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Abstract

A series of alkali metal dihydrido borates has been prepared by three different routes. They were characterized by "B-NMR
spectroscopy and, in part, by IR spectroscopy. The following compounds were obtained: lithium dihydrido dimethyl borate and
lithium methyl trihydrido borate, 1 and 2, lithium and potassium dihydrido di-zerz-butyl borate, 3 and 4, lithium dihydrido
dicyclopentyl borate, 5, lithium and potassium dihydrido 9-borata-bicyclo[3.3.0] nonane, 6a,b, potassium dihydrido boratacyclo-
hexane, 7, lithium dihydrido boratacycloheptane, 8, and lithium dihydrido-9-boratafluorene, 9. In the process of the formation of
1 and 7 also Li(H;BMe) 2 and Li,(H;B—(CH,)s—BH;) are formed, most likely by a ligand redistribution process which is not
operative if bulky organyl groups are bound to the boron atom or if the boron atom is part of a ring system. In case of
catecholate no H,B(OR); anions were detected but for ephedrino or dithiolato ligands the corresponding dihydrido borate
complexes were readily detected by ''B-NMR but the latter converted in THF solution into B(S,R’), anions. MO calculations
show that the ligand redistribution for H,BX; ions into BH,; and BX, becomes thermodynamically more favored with
increasing electronegativity of the substituent X. Characterization of the new hydrido borate species is usually unambiguous, but
10 shows an anomalous temperature dependent behavior in THF solution which can be attributed to an equilibrium involving
Li(2H, 20), Li(2H, 30), and Li(30) structural units. This is supported by the X-ray structure of dimeric 10-THF and monomeric
10-THF- TMEDA. While 9-3THF is monomeric and contains doubly bridging H,B groups all other dihydrido diorganyl borates
are dinuclear. The interaction between the alkali metal center and the boron bonded H atoms depends on number and size of the
auxiliary ligands. ‘Agostic’ Li-*H-C interactions play a role if B-H atoms are present and when the alkali metal cation is not
coordinatively saturated by the auxiliary ligand and the H(B) hydrogens. The most symmetric and so far unique arrangement is
found for [6a-2THF], where all four H(B) hydrogens form Li---H---Li bridges. Also lithium bis(dithiocatecholato)borate, 17-2 THF
is dimeric. Its Li centers are coordinated by four sulfur and two oxygen atoms. These atoms form a double heterocubane structure
with two diametral edges missing. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Hydridoborates and hydridoborato metallates; Dihydridoborates; Lithium; Potassium

ments determine the topology of the interaction with
the BH, anion. Structures in the solid state range from

1. Introduction

The tetrahydridoborate group BH; is a versatile mononuclear, molecular species (or contact ion pairs)
ligand showing a large variation of metal—hydrogen to three dimensional arrays. Replacement of the hydro-
interactions with alkali metal cations [2—7]. The size of gen atoms at the boron center by organyl groups
the cation, the denticity of the auxiliary ligand coordi- should result in a more or less drastic modification of
nating to the alkali metal cation and its steric require- the M--H-B interaction. A typical example is

Na[HBMe;]-OEt,, 1, which is tetrameric with a cube

- shaped Na,H, structural moiety [8]. So far no system-
* Corresponding author. Fax: + 49-89-21807455. . P 474 y [8] .y

E-mail address: hnoeth@lrz.uni-muenchen.de (H. Noth). atic structural study has been reported regarding the
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influence of substituents at the boron atom of a dihy-
dridoborate unit on the interaction with alkali metal
cations. As far as we are aware there exists also no
structural information on monosubstituted complexes
of type M[H;BR]. However, the structures of a series of
alkali metal aminotrihydridoborates M[R,NBH;]'nL
are now well documented. These compounds are char-
acterized not only by M---H-B interactions but also by
M-N bonds. [3] Most of the dihydrido diorganyl bo-
rates of the alkali metals have only been investigated by
NMR methods [1-18], but the degree of association of
these hydridoborates in solution is almost unknown,
and may be different to the solid state structure. Unfor-
tunately, "'B-NMR data give no information as to the
interaction between the alkali metal cation and the
organylhydridoborate anion. Moreover, the IR spectra
are in many cases also not very informative.

Li(H,BMe) Li(H3BMe) Li(H,B'Buy)
1 2 3
K(H,B'Buy) Li HZB—@ > ) M (stq )
=) e
4 5 M=Li, 6a
M=K,6

I~
(=)

2. Preparation

From the numerous known methods to prepare sub-
stituted hydridoborates we applied those summarized in

Egs. (1)-(3).

HBR, + MH - M(H,BR,) (1)
HalBR, + 2MH - M(H,BR,) + MHal )
MBH, + 2(RX)H - M(H,B(XR),) + 2H, (3)
H X [ X-M H
B+ M —= B e — JB. + MX
H X H X H X
1 +MH (4)
X BRI
B, + MH B oM
H X H H

2LiBH,(SR'S) - LiBH, + LiB(SR'S), (5)

The reaction according to Eq. (1) was successfully
applied for the dihydrido-diorganyl-borates 1, 2, 9 and
10, while method (2) was used for obtaining 5, the
potassium salt of the dihydrido-9-borata-[3.3.0]bicyclo-
nonane anion, 6, as well as 8. Finally, the reaction as
depicted in Eq. (3) was employed for obtaining com-
pounds 12-15. Polar solvents are required to induce
rapid reactions. In most cases good yields — as deter-
mined by ''B-NMR spectroscopy — were obtained.
However, yields were low or even negligible if the
dihydrido diorganyl borate had a high tendency to
undergo substituent exchange as shown in Eq. (4).
Thus, a solution of Li(H,BMe,) in THF on standing
led to crystalline LiilH;BMe]-2THF, 2-2THF. This or-
ganyl group exchange is preferentially observed for
noncyclic H,BR, anions but not, for instance, for
Li[H,Bfl] (Bfl = 9-borafluorenyl), 9, or K[H,-9-BBN]
(9-BBN = 9-borata[3.3.0]bicyclononyl), 6b.

This ligand exchange is particularly pronounced in
the case of alkoxo and thiolato ligands. Several futile
attempts have been reported for the synthesis of lithium
dihydridocatecholato borate 11 by reacting catecholbo-
rane with LiH, NaHBEt; or NaBH, [19,20]. Only 16
besides MBH, was obtained. The same behavior was
now observed by reacting monolithium catecholate
with BH;THF (1:1) in THF -hexane at 0°C. The !'B-
NMR signal at —40.8 ppm (quintet) and 11.9 ppm
(singlet) showed the formation of LiBH, and
LiB(O,C¢H,), [21] in a 1:1 ratio. In addition, a broad
low intensity signal centered at 9 ppm (%, =180 Hz)
whose multiplicity could not be resolved, points to the
formation of a third species, but no definite assignment
can be made for this signal.

The potassium dihydrido[4S,5R]ephedrino borate 13
was detected in THF solution by reacting the corre-
sponding oxazaborolidine 19, prepared from ephedrine
and BH; THF in THF with KH in the presence of
18-crown-6. The resulting solution showed three ''B-
NMR signals at J =4.6 (triplet, 'J("'B'H) =90 Hz),
—10.7 (h;,, =380 Hz) and 10.6 ppm, the ratio being
22:39:39. The signal at — 10.9 ppm is due to compound
13, the other two signals can be assigned to the anoma-
lous structure of the oxazaborolidine 20. Thus, 19
dimerizes by KH to give 20 and only a part of 19 is
converted into 13.

The reaction of LiBH, with benzene-1,2-dithiol lead
to the formation of benzene-1,2-dithiolato dihydrido
borate 14 as described by Eq. (5). The solution also
contains the spirocyclic lithium bis(benzene-1,2-dithio-
lato)borate 17. 14 changes into LiBH, and 17, the latter
crystallizes from the THF solution as 17-2 THF. By
using ethanedithiol the same behavior is observed.
Thus, the anion H,B(S,C,H,)~, 15, was readily de-
tected by ""B-NMR spectroscopy but ligand exchange
to LiBH, and 18 occurs also.
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Table 1
"B chemical shifts (in ppm) and 'J('H''B) coupling constants (Hz)
of alkali metal hydridoborates

J''B 'J("'B'H) (Hz) Solvent

(ppm)
LiH;Bme —31.6 74 THF-pentane
Li(H,Bme,) —23.9 70 THF—pentane
Li(H;B(CH,);BH;) —26.1 75 THF
LiH,B(CH,), —16.4 71 THF
LiH,BCH,, —16.6 71 C¢Dg
LiH,B(CsH,), —14.1 68 THF
LiH;BC;H, —259 75 THF
KH,B(CMe;), —238 71 Ce¢Dg
LiH,Bfl —22.3 78 CDCl,
LiH,BOC,,Hyg -39 See text THF
LiH,BO,CcH, 9.0*% (7) THF-hexane

(* broad)
KH,BONC,H,; 4.6 90 THF
LiH,BS,C,H, —11.0 110 THF
LiH,BS,C,H, —132 111 THF
- o

HBR,"

) H,BR,

H,BR*

BH,

5''B o 5 0 -5 20 25 30 35 40 45 50 -55  -60

Fig. 1. "B chemical shift ranges for organylhydridoborates

3. "B-NMR and IR data

The new hydridoborates of the alkali metals are
soluble in diethylether, tetrahydrofuran, and some of
them even in hydrocarbon solvents such as hexane or
toluene. Their "B chemical shifts are presented in Table
1 together with the coupling constants 'J(*'B'H). These
new data together with other data for hydrido organyl
borates reported in the literature are presented as an
overview on the 6''B ranges for their alkali metal
compounds in Fig. 1.

Obviously these ranges are fairly characteristic for
the degree of alkyl substitution. Assignment is of course
readily made by the coupling patterns although for
monohydrido triorganyl borates only a broad signal
and not a doublet may be observed [16,22] particularly
in hydrocarbon solvents. Alkylation of the BH, ion
results in a deshielding of the boron nuclei whereas
these are better shielded in tetraalkylborate ions than in
hydridotrialkyl borate ions. The method of additive
parameters does not reproduce the experimental data
sufficiently well. This suggests that the solution state of
the individual hydrido organyl borates may have differ-
ent degrees of association. However, it should be noted
that a triplet at 0''"B= —2.8 for K[H,B(¢-Bu),], 4,
observed for a benzene solution of the non solvated
compound, shows an unusually deshielded boron nu-
cleus while the coupling constant 'J(!'B'H) = 71 Hz has
the expected value. The same is true for lithium or
potassium dihydridodiisopinocamphylborate [13,14].
This may result from a steric effect because the cation
has only a marginal effect if any on J!'B in these
compounds. [13,14] The rather unusual shielding of the
"B nucleus of 4 may be due to the steric repulsion of
the two tert-butyl groups. Indeed, an increase in the
steric demand of the alkyl substituent can be noted by
inspecting the J''B values of Li(H,BMe,) (—21.8
ppm), LiH,BEt, (—14.2 ppm) and LiH,BiPr, (— 7.6
ppm) [16].

In order to evaluate the influence of the C—-B-C bond
angle on J!'B the hypersurface for the ‘Bu,BH; anion
was investigatd for the anion Me,BH5 as a model by
ab initio calculations. Under the condition that the B-C
bond length remains constant at the local minimum
(1.619 A) the C-B-C bond angle has been changed
from 90 to 140° in 5° increments. At these points the
screening constant for the boron nucleus was calculated
using the GIAO method on the HF/6-311-G(d) level
[29]. The data have been normalized for B,H; (6''B =
16.6 ppm). Fig. 2 shows the influence of the variation of
the bond angle on §!'B. Within the 95-110° limit there
is almost no change in 6''B and the shielding is at a
minimum. The values of the chemical shifts are quite
different from that of the H,BsBu, anion, nevertheless
the wide bond angle of the di-terz-butylborate has some
resemblance with the calculated values for the model
anion Me,BH; .
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Fig. 2. Dependence of the C-B-C bond angle on 6!'B for the anion Me,HB; .

Compound 10 is the first stable oxosubstituted dihy-
dridoborate. Its '"B-NMR spectrum shows a broad,
unresolved signal at 6 = — 3.9 at ambient temperature.
On heating the solution to 40°C the signal becomes
sharp enough to reveal a triplet with 'J(!'B'H) =91 Hz
as expected for a dihydrido borate (see Fig. 3). Its
chemical shift remains independent of temperature. A
possible explanation for this behavior is an equilibrium

as shown in Eq. (6)
@ OLi(THF),

H

M L ¥
(THF),Li » B\o THE [{TB‘ = HI—‘[ O
(THF),L{’
c B A
) ©)
1’ R
r O/B\H R o H, d Q
sl e | TS
R VR R r b R’ Y 1|3/
H,
C Cs <
(7)

The presence of a tricoordinated species such as A
formed by ring opening can be excluded not only by the
""B.NMR data but also by the IR spectrum (in THF
solution) because this does not display any BH stretch-
ing bands in the region of 2600-2700 cm ~ ', typical for
B-H bonds to tricoordinated boron atoms. Prominent
bands are, however, found at 2228, 2247 and 2289
cm ~ L. The first and last of these bands can be assigned
t0 Vasym and vy, BH, stretching vibrations (Fig. 4(a)).
The band at 2247 cm ™' results from v, '“BH,
[23,24]. A completely different IR spectrum results for
solid 10 (see Fig. 4(b)). This indicates that the structure

of 10 in THF solution and the solid state are quite
different.

An alternative explanation for the temperature de-
pendent ''B-NMR spectrum in solution could be a
change of ring conformation as described by Eq. (7).
Actually, if the ring system is not planar, then the two
H-B atoms are not chemically equivalent; two doublets
might be observable if the inversion process is slow. At
ambient temperature the 'H-NMR spectrum shows
only one set of signals for the THF molecules of 10-2
THF and for the ring system, however, no signals for
the B bonded hydrogen atoms could be detected.
Therefore, this spectrum is a time averaged NMR
spectrum. X-ray structures of 10-2THF and
10-THF-TMEDA lends credence to the equilibria
shown in Egs. (6) and (7).

While Table 1 contains the '"B-NMR data of the
hydrido borates reported here, Table 2 summarizes
chemical shift data and coupling constants for pub-
lished hydrido borates for purpose of comparison. Or-
ganyloxo and organylthio, as well as nitrogen
substituted dihydrido borates are also included. The
chemical shifts indicate that the shielding is primarily
determined by the electron withdrawing effect and the
number of the substituents. The boron nucleus of oxy-
gen and nitrogen containing dihydrido borates are less
well shielded than the sulfur containing species which
approach already the range found for dialkyl dihydrido
borates. In addition, the 'J('B'H) coupling constants
are characteristic for each of the disubstituted dihy-
drido borates. Since it is well known that the coupling
represents the s-orbital contribution to coupling trans-
mission one can assume that the H-B-H bond angles
change significantly within these series of compounds.
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4. X-ray structure determinations

The structure of solvates of compounds 2, 4, 6a,b, 9,
10 and 17 have been determined by X-ray diffraction
methods. Relevant crystallographic data and data refer-
ring to data collection and structure refinement are
summarized in Table 3.

The crystal structure of Li(H,BMe,), 1, could not be
determined because the compound precipitated only as
a microcrystalline powder from a THF solution at
— 30°C. However, Li(H;BMe)-2THF, 2-2THF, sepa-
rated from the solution as single crystals suitable for a
structure determination. It crystallizes in the monoclinic
system in space group P2,/c. The molecule is present in
the lattice as a centrosymmetric dimer as depicted in
Fig. 5. The crystallographic inversion center is located
at the center of a planar Li,B, four-membered ring.
Each Li center is coordinated by four hydrogen atoms
and two oxygen atoms. However, although the Li
atoms are hexa-coordinated the coordination polyhe-
dron is far from being close to an octahedral array.
This is the consequence of the rather acute H---Li---H

angles. Each H;BMe~ group supplies three H atoms to
coordinate with the Li centers, one hydrogen atom
binds to both Li ions, the other two only to one. Thus
the H;BMe unit is of the type 2ui, wu?, a struc-
tural pattern that is well known for dimeric
LiBH, TMEDA [5]. Li-H and B-H distances are within
the expected ranges, consequently the Li---B distances
(2.507 A) are larger than the sum of covalent radii (2.4
A).

In contrast to 2-2THF the dihydridoborate
Li[H,Bfl]:3THF (Bfl = 9-borafluorenyl), 9-3THF, crys-
tallizes as a mononuclear species, and its molecular
structure is shown in Fig. 6. Its Li center is penta-coor-
dinated by three oxygen and two hydrogen atoms. One
might, therefore, expect either a trigonal bipyramidal or
tetragonal pyramidal arrangement of the ligands
around the Li ion. However, the rather sharp H--Li---H
angle excludes any of these features. Taking the
O-Li-O bond angles into account which range from
101.9 to 105.9° these suggest a coordination sphere
closer to tetrahedral. This is indeed the case if we
consider not the hydrogen atoms but rather the boron

PPM

Fig. 3. Temperature dependent ''B-NMR spectrum of 10 in THF solution.
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Fig. 4. IR spectra for the vBH region (a) for 10 in THF solution; (b) for 10 as a suspension in Nujol.

atom as a coordination point because the O—Li—B bond
angles range from 107.7 to 120.5°. On the other hand,
the Li---B distance is 2.454(4) A, and although this is

slightly larger than the sum of covalent radii it ap-
proaches a non negligible interaction between the two
atoms.



J. Knizek, H. Néth /Journal of Organometallic Chemistry 614—615 (2000) 168—187 175

Table 2
"B chemical shifts (in ppm) and 'J('"H!'B) coupling constants (Hz) published for hydrido organyl borates *

0""B ("Jpy, solvent) Literature
Na H,B(CN), —36.35 (t, 92.8 Hz, Me,SO-d,) [11]
n-Bu, H,B(CN), —41.44 (t, 92.8 Hz, CDCl,) [11]
1 —4.9 (d, 70 Hz, THF-dy) [12]
2 6.7 (s, CH,Cl,) [12]
3 —10.4 (s, CH,Cl,) [12]
4 —13.7 (d, 70 Hz, (CH,Cl,) [12]
Li H,BBN —17.4 (t, 74 Hz, THF) [13]
Na H,BBN —18.3 (t, 74 Hz, THF) [13]
K H,BBN —16.3 (t, 74 Hz, THF) [13]
Li H,BBN —17.4 (t, 72.1 Hz, THF) [14]
Li disiamylborate —14.8 (t, 69.0 Hz, THF) [14]
Li thexylborate —24.47 (q, 71.0 Hz, THF) [14]
Na H,BBN —18.37 (t, 72.0 Hz, THF) [14]
Na disiamylborate —14.95 (t, 71.0 Hz, THF) [14]
Na dicyclohexyl-borate —11.82 (t, 71.8 Hz, THF) [14]
Na thexylborate —25.69 (q, 72.0 Hz, THF) [14]
K H,BBN —16.27 (t, 69.0 Hz, THF) [14]
K disiamylborate —13.06 (t, 71.0 Hz, THF) [14]
K diisopino-camphylborate —4.84 (t, 69.0 Hz, THF) [14]
K thexylborate —21.74 (q, 71Hz, THF) [14]
K monoisopino-camphylborate —21.20 (q, 71.0 Hz, THF) [14]
Li H,BBN —14.15 (t, 69 Hz, THF) [15]
Li dicyclohexyl-borate —9.28 (t, 67 Hz, THF) [15]
Li disiamylborate —12.21 (t, 67 Hz, THF) [15]
Li diisopino-camphylborate —5.69 (t, 68 Hz), THF) [15]
Li cyclopentylborate —26.6 (q, 74 Hz, THF) [15]
Li cyclohexylborate —25.4 (q, 74 Hz, THF) [15]
Li norbornylborate —25.7 (q, 75 Hz, THF) [15]
Li siamylborate —27.5 (q, 75 Hz, THF) [15]
Li isopino-camphylborate —23.5 (q, 76 Hz, THF) [15]
Li thexylborate —24.4 (q, 77 Hz, THF) [15]
Li Me,BH, —21.80 (t, 64 Hz, Et,0) [16]
Li Et,BH, —14.20 (t, 67 Hz, Et,0) [16]
Li n-Pr,BH, —11.53 (t, 67 Hz, Et,0) [16]
Li i-Pr,BH, —7.59 (t, 62 Hz, Et,0) [16]
Li n-Bu,BH, —16.07 (t, 61 Hz, Et,0) [16]
Li sec-Bu,BH, —9.62 (t, 68 Hz, Et,0) [16]
Li i-Bu,BH, —19.09 (t, 67 Hz, Et,0) [16]
Li cyclopentyl,BH, —11.24 (t, 68 Hz, Et,0) [16]
Li cycloheptyl,BH, —13.83 (t, 67 Hz, Et,0) [16]
Li cyclooctyl,BH, —14.70 (t, 68 Hz, Et,0) [16]
Li benzyl,BH, —12.88 (t, 72 Hz, Et,0) [16]
Li MeBH; —31.4 (q, 70.3 Hz, Hexan/THF) [17]
Li n-BuBH; —29.0 (q, 74 Hz, Hexane/THF) [17]
Li sec-BuBH; —25.3 (q, 77 Hz, Hexane/THF) [17]
Li Me;SiCH,BH; —31.7 (q, 78 Hz, Hexane/THF) [17]
Li z-BuBH, —21.2 (q, 77.7 Hz, Hexane/THF) [17]
Li Me,BH, —23.6 (t, 66.6 Hz, Hexane/THF) [17]
Li n-Bu,BH, —19.2 (t, 70 Hz, Hexane/THF) [17]
Li sec-Bu,BH, —11.9 (t, 74 Hz, Hexane/THF) [17]
Li ¢-Bu,BH, —6.4 (t, 70.3 Hz, Hexane/THF) [17]
Li Me;BH —21.0 (d, 66.6 Hz, Hexane/THF) [17]
Li n-Bu;BH —14.4 (d, 75 Hz, Hexane/THF) [17]
Li sec-Bu;BH —6.7 (d, 73 Hz, Hexane/THF) [17]
Li z-Bu;BH —2.3 (d, 83 Hz, Hexane/THF) [17]
Li Me,B —20.7 (Hexane/THF)) [17]
Li (n-Bu),B —17.5 (Hexane/THF) [17]
Li n-Bu,BH, —16.4 (t, 67 Hz, THF) [18]
Li n-Hex,BH, —16.4 (t, 67 Hz, THF) [18]

Li (2-methyl-1-propyl),BH, —19.1 (t, 67 Hz, THF) [18]
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Table 2 (Continued)

0""B ("Jpy, solvent) Literature
Li (3-methyl-2-butyl),BH, —12.3 (1, 68 Hz, THF) [18]
Li cyclohexyl,BH, —93 (t, 67 Hz, THF) [18]
Li (CH,),BH, —20.2 (t, 71 Hz, THF) [18]
Li (CH,);BH, —18.9 (t, 68 Hz, THF) 18]
(CH,)sB(NH,);" (CH,)sBH; (=595, s) —19.50 (t, 73 Hz,) [19]
Na (CH,)sBH, —22.13 (t, 72 Hz, THF) [19]

R

, ()

"/ B
« B K B b K| H CH(CH,)CH;
B H B
\
! O

Fig. 5. The molecular structure of dimeric lithium methyltrihydrido
borate 2-tetrahydrofuran, 2-2THF, in the crystal. Thermal ellipsoides
are depicted on a 25% probability level. Selected atom distances (A):
Lil-H1 2.01(2), Lil-H2A 2.00(2), Lil-H3 2.13(2), Lil-H3A 2.11(2),
Lil-O1 1.956(4), Lil-O2 1.971(4), BI-H1 1.02(2), B1-H2 1.01(2),
B1-H3 1.10(3), B1-C1 1.597(4), Lil---Bl 2.507(2), Lil--B1A 2.497(2).
Selected bond angles (°): BI-Lil-BI1A 103.9(2), O1-Lil-O2 98.8(2),
Bl-Lil-Ol 104.5(2), BI-Lil-02 122.9(2), BIA-Lil-O1 124.6(2),
BI1A-Lil-O2 104.1(2), HI-BI-H2 105(2), HI-BI-H3 108(2),
H2-B1-H3 106(2), C1-B1-H1 114(1), C1-B1-H2 113(1), C1-BI1-H3
112(1), LilA-H3-Lil 93.509), Lil-HI-BI 107(2), LilA-H2-BI
108(2). Atoms C3 and C4 are disordered by a twist through the center
of the C3-C4 bond. The configuration with SOF 59% is depicted.

An unexpected feature of the structure of 9-3THF is
the bending of the H,B unit with respect to the LiH,
plane by 16°. This bending is most likely due to packing
effects because the interaction between the solvated Li
cation and the H,Bfl anion is primarily determined by
electrostatic forces.

As expected, the 9-borafluorene unit is practically
planar, the largest deviation from the mean plane being

K, C}?(Cﬂz)d?(j isopinocamphyl =
H H

4

thexyl= >—él‘(

Fig. 6. The molecular structure of 9-3THF, in the crystal. Thermal
ellipsoids represent a 25% probability. Selected atom distances (A):
Lil-O1 1.948(4), Li1-02 1.956(4), Li1-O3 1.923(4), Lil-H1 1.98(2),
Lil-H2 2.01(2), B1-C1 1.624(3), B1-C12 1.610(3), C1-C6 1.410(3),
C6-C7 1.469(3), C7-C12 1.411(3), B1-H1 1.16(2), B1-H2 1.17(2).
Selected bond angles (°): O1-Lil-02 101.9(2), O1-Lil-O3 105.9(2),
02-Lil-03 104.3(2), BI-Lil-Ol 107.7(2), B1-Lil-02 120.5(2),
BI-Lil-O3A 115.02) HI1-Lil-H2 55.2(9), HI1-BI-H2 106(2),
CI-BI-C12 99.8(2), HI1-B1-C1 115(1), HI-BI-C12 114(1),
H2-B1-C1 112(1), H2-B1-C12 111(1). Interplanar angle: HILilH2—
HIBIH2 = 16°.

only 0.04 A. Tts B-C bonds (average 1.617 A) are
longer than the B-C bond in compound 2-2THF (1.597
A) but shorter than the B-C bonds in 4PMDTA
(1.642, 1.644 A).

Three solvates of lithium dihydrido boratabicy-
clo[3.3.0Jnonane 6 could be isolated as single crystals:
dimeric 6a-OEt,, dimeric 6a-2THF, and
(6a), THF-TMEDA. All three compounds are charac-
terized by dimeric 6a units in the solid state.

Fig. 7 shows the molecular structure of 6a-OEt,
There is a crystallographic C, axis which generates the
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Fig. 7. Structure of lithium 9-borata-bicyclo[3.3.0Jnonane, 6a-Et,0, in
the crystal. Thermal ellipsoides are depicted at 25% probability.
Selected atom distances (A): Lil-O1 1.904(4), Lil---Bl 2.392(4),
Lila--Bl 2.388(4), Lil-Lila 2.772(4), Lil-H1 1.85(2), Lil-H2A
1.87(2), Lil-Hla 2.04(2), Lil-HS5a 2.08(2), B1-HI 1.19(2), B1-H2
1.19(2). Selected bond angles (°): HI-B1-H2 107.3, Ol-Lil--Bl
139.4(3), O1-Lil--B1A 112.9(5), C9-O1-Cl1 113.2(7). C5-B1-Cl
100.4(5).

€29 C2

Fig. 8. Molecular structure of dimeric lithium 9-borata-bicy-
clo[3.3.0lnonane, 6a-2 THF, in the crystal. Thermal ellipsoid are
drawn on a 25% probability scale. Selected atom distances (A):
Lil-O1 1.98(1), Lil-O2 1.98(1), Li2-O3 1.96(1), Li2-04 1.95(1),
Lil-H1 2.18(4), Lil H2 2.02(5), Lil H3 2.36(5), Lil H4 2.00(4),
Lil--Bl 2.46(1), Lil--B2 2.46(1), Li2--Bl 2.49(1), Li2--B2 2.49(1),
Li2-H1 2.10(4), Li2-H2 2.09(5), Li2-H3 2.16(3), Li2-H4 2.12(4).
Selected bond angles (°): O1-Lil-02 101.7(4), O3-Li2-04 102.9(4),
Lil--Bl--Li2 70.2(2), Lil--B2--Li2 70.2(2), Lil-HI-Li2 83(1),
Lil-H2-Li2 88(1), Lil-H3-Li2 78(1), Lil-H4-Li2 87(1), H1-B1-H2
99(2), H3-B2-H4 107(2), C1-B1-C5 106.0(3), C9-B2-C13 105.4(3),
C17-01-C20 107.0(5), C21-02—C24 106.5(5), C25-03-C28 108.0(5),
C29-04 C32 107.0(5).

second half of the dimeric unit. Each Li center is
penta-coordinated by the oxygen atom of the ether
molecule, three H(B) atoms and an agostic Li---H-C
bond. The boron atoms have local C, symmetry carry-
ing two H atoms and two C atoms with a H-B-H bond
angle of 107(2)° and a C-B—C bond angle of 104.2(8)°.
One H atom of the H,B unit binds to two Li centers,
the other only to one. Therefore, the H,BR, unit acts as
a ui, pi ligand. It should be noted that the Li-+-H(C)
distance is 2.08(2) A. This distance is not much longer
than the longest Li--H(B) distance (2.04(2) A). The
double hydrogen bridge Lil---H1---LilA is rather asym-
metric with bond lengths of 1.85(2) and 2.04(2) A.
Nevertheless, the two Li--B distances are identical
within the limits of esd’s.

The solvate 6a-2 THF is much more symmetric than
6a-OEt,. As Fig. 8 shows this molecule has two Li
centers that are hexa-coordinated by four H(B) atoms
and two O atoms of two THF molecules. Therefore,
each H,BR, anion acts as a 2u7 unit. While we consider
the configuration as being correct, the weakly diffract-
ing crystals allowed only a refinement to R, =0.12.
Therefore, a more detailed discussion of bonding
parameters is not justified.

The solvate (6a), THF-TMEDA (see Fig. 9) displays
an asymmetric structure. Firstly, one H atom of each
BH, group binds to two Li centers, the second H atom
of each BH, group is involved in a single Li--H-B
bridge only to atom Li2. Thus, atom Li2 coordinates to
four H(B) atoms in addition to two N atoms of the
TMEDA ligand. In contrast, atom Lil coordinates only
with two H(B) atoms and the oxygen atom of one THF
molecule. In addition, there are two Li---H-C agostic
interactions making the Lil atom penta-coordinated.

Fig. 9. Molecular structure of the lithium 9-borata-bicy-
clo[3.3.0lnonane (6a), THF-TMEDA in the crystal. Thermal ellip-
soids are depicted with a 25% probability level. For selected atoms
distances and bond angles see Table 4.
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The Li,B, unit of (6a), THF-TMEDA is not planar
but folded with an interplanar angle of 31° for the
planes B1Li1B2-B1Li2B2 and 22° for LilBI1Li2-
LilB2Li2. Both Li-N distances (2.119(7), 2.142(7) A)
and the N1-Li2-N3 angle (86.3°) correspond within
esd‘s with those found for dimeric LiBH,-TMEDA [5].
Moreover, also the B1-Li2-B2 angle of 101.9(3)° is
practically identical with the B-Li-B angles of 102.4(3)°
observed for (LiBH, TMEDA) ,. Due to the smaller
H-B-H bond angles in 6a-2THF the two Li---B dis-
tances are slightly longer (2.479, 2.529 A) than in
(LiBH, TMEDA) , (aver. 2.464 A) The main differ-
ence to be noted is that the angle between the planes
through LiININ2 and LilHIBIH2 or LiININ2 and
LilH3B2H4 is ~50° in (6a-:2THF), but 70° for
(LiBH, - TMEDA),. The reason for this difference is due
to the different Li--*H-B interactions.

The geometry about atom Lil can be considered to
be distorted quadratic pyramidal. The Lil-O1 bond
length (1.928(7) A) is in the expected range [25]. As
expected the Li--*H(B) bond lengths are shorter (1.88(4)
A) than the Li---H(C) bond lengths (average 2.07(4) A).
This geometry is, therefore, similar to that found for
dimeric 6a-OFEt,.

Compound 4 was obtained as single crystals of the
solvate 4PMDTA. Its X-ray structure determination
shows that dimeric molecules are present in the lattice.
Fig. 10 represents its molecular structure. The most

Fig. 10. The molecular structure of dimeric KH,B(7-Bu),,PMDTA,
7-PMDTA in the crystal. CH hydrogen atoms have been omitted for
clarity. Thermal ellipsoids represent a 25% probability level. Selected
atom distances (A): KI1-N2 2.947(2), K1-N3 2.949(2), K1-N4
2.956(2), K1--B1 3.292(2), K1-H1 2.56(2), K1-H2 3.06(2), K1-H2D
2.67(1), BI-C1 1.644(3), B1-C4 1.642(3), B1-H1 1.25(2), BI-H2
1.28(1), K1--H2B. Selected bond angles (°): N2-K1-N4 108.85(5),
N3-K1-N4 61.73(5), N2-KI-N3 62.38(5), C1-B1-C5 122.7(2),
H1-B1-H2 107(2), HI-KI-H2 41.54), HI-KI1-H2D 69.0,
N2-K1-H2 111.4, N2-K1 H2D 1259, N3-KI1-H1 80.9, N3,
H1-K1-H2D 109.5, N3-K1-H2 122.3, K1-H2-K1A 111, K1-HI-B1
114.7, K1-H2-B1145.5.

Fig. 11. Molecular structure of dimeric bis(tetrahydrofuran)lithium
6H-dibenzo[c,e][1,2]oxadihydridoborate, 10-2THF, without CH hy-
drogen atoms.

significant feature of this molecule is its centrosymmet-
ric structure with an inversion center in the center of
the four membered K,H, unit. Each potassium ion
coordinates to three H(B) hydrogen atoms and to three
nitrogen atoms. In addition, there is a single weak
K:--H-C interaction. This makes the potassium ion
hepta-coordinated. The three K---H distances are quite
different with K1-H1 = 2.56(2) A, K1-H2 =3.06(2) A
and K1-H2D =2.67(1) A and the angle H2-K1-H2D
=41°. Although the B-H distances cannot be accu-
rately determined it follows that they are comparatively

Fig. 12. Molecular structure of tetramethylethylenediamine-tetrahy-
drofuran lithium 6H-dibenzo[c,e][1,2]oxadihydridoborate, 10-THF:
TMEDA. CH hydrogens have been omitted for sake of clarity.
Thermal ellipsoids are depicted at a 25% probability level. Selected
atom distances (A): Lil-02 1.937(5), Lil-N1 2.155(5), Lil-N2
2.128(5), Lil..Bl 2.737(5), Lil-O1 1.535(4) B1-C1 1.588(4), B1-H1
1.14(2), B1-H2 1.14(3). Selected bond angles (°): N1-Lil-N2 85.1(2),
02-Lil-N2 133.9(2), O2-Lil-N1 1000.0(2), OI-Lil-O2 106.0(2),
O1-Lil N1 126.8(2), OI1-Lil-N2 106.9(2), C1-B1-O1 108.3(2),
H1-B1-H2 109(2), HI-B1-CI 111(1), H1-B1-O1 106(1), H2-B1-O1
106(1), H2-B1-C1 113(1).
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long (average 1.265(15) A) while the H-B-H bond
angle of 107(2)° is close to tetrahedral. In contrast, the
C1-B1-C4 bond angle is rather open with 122.7(5)° for
a tetracoordinated boron atom. This is good indication
of strong steric repulsion between the two tert-butyl
groups. In accord with this are the fairly long B-C
bonds (average 1.764 A, sum of atomic radii: 1.63 A).

The K-H distances found are shorter (2.67 A) and
longer (3.06(2) A) as compared to 2.85 A for potassium
hydride KH [26], and similar to the KH distances
reported for 17 [27,28]. It follows from the structural
data supported by ab initio calculations (v.i.) that
compound (7-PMDTA), has to be considered a tight
ion pair.

Compound 10 crystallized as 10-2THF and as
10-THF-TMEDA, the former being dimeric in the solid
state. Fig. 11 depicts the molecular structure of the
THF solvate. In spite of many attempts to grow good
diffracting crystals even those displaying a perfect
shape were not diffracting well. The best solution con-
verged only at R, =0.17. This precludes a discussion of
structural details. However, the constitution is well
enough established, and even the hydrogen atoms
bonded to boron were readily revealed. The dimer of
10-2THF is centrosymmetric, each lithium center being
coordinated to two THF molecules, to two hydrogen
atoms of the BH, group and to an oxygen atom
stemming from the second anion of the dimer which is
racemic and possesses axial chirality. The Li centers can
be considered to be distorted tetrahedral by three O
atoms and taking the boron atom as a coordination
center into account. As expected the B1-O1 bond
(1.535(4) A) is shorter than the B1-C1 bond length

(1.588(6) A) but the difference between these two dis-
tances (0.053 A) is shorter than expected on the basis of
the atomic radii of the atoms involved.

The heterocyclic anion in 10-THF-TMEDA (see Fig.
12) adopts a ‘pseudo envelope’ configuration as re-
vealed by the following torsion angles: C1-C6—C7-C12
=17.5°, and C1-B1-O1-C12=49.1°, i.e. the C1-C6
and the O1-C12 vectors are not parallel to one another.
However, the deviation of atoms O1, C1, C6, C7, and
C12 from the mean plane is only 0.08 A while atom B1
is 0.57 A apart. Inspection of the C—C bonds of the
heterocycle reveals alternations between 1.367(4) and
1.469(3) A indicating C—C bond orders between 1 and
1.5. A comparison of the B-C bond lengths in
10-THF-TMEDA shows a much shorter bond (1.588(4)
A) as compared to the B-C bond lengths in LiH,Bfl, 9
(1.610, 1.624 A). We take this as evidence for less steric
strain in 10-THF-TMEDA, and this is an additional
argument for the longer B-C bonds found in
KH,B(‘Bu), (1.644 A).

Lithium  bis(benzenedithiolato)borate crystallized
from THF as 172 THF which also proved to be
dimeric in the solid state. It is a centrosymmetric
molecule, its structure being shown in Figs. 13 and 14,
the latter giving a view of the core structure. which can
be considered a double cubane unit with two of the
opposing edges missing.

The planes comprising atoms LilSIBI1S3 and
BISILi(1A)S4 stand almost perpendicular to the
LilS1B(1A)S(1A) plane (88, 92°). Each Li ion is hexa-
coordinated by four S atoms and two O atoms of the
THF solvated molecules which are present in cis posi-
tion. The O2L1S2 plane is quite close to be really
planar because the sum of bond angles is 360.8°.

Fig. 13. Overview of the molecular structure of lithium bis(benzo-1,2-dithiolato)borate tetrahydrofuran.
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Nevertheless, looking at the Li-S bond lengths one
finds that these are unusually long, and, moreover,
quite different, ranging from 2.744(6) A to 2.934(8) A.
Atom distances between dicoordinated S and tetracoor-
dinated B atoms are about 0.03 A shorter compared to
tricoordinated S atoms. S-B-S bond angles in (17-2
THF) , are close to 104° while the S-Li-S bond angles
cover the wide range from 66.7° (S4A-Lil-S1A) to
147.8(2)° (S3-Lil-S4A). The largest bond angle is
162.0(3)° for O2-Lil-S1A. Therefore, the bond angles
demonstrate that the ‘cubane’ unit is strongly distorted.

5. Discussion

Although dihydrido diorganyl borates of lithium and
potassium can be comparatively readily prepared by
reactions delineated in Eqgs. (1)—(3) there is evidence
that they suffer H7/R~ exchange, particularly with
formation of RBHj3 species. Surprisingly no RyBH ™ or
BR, ions could be detected in the solutions by ''B-
NMR spectroscopy, but LiBH,. In the synthesis of
Li[H,B(CsH,),], 5, a ratio of 64:23:13 for 5:
Li(H;BCsH,): LiBH, was observed. In the case of
Li(H,BMe,) the ratio of 1:2 was 9:1 for the diethyl
ether solution. Previously a mixture consisting of 2, 1
and Li(HBMe,) was found for a THF —hexane solution
[17]. On the other hand, the presence of the bulky

tert-butyl group or the incorporation of the boron
atom in a ring system (thexylborane [14], disiamylbo-
rane [15], 9-borabicyclononane [14], 9-borafluorene,
isopinocamphylborane [15]) obviously retards or even
prevents the hydride—organyl exchange. Even more
pronounced is this ligand redistribution for dihydrido
diorganyloxo borates e.g. 11 and their thiolato ana-
logues as represented by Eq. (5). So far, no alkali metal
dihydrido catecholato borate could isolated or even be
detected by "B-NMR in solution [21]. In this respect
the sulfur analogue behaves better because anions of
type H,B(S,R)~, 14 and 15, were found to be the main
species in solution by reacting LiBH, with dithiols.
However, in the case of dithiocatechol compound 14
was observed and could even be isolated, as well as
LiB(S,C¢H,), which crystallized from a THF solution
as dimeric 17-2THF. At the moment we can only
speculate on the process of the ligand redistribution
because we cannot distiguish between a process that
starts from a H,BR; species or from a process involv-
ing hydride attack on the borane starting material
where a R,BH species is a most likely intermediate.

In order to learn about the thermodynamics of the
redistributions in analogy to Egs. (4) or (5) calculations
have been performed for H,BX; . The results are sum-
marized in Scheme 1.

These calculations (performed on a B3LYP/6-311 +
G(2df,2p)//B3LYP/6-31G(2d,p)-level) [29] show that



J. Knizek, H. Néth /Journal of Organometallic Chemistry 614—615 (2000) 168—187 181

the hydride affinity of a borane X,BH as depicted in
Scheme 2 range from —58.4 to — 74.8 kcal mol — .
According to these data BH; has the highest hydride
affinity followed by the dithioborolene. However the
driving force for the ligand exchange depends on the
electronegativity of the boron substituents X in the
anions X,BH; . The calculations lead to the order
F~>RO~ > Me~ > RS~. Large energy differences for
this process could not be expected because the number
of bonds to the boron atoms does not alter during
ligand exchange. The energy data may change of course
when Dborate—cation interactions are taken into
account.

X-ray structure information on dihydrido diorganyl
borates exists so far only for zirconium and niobium
complexes  (22-28) with the exception of
Li(H,Bmes,)- DME [9] for a lithium compound. All
these compounds contain doubly hydrogen bridged
H,BR, groups, and only 24 contains one of these group
singly bridged. However, as our results show, the diy-
drido diorganyl borate is a much more flexible ligand
and adopts various kinds of coordination in dinuclear
molecular species. Mononuclear 9-3THF exhibits the
‘usual’ double hydride bridge with an Li--B distance of
2.454(4) A. Tts B-C bonds (1.624, 1.610(3) A) are of the
same length as found for the potassium salt 28 (1.62(1)
A) [27] and are somewhat shorter than for
Li(H,Bmes,)2 DME (1.640(5) A) [9] while a signifi-
cantly shorter B-C bond has been determined for the
doubly reduced borole species 29 (1.53 /3;) [27]. The
latter is the consequence of the formation of a 6m-elec-
tron species.

Fig. 14. The core structure of 17-2 THF. Thermal ellipsoids are drawn
on a 25% probability scale. Selected bond lengths (A): B1-S1
1.930(4), B1-S2 1.901(4), B1-S3 1.932(4), B1-S4 1.928(4) Lil-Ol
1.904(7), Lil-02 1.936(7) Lil-S1 2.744(6), Lil S3 2.813(8), Lil-S1A
2.879(7), Lil-S4A 2.934(8). Selected bond angles (°): S1-B1-S2
104.0(3), S2-B1-S3 112.2(2), S1-B1-S3 114.4(2), S2-B1-S4 112.0(2),
S1-Bl S4 112.0(2), S3 Bl S4 104.4(2), OI1-Lil-O2 104.0(3),
O1-Lil-S1 161.2(4), O1-Lil-S1A 93.5(3), O1-Lil-S3 102.6(3),
02-Lil-S1 94.3(3), O2-Lil-S1IA 161.0(3), O2-Lil-S3 98.2(3),
SI1-Lil-S4A  85.1(2), SI1-Lil-S3 70.0(2), S1-Lil-S1A 69.0(2),
S3-Lil-S4A 147.8(2), S3-Lil-S1A 85.0(2), SIA-Lil-S4A 66.7(2).

30 31

The influence of the auxiliary ligands on the structure
becomes evident for the various solvates of compound
6a. Since all of them are dinuclear they are good
examples for comparison. Each H,BR, group provides
a doubly bridging H(B) atom besides a singly bridging
one. The coordination sphere is completed by a
Li---H(C) agostic interaction. The Li-H distances show
that the Li---H(C) interaction (2.08 A) is almost as
strong as the weakest Li---H(B) bond (2.04 A). Since the
anion of 6a coordinates via its two H(B) atoms to Li
one might expect a Li---B atom distance that is typical
for a LiH,B bridge. Actually, the observed Li---B dis-
tances (2.388, 2.392 A) are shorter than in Li(H,Bmes,)
[9], and even slightly shorter than in 9-3THF.

In dimeric 6a-:2THF we also find four hydrogen
atoms to be coordinated to the hexa-coordinated Li
centers, however, there are no Li-H(C) interactions.
The Li---B distances are slightly longer (average 2.47 A)
than for the ether solvate, and this may be due to the
higher coordination number. The fact that all H(B)
atoms form Li---H--Li bridges is so far a rare example
for hydridoborates. This kind of interaction is also
present in (6a), THF-TMEDA for the TMEDA carry-
ing Li atom, which is hexa-coordinated. The second Li
atom which coordinates to the THF molecules has only
two Li---H-B bonds but, in addition it complete its
coordination sphere by two agostic Li--*H-C interac-
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Fig. 15. Calculated structure for model compound 21 (=2
LiBH,Me,-OH,en).

tions. In this case, the Li*H(C) distances are longer
(2.08, 2.05 A) than the longest Li--*H-B distances (1.86,
1.89 A). The asymmetry of the molecule is reflected also
in the Li--B atom distances which are shorter for Lil
(2.365, 2.380(9) A) than for Li2 (2.479, 2.529(8) A).
The observed structure for (6a), THF-TMEDA is
verified by ab initio calculations for the model com-
pound 22 = (1 OHsen) (at DTF level, B3LYP optimized
with a 6-31G(d,p) basis set) as depicted in Fig. 15.
Table 4 reveals a good correlation between the bonding

Table 4

parameters for the model and the (6a), THF-TMEDA
counterpart. According to the NBO analysis [29] the
model system has to be described by localized wave
functions, e.g. the solvates of the alkali metal dihydrido
diorganyl borates have to be described as ion pairs. The
energy contributions to the stability of these molecules
results primarily from the donor function of N and O
atoms to the Li cation. Average energy contributions
are as follows: Li2-N1(Ip) 11.6 kcal mol~!,
Li2—(H1,3)B=7.1 kcal mol~!, Li2-H2(B) 4.9 kcal
mol !, Lil-Ol1(lp) 19.8 kcal mol !, Lil-H2,4(B1) =
8.2 kcal mol !, Lil-H1A(C) 3.4 kcal mol ~! (Ip = lone
pair). Thus the energy contribution by the Li--H(C)
bond is rather small.

K[H,B(‘Bu),] crystallizes as dimeric 4PMDTA in
spite of the bulky tridentate amine ligand. The coordi-
nation sphere around K is completed by three H(B)
hydrogen bridges and one H(C) bridge. K-H distances
span the wide range from 2.56 to 3.06 A, with the
K--H(C) distance lying in between (2.67(1) A). Similar
K-H parameters are reported for dimeric
K(HMeBmes,)-2THF, 27, the H(B) atom bridges to
two potassium cations. [25] In this case the K---H:~K
bridges are more symmetric (2.57. 2.74 A) than in
4-PMDTA. In both compound the potassium center is
hepta-coordinated.

Although the trihydridomethylborate 2-2THF is also
dimeric its structure resembles the structure of dimeric
LiBH,- TMEDA with a u32u! H;B function. This
bonding pattern has also been observed for 30 and 31
having Li-'B distances longer than in dimeric
LiBH, TMEDA (2.461(6), 2.467(5) A) [5]. The particu-
larly long Li---B distance in 30 (2.584 A) is probably
due to steric repulsion by the methyl groups in 3-posi-

Experimentally determined selected bonding parameters of compound (6a), THF TMEDA and calculated parameters for the model compound

LiMe,BH,-OH,-(H,NCH,CH,NH,) *

Bond lengths

Bl1-HI 1.17(4) (1.253) B2-H3
B1-H2 1.14(4) (1.253) B2-H4

B1-Cl 1.627(6) (1.645) B2-C9

B1-C5 1.611(6) (1.626) B2-C13
Lil-H2 1.89(4) (1.914) Lil-Bl
Lil-H4 1.86(3) (1.818) Lil-C1
Lil-H1A 2.08(4) (2.161) Lil-C13
Lil-H13A 2.05(4) (2.097) Lil-O1
Lil-B2 2.365(9)(2.431)

Bond angles

H1-B1-H2 105(3) (105.31) H3-B2-H4
Cl-B1-C5 105.6(4) (112.82) C9-B2-C13
O1-Lil-H2 106(1) (112.29) O1-Lil-H4
Ol-Lil-HI1A 90(1) (84.01) Ol1-Lil-HI13A
H2-Lil-H4 92(2) (87.25) H4-Lil-H13A
H1A-Lil-H13A 94(2) (88.12) H1A-Lil-H2
B1-Li2-B2 101.9(3) (104.97) NI1-Li2-N2

1.20(4) (1.243) Li2-H1 1.93(4) (1.919)
1.13(3) (1.257) Li2-H2 2.16(4) (2.243)
1.617(6) (1.627) Li2-H3 1.94(4) (1.902)
1.626(6) (1.651) Li2-H4 2.19(3) (2.085)

2.30009) (2.212) Li2-BI 2.479(8) (2.478)

2.502(9) (2.516) Li2-B2 2.529(8) (2.471)
2.524(8) (2.389) Li2-N1 2.142(7) (2.103)
1.928(7) (1.945) Li2-N2 2.119(7) (2.115)

106(2) (105.93)
105.2(3) (112.61)
105(1) (101.43)
98(1) (107.13)
83(2) (93.05)
84(2) (87.91)
86.3(3) (84.65)

# Optimized structure using the B3LYP/6-31G(d,p) basis set (C1 symmetry).
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tion of the pyrazole rings, because in 31 the Li-'B
distances are shorter, ranging from 2.407(9) to 2.498(9)
A [30].

The structural parameters of alkali metal hydridobo-
rates allow a distinction between LiH;B and LiH,B
bonding patterns. The Li“B distances for the latter are
in the range for mononuclear and dinuclear lithium
hydrido borates (2.40-2.53 A), while for triply bridged
species the range is 2.25-2.35 A. This fits with Edel-
stein’s rules [31] and is, of course, a consequence of the
geometry of the ‘tetrahedral’ hydrido borate species,
e.g. the orientation of the BH,, RBH; and R,BH; to
the alkali metal center.

6. Experimental

Since most compounds are more or less moisture and
air sensitive the Schlenck technique has been used
throughout by using nitrogen as a protecting gas.
Flame dried glassware was employed and for particu-
larly sensitive materials the glassware was treated with
Me;SiCl to remove adsorbed water and to protect OH
groups.

The reactions were monitored by NMR methods,
particularly '"B-NMR. Bruker AP 200 and JEOL 270
and 400 instruments were used for recording !'B-, 'H-,
and "*C-NMR spectra. TMS, and F,B-OEt, were used
as standards, and C,D; and CDCI; were employed as
solvents besides others (as quoted). Positive J values
refer to lower frequencies than the standard (higher
field). C atoms bonded to boron atoms could in most
cases not be recorded under standard conditions due to
quadrupolar relaxation effects. IR spectra were
recorded using a Jeol FT IR instrument. Elemental
analysis were performed at the departments microana-
lytical laboratory.

6.1. Starting materials

Commercial grade chemicals were LiH, NaH, KH,
LiBH,, NaBH,, LiBu in hexane, LiMe in ether, cate-
chol, 1,2-benzenedithiol, 1,2-ethanedithiol and ephe-
drine. The following compounds were prepared by liter-
ature methods: Me,BBr [32], 6-chloro-6H-dibenzo-
[c.e][1.2]-oxaborane [33], 9-borabicyclo[3.3.1]Jnonane [34]
dimer, lithium bis(cyclohexyl)dihydridoborate [35],
‘Bu,BCl [36], 9-Cl-9-borafluorene [37].

6.2. Lithium dihydrido dimethyl borate, (1) and lithium
methyl trihydrido borate-2-tetrahydrofuran (2:2 THF)

Lithium hydride (2.19g, 276 mmol) was suspended in
tetrahydrofuran (40 ml). After cooling to —78°C
dimethylboron bromide (5.90 g, 48.8 mmol) dissolved
in pentane (40 ml) was slowly added to the stirred

suspension. After the addition was complete the mix-
ture was allowed to attain ambient temperature. Stir-
ring was then continued for additional 2 h. The
solution showed the following '"B-NMR signals at that
time: 6 = —31.6 (quart., 'J("'B'H) =74 Hz (2)) and
—23.9 (t, 'J("'B'H) =70 Hz (1)); ratio = 1:9.

Insoluble material was filtered off and the solution
reduced in vacuo to about 30 ml. Storing the solution
at — 30°C produced clear crystals showing two differ-
ent kinds of habitus of which only one sort of these
(needles) was suitable for X ray structure analysis and
were shown to be Li(MeBH;)2THF. No elemental
analysis was performed due to ‘explosive’ combustion.
Selected needles gave the following NMR data: 'H-
NMR (400 MHz, CiDg): 0=0.50 (br. s, 6H,
(H;C),BH,Li), 108 (g, 'J(*B,'H)=70 Hz,
(H;C),BH,Li), 1.37 (m, 4H, C,H;O), 3.73 (m, 4H,
C,H;0);

6.3. Lithium dihydrido borepinate (8)

1,5-Hexadiene (18.9 ml, 159 mmol) was dissolved in
THF at 0°C. To this stirred solution was added a
solution of BH; in THF (50 ml, 2.12 M, 106 mmol).
After stirring for an additional 1 h at 20°C the solvent
was removed in vacuo. An oily residue remained which
was heated to 160°C for 3 h. The colorless liquid was
dissolved in THF (40 ml), and additional BH; in THF
(25 ml, 1.21 M, 53 mmol) was dropwise added and the
resulting solution stirred for 16 h. LiH powder (2.3 g,
289 mmol) was then added and stirring was continued
for 1 h. Excess LiH was then removed by filtration. The
solution showed the following NMR signals: ''B-NMR
(64 MHz, THF): 6 = —26.1 (q, 'J("'B,'H)=75 Hz,
LiH;B—(CH,)s~BH;Li, 28%), —16.4 (t, 'J('B,'H) =71
Hz, (CH,)sBH,Li, 72%). All volatile material was re-
moved from the solution at 1 Torr, and the colorless
residue dissolved in a mixture of hexane and THF (70
and 30 ml). No separation of the two compounds by
fractional crystallization was possible.

6.4. Potassium salt

Three milliliters of the solution of 8 was treated with
about 10 mg of KH in an NMR tube. After 1 h the
following NMR signals were observed: ''B-NMR (64
MHz, THF): 6= —282 (q, 'J('B,'H)=75 Hz,
KH,B—(CH,),~BH,K, 26%), —18.2 (t, 'J("'B,'H) =71
Hz, (CH,),BH.K).

6.5. Lithium dihydrido borata-bicyclo[3.3.0monane (6a)

(a) 10.25 g of dimeric 9-borabicyclononane (42
mmol) were dissolved in diethyl ether (100 ml) and a
suspension of finely ground LiH (200 mmol) in ether
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was added to the borane. After stirring over night and
heating to reflux for 4 h all insoluble material was removed
by filtration. On cooling the solution to — 30°C clear
crystals separated suitable for an X-ray structure deter-
mination. They proved to be 6a-OEt,. The yield of the
crystals was not determined.

(b) Dimeric 9-borabicyclononane (20.5 g, 84.0 mmol)
was dissolved in THF (200 ml). A THF suspension of LiH
(30ml, 3.02 g, 380 mmol) was added to the stirred solution.
A slightly exothermic reaction occurred, and after stirring
for 1 h the insoluble material was removed by filtration.
After removal of all volatile material from the filtrate the
remaining white solid was washed with hexane, m.p.
72-87°C. Yield 33.1 g (94%).

Single crystals separated from a saturated THF solu-
tion (ambient temperature) after cooling to — 30°C
within a few days. The crystals were suitable for an X-ray
structure determination and proved to be dimeric
6a-2THF.

About 1 gof6a-2THF was dissolved in THF and several
drops of TMEDA were added. Colorless crystals formed
on standing for three days. These single crystals proved
to be (6a), THF-TMEDA. 'H-NMR (400 MHz, C,D):
0=0.94 (q, 4H, 'J("'B,'H) = 71 Hz, C;H,,BH,Li), 1.33
(m, 2H, C¢H,,BH,Li), 1.42 (m, 4H, C,H0), 1.71 (s, 4H,
—-CH,-N(CH,),), 1.85 (s, 12H, —-CH,—N(CH;),), 2.16—
2.28 (m, Cy¢H,BH,Li), 2.38-2.49 (m, CgH,,BH,Li),
2.52-2.78 (m, CgH,,BH,Li), 3.52 (m, 4H, C,H 0);
BC{'H}-NMR (100 MHz, C¢Dy): § =25.37 (C,H;0),
27.12 (CH,,BH,Li), 36.36 (CiH,,BH,Li), 45.17
(-CH,-N(CHs;),), 56.25 (-CH,-N(CH,),), 67.98
(C,H0).

6.6. Lithium bis(cyclopentyl) dihydrido borate (5)

Cyclopentene (7.49 g, 110. mmol) dissolved in THF (50
ml) was hydroborated with BH; dissolved in THF (25 ml,
2.2 M, 55mmol) at 0°C. Stirring was continued at ambient
temperature for 2 h. A voluminous precipitate formed.
LiH (0.95 g, 120 mmol) was added to the suspension. The
precipitate dissolved and the excess of LiH was filtered
off after 2 h. According to the "B-NMR spectrum of the
clear solution a mixture of LiH,B(CsHy),, 5, LiH;BCsH,
and LiBH, had formed in the ratio of 64:23:13.

""B-NMR (64 MHz, THF): d= —41.2 (quint,
'J("'B,'H)=81 Hz, LiBH,, 13%), —259 (q,
J(M'B,'H)=75 Hz, CsHyBH,Li, 23%), —14.1 (4,
1J(M'B,'H) = 68 Hz, (CsH,),BH,Li, 64%).

Attempted separation of the species from solutions with
different ratios of hexane and diethyl ether for fractional
crystallization failed.

6.7. Potassium di-tert-butyl dihydrido borate (4)

A solution of (Me;C),BCl (6.94 g, 43.2 mmol) in THF
(50 ml) was added at 0°C to a suspension of KH (4.26

g, 106 mmol) in THF (20 ml). After stirring for 18 h at
0°C all insoluble material was filtered off, and the solvent
removed from the solution in vacuo. A solid remained
which was heated at 0.1 Torr at 60°C to remove as much
coordinated THF as possible. The white solid 4 showed
a m.p. of 152—-154°C. Yield: 6.74 g (94%).

C¢H,,BK (166.16): Anal. Found: C, 56.62; H, 11.30.
Calc. for C57, 83; H, 12.13%.

'TH-NMR (400 MHz, CDy): 6=027 (q, 2H,
'J("'B,'H) = 71 Hz CgH;BH,), 1.14 (s, 18H, CiH,;BH,);
BC{'H}-NMR (100 MHz, C,Dy): § = 35.74 (CsH,sBH,);
'B.NMR (64 MHz, C;Dy): 6 = — 2.8 (t, 'J(*'B,'H) = 71
Hz, CH,sBH,); IR (THF): # = 2094 (st, asym. B-HP),
2167 (st, sym. B-H®) cm —'.

4(0.5 g) was dissolved in a minimum amount of toluene.
About 3 ml of pentamethyl-dicthylenetriamine was
added. Single crystals which proved to be dimeric
KH,B(‘Bu,)PMDTA separated on storing the mixture at
0°C for several days.

6.8. Lithium 9,9-dihydrido-9-boratafluorene-3-
tetrahydrofuran (9-:3THF)

To astirred suspension of LiH in THF (0.46 g, 58 mmol;
50 ml) was added dropwise a solution of 9-chloro-9-bo-
rafluorene (2.17 g, 10.9 mmol) in pentane (40 ml). The
reaction was slightly exothermic. Two hours later all
insoluble material was filtered off and the solvents
removed in vacuo (0.1 Torr). Crystallization from tolu-
ene—THF yielded 9-3THF (3.98 g, 94%); m.p. 87-89°C.

C,,H;,BLiO; (388.28); Anal. Found: C, 73.33; H, 8.53.
Calc. for C, 74.24; H, 8.83%.

'H-NMR (400 MHz, CDCl,): 6=1.82 (m, 12H,
C,H;0), 1.98 (q, 2H, 'J(''B,'H) =77 Hz, C,,HBH,),
3.69 (m, 12H, C,H;0), 7.10 (t, 2H, *J('"H,'"H) = 7.0 Hz,
C,,H;BH,), 7.17 (t,2H, *J(*"H,'H) = 7.1 Hz, C,,H BH,),
7.59 (d, 2H, *J(*H,'H) = 6.6 Hz, C,,H;BH,), 7.74 (d, 2H,
3J('H,'H) = 7.5 Hz, C,,H,BH,); '*C{'H}-NMR (100
MHz, CDCly): ¢ =25.54 (C,HO), 68.39 (C,HO),
119.14, 124.47, 124.98, 131.19, 149.81 (C,.H;BH,); ''B-
NMR (128 MHz, CDCl,): 6 = —22.3(t, 'J("'B,'H) = 78
Hz, C,,H{BH,); IR (Nujol): # = 2211 (st, asym. B-HP),
2251 (st, sym. B-HP), additional band at 2074 (w), 2124

(m) cm 1

6.9. Lithium 6H-dibenzolc,eJoxadihydridoborate-2
tetrahydrofuran (10-2THF)

Prepared as for 9 from LiH (0.29 g, 36 mmol) in THF
(50 ml) and 6-chloro-6H-dibenzolc,eJoxaborane (1.69 g,
7.88 mmol) in THF (40 ml). After most of the solvent
had been removed toluene (80 ml) was added to the
residue. The insoluble compound was filtered off and
washed several times with a mixture of toluene and THF
(5 4+ 1). Drying the solid at 0.1 Torr yielded 1.91 g (73%)
of 9-2 THF. Crystallization from THF produced clear
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single crystals of 9:2 THF, m.p. 75-58°C. No impuri-
ties were detected by NMR. Elemental analysis gave
variable results due to loss of THF on weighing. 'H-
NMR (400 MHz, Dg-THF): 6 = 1.76 (m, 8H, C,H0),
3.42 (m, 8H, C,H0), 7.02 (t, 1H, *J('"H,'H) = 7.5 Hz,
C,,H,OBH,), 7.15 (d, 1H, 3J('H,'H)=7.7 Hz,
C,HOBH,), 723 (t, 1H, 3J(H,'H)=75 Hz,
C,H;OBH,), 7.30 (t, 1H, 3J('H,)H)=7.2 Hz,
C,,H,OBH,), 7.51 (t, 1H, 3*J('H,'H)=7.5 Hz,
C,,H,OBH,), 8.09 (d, 1H, °J('H,'H)=7.8 Hz,
C,,H,OBH,), 810 (d, 1H, 3J('H,'H)=7.8 Hz,
C,,H;OBH,), 8.40 (d, broad, 1H, *J(*H,'H) = 6.0 Hz,
C,,H,OBH,);: '3C{'H}-NMR (100 MHz, D4THF):
0=2553 (C,Hi0), 67.70 (C,HiO), 120.32, 121.45,
121.87, 124.39, 124.49, 127.18, 129.16, 131.31, 135.87,
141.58, 155.67 (C,,H;OBH,); '"B-NMR (64 MHyz,
THF): 6= —39 (t, J('B,'H)=91 Hz, +40°C,
C,,H;OBH,); IR (THF): 72170 (m), 2238 (st), 2247 (st),
2289 (st), 2369 (w) cm ~'; (Nujol): 72068 (st), 2091 (m),
2134 (st), 2170 (st), 2204 (m), 2226 (m), 2271 (st), 2295
(st), 2355 (w), 2417 (w) cm~!; Crystallization of
10-2THF from a THF solution in the presence of
TMEDA  produced crystals of  composition
10-THF- TMEDA.

9-Chloro-6H-dibenzo[c,eJoxaborane did not react
with KH within 16 h in THF solution. Only the forma-
tion of 6H-dibenzo[c,e]loxaborane but not the dihydri-
doborate was noted by !B-NMR spectroscopy
(6 =28.5, broad, BH coupling could not be resolved).

6.10. Reaction of Lithium o-hydroxy-phenolate with
BHLTHF in THF

Catechol (0.33 g, 2.0 mmol) was dissolved in THF
(20 ml). This solution was dropped into a stirred solu-
tion of LiBu in hexane (20.0 ml, 1.55 mmol). After the
gas evolution had ceased stirring was continued for 30
min. The solution was then cooled to 0°C and a solu-
tion of BH; in THF (21.4 ml, 3.08 mmol) was added.
After warming to ambient temperature the '"B-NMR
investigation of the solution showed signals at — 40.8
(quint., 'J(B,'H) =81 Hz; LiBH,), 9.0 (broad, h(1/
2)=180 Hz), and 11.9 (s, LiB(O,C4H,),), 16, were
present in a ratio of 4:3:4.

6.11. Reaction of LiBH, with
1,1-di(2-hydroxy-3-tert-butyl-5-methylphenyl)methane
12)

A solution of LiBH, (0.25 g, 11.5 mmol) in THF (30
ml) was cooled to 0°C. While stirring a solution of 1,1-
di(2) - hydroxy - 3 - tert - butyl - 5 - methylphenyl)methane
(3.91 g, 11.9 mmol) was added dropwise. After the gas
evolution had ceased the solution was allowed to attain
ambient temperature. ''B-NMR spectroscopy showed
the presence of two species: LiBH, (0 = —41.5, quint.,

1J("'B,'H) = 81 Hz) and LiB(OAr),, (§ =3.7); ratio =
1:1 but not of the expected compound 12.

6.12. Reaction of KH with
[4S,5R]-3,5-dimethyl-4-phenyl[1.3.2Joxazaborolidine in
the presence of 18-crown-6

KH (860 mg, 21.5 mmol) was suspended in THF (30
ml) and the crown ether added (5.67 g, 21.5 mmol). To
the stirred suspension was dropped a solution of the
borolidine 19 (3.37g, 19.2 mmol) in THF (50 ml). After
3 days the B-NMR spectrum showed signals at — 10.7
(broad, H,BN, moiety of 20), 0.6 ppm (t, 'J(''B,'H) =
90 Hz, NOBH, moiety of 13, and 10.6 ppm (N,BO,
moiety of 20). The crown ether complex of 13 could not
be separated from the mixture.

6.13. Lithium dihydrido-1,3,2-benzenethiolatoborate
(14)

To a stirred solution of LiBH, (139 mg, 6.38 mmol)
in THF (30 ml) was added at 0°C a solution of 1,2-ben-
zodithiol (907 mg, 6.38 mmol) in THF (30 ml). After
the hydrogen evolution had ceased stirring was contin-
ued for additional 4 h. Then the solvent was removed in
vacuo (0.1 Torr). 14 remained as a colorless solid, m.p.
79-81°C; yield: 1.81 g (93%). NMR data showed that
the compound contained only trace impurities.

In order to get single crystals of 14 the material was
crystallized form a mixture of THF and toluene (1:1) at
50°C. This solution showed three "B-NMR signals due
to LiBH, [¢ =40.9, quint.], LiH,BS,C,H,, 14, [ — 11.0,
t, 'J(''B,'H) = 110 Hz] and LiB(S,C¢H,),, 17 [12.1, s].

Storing the solution at — 30°C provided single crys-
tals of dimeric 17-2THF, analyzed by X-ray structure
determination.

6.14. Lithium dihydrido-1,2-ethanedithiolato borate (15)

In analogy to 14 LiBH, (220 mg, 10.1 mmol) was
treated with ethanedithiol (951 mg, 10.1 mmol) in a
total of 60 ml of THF. After 4 h the '"B-NMR spec-
trum showed the presence of 3 species with one domi-
nating: LiBH, [0 = — 41.6, quint. 'J(*'B,'H) = 81 Hz],
LiH,B(S,C,H,) [6 =13.2, t, 'J('B,'H) =111 Hz] and
LiB(S,C,H,), [0 =11.1, s]. Ratio=2:96:2. Reducing
the volume of the solution in vacuo to ~20 ml fol-
lowed by storing at — 30°C yielded clear crystals of
composition 18-2THF after 48 h. Yield: 1.32 g, (68%),
6B =11.0).

6.15. X-ray structure determinations

Data collection was performed with Mo—K, radia-
tion employing a graphite monochromator at 193 K on
a Siemens P4 diffractometer equipped with a low-tem-
perature device LT2 and a CCD area detector. Crystals
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were transferred from the cold mother liquor into pre-
cooled perfluoro ether oil. The selected crystal was
mounted on the tip of a glass fiber and rapidly put on
the goniometer head cooled with a stream of cold
nitrogen gas. The dimensions of the unit cells were
calculated from the reflections collected on 15 frames
each of five different runs and setting angles by changing
¢ by 0.3° for each frame. Data were collected in the
hemisphere mode of the program SMART [38] with
10s/frame exposure time. Two different y settings were
used and ¢ changed by 0.3° per frame. Data on a total
of 1290 frames were reduced with the program SAINT
[39], and the structures solved by direct methods imple-
mented in the program SHELXTL [40]. Non hydrogen
atoms were refined anisotropically, hydrogen atoms
bound to carbon atoms were place in calculated positions
and refined as riding on its C atom. Hydrogen atoms
bonded to the boron atoms were found in the difference
Fourier synthesis. They were freely refined, in the final
cycles with fixed isotropic isotropic thermal parameters.
Table 3 contains relevant selected data for cristallogra-
phy, data collection and structure refinement.

7. Supplementary material

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre, specifiying the
authors, the literature citation, and the CCDC nos.:
143756 (2), 143757 (9), 143578 (6a THF TMEDA),
143759 (4 PMDTA), 143760 (10 THF TMEDA), 143761
(17 2THF), and 148402 (6a 2THF). Further information
may be obtained from The Director, Cambridge Crystal-
lographic Data Center, 12 Union Road, Cambridge CB2
1EZ, UK (Fax +44-1223-336033; e-mail: de-
posit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.
ac.uk).
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