR data measured for J#B1oH12] in solution®

The computational results suggest that complex formation
of [B1gH12]%~ with solvent molecules is not important. Free
[B1oH122~ may be the predominant species in solution, instead.
We note that we do not address the issue of yelloygHi;]2~
solutions, which were attributed without further evidence to
“loose solvent-BigH1,2~ complex formation® Before discuss-
ing the [BigH17]2~ dianion, we first clarify the solution structure
of the [BioH13 ]~ monoanion.

[B1ioH13]~. nido-BigHi4 (17, see Figure 5) is easily depro-
tonated to give the [BH13]~ monoanior?* On the basis of

(23) For hydrogen bonds with elemeritydride bonds as proton acceptors,
see: Crabtree, R. H.; Siegbahn, P. E. M.; Eisenstein, O.; Rheingold,
A. L.; Koetzle, T. F.Acc. Chem. Red.996 29, 348.

(24) Guter, G. A.; Schaeffer, G. W. Am. Chem. Sod.956 78, 3456.
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Table 5. B Chemical Shifts (ppm) for Different [BH13]~ Structures

Bl B2 B3 B4 B5 B6 B7 B8 B9 B10
19, C;, MIN? 7.3 —46.2 —4.5 —31.0 —8.5 —9.2 —2.5 —6.5 21.9 -5.9
19, av 7.3 —38.6 —4.5 —38.6 —7.2 9.7 —4.5 —4.5 9.7 —7.2
18, Cs, MIN? —3.7 —24.6 —21.2 —24.6 —30.2 11.1 4.7 4.7 11.1 —30.2
21,C, TS —-1.7 —31.3 —16.6 31.6 —38.4 12.8 —3.2 4.4 7.9 —10.1
20,C, TS —-0.1 —37.0 -0.1 —31.9 —13.5 3.4 —13.5 32.8 —15.5 32.8
experimerft 2.5 —35.2 —5.0 —35.2 —5.0 6.8 —-5.0 —5.0 6.8 —5.0
experimerft 1.5 —35.8 -5 —35.8 —5.7 5.9 —5.7 —5.7 5.9 —5.7

aMIN = minimum, TS= transition structure? [NHEt3][B 10H13] in CH,Cly; ref 25.¢[NHEt3][B 10H13] in CHCly; ref 26.9 Experimentally, B1
and B3 could not be assigned unequivocally.

Table 6. B Chemical Shifts (ppm) for Different [BH12]?~ Structures

Bl B2 B3 B4 B5 B6 B7 B8 B9 B10
22, Cy, —2.2 —35.6 —2.2 —35.6 18.2 —16.3 18.2 18.2 —16.3 18.2
23,Cy, —19.4 —33.2 —19.4 —33.2 —29.5 28.3 —29.5 —29.5 28.3 —29.5
24, Cs —24.5 —49.5 —24.5 —7.6 —10.5 —42.0 —10.5 —23.7 50.3 —23.7
24, Cs, av —24.5 —28.5 —24.5 —28.5 —-17.1 4.2 —-17.1 —-17.1 4.2 —-17.1
25,C, -9.0 —36.1 —36.5 —10.8 —27.9 —34.5 4.8 2.6 26.6 —22.5
25,Cy, av —22.7 —23.4 —22.7 —23.4 —10.8 —-3.9 —10.8 —10.8 —-3.9 —10.8
26, C; —4.5 —41.7 —4.5 —41.7 —12.0 4.4 -5.9 —-12.0 4.4 -5.9
26, C;, av —4.5 —41.7 —4.5 —41.7 —8.9 4.4 —8.9 —8.9 4.4 —8.9
27, Cs 1.2 —39.6 —18.4 —39.6 —-9.7 8.5 —55 —55 8.5 —-9.7
27, Cs, av —8.6 —39.6 —8.6 —39.6 —7.6 8.5 —7.6 —7.6 8.5 —7.6
30,C., TS —-11.4 —25.2 —5.6 —33.4 —18.2 21.7 —13.1 13.1 —30.7 32.8
experimerft —5.2 —35.6 —5.2 —35.6 —6.8 5.3 —6.8 —6.8 53 —6.8

aFor Na[B10H12] in MeCN, values have been estimated from the spectrum shown in ref 5. The values reportedAsi{BRbH12] in ref 4 are
as follows (without assignment; intensities in parenthesed.60 (1),—36.2 (1), 31.3,-25.9,—19.7 (total of 5),—6.65 (2),—1.44 (1).

the 1B NMR spectrum for [EfNH][B 10H13] (four doublets of the experimental data (see Table 5). In contré8{(C,) is 4.5
intensities 2:1:5:2; see Table 4), Siedle et al. proposed a statickcal moi~* lower in energy and averaged chemical shifts
C; structure with B5/B10, B6/B7, and B8/B9 H-bridgess( reproduce the NMR measurements nicely. Averaging assumes
Figure 5)2° The authors pointed out that a rapid hydrogen facile hydrogen rearrangment from the B5/B6 to the equivalent
exchange on only one side of the cluster (between the B5 andB9/B10 bridging position which occurs via transition state

B6 and the B9 and B10 bridging positions) also would be in and theCs symmetric intermediat&8. The barrier is only 5.4

line with the NMR observations. kcal mol L. In contrast, moving the bridging B8/B9 hydrogen
Hermanek et al. studied the acidity of decaborane(14) and to the B9/B10 position through transition struct@@(featuring
benzyl derivatives and also speculated on theoHs] - a BH, moiety at B9) has a much larger barrier, 15.1 kcal Thol
structure?® They consider thé'B NMR spectra to be “in This explains why [BoH13~ seems to b&€s symmetric on the
mediocre agreement” with a fluxion@ structure 19; Figure NMR time scale rather tha@; or C,,. The good agreement of

5), to disagree witt20 (with its endoH at B9 and hydrogen  measured and computed chemical shifts also demonstrate that
bridges between BS and B6 and between B6 and B7; Figure ng specific interactions with the counterion or the solvent
5), but to be in good accord with the sta@s (18) favored by mplecules take place in solution. Note that the global minimum
Siedle et af> Sneddon et &’ were able to show that fi3H:4| - structure 19) can be derived from BHi4 by removing one

has aC, symmetric structure 1) in the solid state, and  pjqging hydrogen atom without reordering the remaining three.

geometric data from an X-ray investigation on tgg [PhlMe:] The experimental solid-state structure is in good agreement with
salt were published by Wynd and Welch in 1689Todd and 6 ghtimized structurel9 as far as the boron cluster is

.Si((aj(_jlehr?pokr]ted tk?at;n the'B NMR spgctrur? of Na[B‘)lH13]. concerned. The placements of the hydrogen atoms, not
?oulk()altet)é (e;; re;rl’atti\?e_ a?gg r;_gg'on_l_i]oenf'esstcs):a:ggso;lrg?%%'ggl 0) unexpectedly, differ somewhat. This can be quantified by MP2-
L '=+/(fc)/6-31G* energies of 35.3 and 0.5 kcal mbfor the X-ray
e et 4 low temperatufél NMIR stucy wi be needed o SHUcure and a partally hycrogen-optimized X fay sirucure
determine whether the [@H:4~ ion is fluxional in solution (with B placements fixed) relative to the fully optimized
and if cation or solvent effects are importaAt."We now show geometry g__g) i .
computationally that the solution structureds as in the solid [BioH12]*". The first structure proposed for [B417]*", Cz,
state and explain the fluxional behavior. symmetric22,2 corresponds to a higher order stationary point
Structurel8 is characterized as a minimum on the potential (three imaginary frequencies at HF/6-31G*). Although 9.4 kcal

energy surface, but the computed chemical shifts disagree withmol~* more stable thaR2, theC, alternative with two hydrogen
bridges (B5/B10, B7/B8)23, also is not viable. Not only does

(25) Siedle, A. R.; Bodner, G. M.; Todd, L. J. Inorg. Nucl. Chem1971, 23 have two imaginary frequencies, but it is still 20.3 kcal nfol
33, 3671. ; i 2- i i
(26) Hermaek, S.; PlotovaH.; Plesek, JCollect. Czech. Chem. Commun. higher in energy than the bes'_fl[dB‘llZ] (26) Chemical shifts
1975 40, 3593. computed fo22 and23do not fit the experimental data reported
(27) Sneddon, L. G.; Huffman, J. C.; Schaeffer, R. O.; Streib, WJ.E. by Gaines et al. Hence, [BoH17]?~ adopts a lower symmetry
Chem. Soc., Chem. Commu79 474. i i
(28) Wynd. A. J.- Welch, A, JActa Crystallogr 1989 C45, 615. structure. Femqvmg another bridge hydrogzein atom from the
(29) Todd, L. J.: Siedle, A. RProg. NMR Spectrosd979 13, 87. Ci [BioH1g ™ minimum 19, gives three [BoH12]* candidates,

(30) Hernimek, S.Chem. Re. 1992 92, 325. 24, 26, and 27.



arachne andhypheBjg Clusters

Structure24, obtained by deprotonating the B8/B9 hydrogen
bridge in 19, is a transition structure at HF/6-31G*. The
corresponding; minimum25 has almost the same energy (the
relative energy is 0.5 kcal mol when the zero-point energy
correction is included). However, neith4 nor 25is relevant
for the [BioH12]?~ solution structure since the averaged com-
puted!B chemical shifts do not agree with the experimental
values.

Removing the B6/B7 bridging H fronl9 gives the C;
symmetric26. This not only is a minimum on the potential
energy surface but also is the lowest energyfB,]%~ structure
we have located. Averaged chemical shifts computedtor
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stationary point much higher in energy than two L and
[B1gH12]?~ at HF/6-31G* (149 and 155 kcal mdi for 1a and
1d, respectively).

An alternative hypothesis suggested to explain the experi-
mental NMR observations, namely, a rapid equilibrium between
[6-LB1oH12)>~ and L + [BigHi7%", also is refuted by our
computational resultsCs andC; symmetric Exo6-LB1gH12]%~
structures{1a,h 15a,b and16a,b are much higher in energy
than [BioH12]2~ + L. In addition, B NMR chemical shifts
computed for various [LBH12]2~ and [L.B1gH12]?~ structures
all deviate strongly from the data measured foigHB 2%~ in
solution®> The most stable [BH12]%~ structure we could find

match Gaines’ measurements reasonably well. This agreement{26, with C, symmetry and two hydrogen bridge atoms between

also confirms the 1995 experimehtnd further discredits the
data reported in 1975:none of our [BoH12]?~ geometries
reproduce thé!B chemical shifts of ref 4 (Table 6).

The agreement of'lB NMR chemical shifts obtained from
computations with experiment is also satisfactory for an
alternativeCs symmetric doubly bridged [BH12]2~ structure
27 (with bridging H's between B6 and B7 and between B8 and
B9). As27is 4.7 kcal mot? higher in energy, we believe that
26is the only important structure of fgH12]?~ in solution. This
[B1gH12]2~ minimum (26) can be derived from BHa4 (17) by
removing two opposite bridging protons (B6/B7 and B9/B10
or B5/B6 and B8/B9).

Rapid migration of the B5/B6 bridge into the B9/B10 bridging
position and of the B8/B9 bridging hydrogen to the B6/B7 edge
results in effectiveC,,, symmetry for [BoH12]2~ on the NMR
time scale. The relative energies of transition strucB8and
of intermediate29 are 4.9 and 3.1 kcal mol, respectively. As
with [B1oH13] 7, the rearrangment of one bridge hydrogen atom
from B8/B9 to B9/B10 in26 has a much higher barrier. The
corresponding transition stat8), with a BH, moiety at B9,
has a relative energy of 12.3 kcal mél

Conclusions

The ab initio/IGLO/NMR methol shows prior structural
proposals for several boron hydrides to be incorrect,oHB]2~
has been suggesfet form adducts with solvent molecules L
in solution. However, a stati€,, symmetric [6,9-LB1oH12]%~
(1a L = HCN; 1d, L = MeCN) was found to be a higher order

B5 and B6 and between B8 and B9) results in computed
chemical shifts which are in good agreement with the experi-
mental NMR data. Hence, the {§115]2~ solution structure6)

can be derived from BH14 (17) by removing two opposite
bridge protons without rearranging the remaining hydrogen
atoms or adding Lewis bases.

Similarly, theCy [B1ogH13]~ minimum, 19, is isostructural with
BioH14 (17), but with one bridge hydrogen atom missing. The
alternativeCs isomer,18, with reordered H-bridges (B5/B10,
B6/B7, and B8/B9), is an intermediate in the hydrogen-
scrambling process. This has a barrier of only 5 kcal thol
and accounts for the effectiv€s symmetry found in NMR
studies.

The proposed [6,6-(pyB10H12] constitution 8d)2° is chal-
lenged by comparison of computed and reporttgl NMR
chemical shifts. For various ligands L ¢ HCN, NH;z, py),
the [6,6-LbB1gH12] constitution is ca. 30 kcal mot less stable
than theexo6,ex09-L,B1gH12 isomers.
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