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Introduction

Although the metallaboranes are a fairly well explored class
of substances, the number of metallaboranes in which two
borane cages are bridged by one metal atom is quite lirhited.
Known examples include [BNH][Cu(1-B1oHoN>)2],%2 deriva-
tives of the decaborate dianion, M{@Bli1,),"~ (n = 2, M =
Zn,Zb—d,h Cd,Zd'e Hg,Zd'f Ni,29vh Pd,2h Pt,Zh C0;2h n= 1, M= AUZi),
[(Blole)AU(Blong)]z_,Zi M(THF)Q(BeHg)Z (M = Mg, Zn), Cd-
(BeHo)2,2 CloPt(BsH10)2,2¢ Be(BsH10)2,? and Be(BHg)2.>™ Re-
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The t;, t; matrix was collected as 1024 256 data points. Data
processing involved the application of a dc offset and first-point
correction, shifted sine bell apodization, zero filling, Fourier transfor-
mation, and a magnitude calculation to give the 54512 2D'B—

1B COSY NMR spectrun. Proton tH) NMR spectra were recorded

on the Bruker DPX-300 spectrometer operating at 300.15 MHz with
chemical shifts referenced to an internal standard of tetramethylsilane
ato = 0.0 ppm.

Materials. The starting cluster compound;[BgH13], was prepared
according to the procedures previously describetietrahydrofuran
(Fisher) and diethyl ether were ACS reagent grade and were distilled
under a dry nitrogen atmosphere from calcium hydride. Decaborane-
(14), received from Callery Chemical Co., was sublimed in vacuo at
60 °C prior to use. The cadmium chloride was dried with thionyl
chloride before use. All other commercially available chemicals were
used as received.

[K(18-crown-6)]2JCd(BgH13)2]. In an inert atmosphere, a slurry of
226 mg (1.23 mmol) of Cd@in 15 mL of THF was added to a solution
of 466 mg (2.47 mmol) of KBgH13] in 15 mL of THF at—78 °C.
After 16 h of warming and stirring at room temperature, a gray
precipitate was filtered off. After the addition of 660 mg (2.50 mmol)
of 18-crown-6, 40 mL of diethyl ether was added. The precipitate was
filtered off, washed twice with THF/diethyl ether (1/1), and dried in
vacuo. The product was obtained as a white powder in 38% yield
(0.44 g, 0.47 mmol).*’B-NMR (96.3 MHz; CDCN; 8, ppm): 4.6 (d,

cently, through our photochemical investigations of cluster Jsn = 135 Hz, 2B, B8,10);-9.5 (d,%Jsn = 140 Hz, 2B, B1,3);-11.4
compounds, we became interested in metallaboranes in which(d, *Jsu = 120 Hz, 1B, B9),~30.4 (d,"Jsn = 118 Hz, 1B, B2),~35.6
two borane cages are bonded to one group 12 metal. Here welt: Jsn = 100 Hz, 2B, B5,7),-50.6 (d,'Jens = 145 Hz, 1B, B4).

report the synthesis and solid state structure of [K(18-crown-
6)"2[Cd(BgH13)7], a compound with a new type of metal-
centeredcommebis(metallaborane) structure.

Experimental Section

Physical Measurements. All NMR spectra were recorded on
samples dissolved in GON in 5 mm (o.d.) tubes. The boro#'B)
NMR spectra were recorded on a Bruker DPX-300 NMR spectrometer
operating at 96.3 MHz. Spectra were referenced to;BB#40.0 ppm
(relative to BREt,O 6 = 0.0 ppm, with positive chemical shifts
indicating downfield resonances) and recorded in bottitheoupled
and -decoupled modes. Typic&8lB NMR acquisition parameters
employed were a relaxation delay of 0.1 ms and a@fse of 1Qus.

The 2D'B—B{'H} COSY NMR spectrum, both the absolute-value
and pure-phase versions, was obtained on the Bruker DPX-300 NMR
spectrometer. A 90pulse width of 10us was used. A previously
described absolute-value-mode COSY pulse seqdemnas used to
generate théy, t, data matrix (relaxation delay (71/2)—t,—(77/2)—t3)

in which t; was incremented by the inverse of the sweep width in the
F1 dimension and, was the usual acquisition time in a 1D experiment.
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X-ray Crystallography of [K(18-crown-6) ],[1%7]. A 0.33x 0.33
x 0.20 mnd crystal of [K(18-crown-6)],[1?7] was grown by condens-
ing diethyl ether onto a THF solution of the compound. All measure-
ments were made on a Siemens SMART CCD diffractometer using
graphite-monochromated ModKradiation ¢ = 0.710 73 A The
data collection covered a quadrant of reciprocal space by a combination
of five sets of exposures with each exposure coveringid.a@.52 Data
were collected af = 150(1) K and 2.74 < 26 < 56.60. From these
exposures, 23 505 reflections were read, from which 7573 unique and
6747 observed [> 20(1)] were ultimately used in the solutidh. The
solution was accomplished by using direct methods (SHELXS86) with
the refinement onFg2 (SHELXL93)% An empirical absorption
correction was applied (SADABS), and the non-hydrogen atoms were
located by application of direct methods to generate a trial struéture.
The non-hydrogen atoms were refined anisotropically. The hydrogen
atoms at the boron cage were found by difference maps and were refined
with free coordinates and displacement parameters. The final cycle of
a full-matrix least-squares refinement for 618 parameters converged
with RL = S ||Fo| — |Fe||/3|Fe| = 0.0337 for [ > 20(1)] and wR2 =
[SIW(Fo? — FAYIS[W(FAF] Y2 = 0.0668 for all data. The crystal-
lographic data, selected bond lengths, and selected bond angles for
[K(18-crown-6)],[1%7] are given in Tables13, respectively. All atom
coordinates [withJ(eq)], anisotropic thermal parameters, bond distances
and angles involving both non-hydrogen and hydrogen atoms, inter-
molecular distances, and packing diagrams for [K(18-crowi,[f]
are available as Supporting Information.

Results and Discussion

The metathesis reaction of,lBgH13)®> and CdC} in a 2:1
ratio in THF produces [Cd(§13)2]%~, 127, in moderate yield.
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Table 1. Crystallographic Data for [K(18-crown-6][1%7]

empirical formula
formula weight
crystal system
space group
temperature

cell dimensions

N<O oD

A(Mo Ka) (A)
diffractometer

\/(/)vcl’;\gI (for all data)
R1 [(1>20(1)]

total number of reflections
number of reflections with > 2o(1) 6747

G4H74B1sCdK:012

940.01

orthorhombic

Pca21
150 K

15.2570(0) A
4.9067(1) A
21.4155(3) A
4870.56(8) &
4 molecules
0.71073 A

Siemens SMART CCD
diffractometer

1.282 g/cm
0.0668
0.0337
23505

number of variables 618
20max 56.60
maximum shift/error in final cycle 0.00

Table 2. Selected Intramolecular Bond Distances for
[K(18-crown-6)1,[1%7]2

Cd(1)-B(2)
Cd(1)-B(7)
Cd(1)-B(5)
Cd(1)-B(12)
Cd(1)-B(17)
Cd(1)-B(15)
B(1)-B(2)
B(1)-B(5)
B(3)-B(7)
B(10)-H10B)
B(9)—H(10B)
B(8)—H(8B)
B(9)—H(8B)
K(1)—H(2)
K(1)—H(1)
K(2A)—H(9)

a Distances are in angstroms. Estimated standard deviations in the

2.272(4)
2.591(4)
2.609(4)
2.302(4)
2.545(4)
2.577(4)
1.760(5)
1.758(5)
1.747(5)
1.33(5)
1.18(6)
1.35(5)
1.26(5)
2.53(3)
2.95(4)
3.18(4)

B(2)-B(7)
B(2)-B(5)
B(12)-B(15)
B(12)}B(17)
B(5)-B(10)
B(7)-B(8)
B(2)-B(3)
B(1)-B(10)
B(3)-B(8)
B(18)-H(18B)
B(19)-H(18B)
B(19)-H(20B)
B(20)-H(20B)
K(2)-H(14)
K(2)-H(20)

least significant figure are given in parentheses.

Table 3. Selected Intramolecular Bond Angles for
K(18-crown-6)],[127]2

1.868(5)
1.863(5)
1.885(5)
1.865(5)
1.973(6)
1.954(6)
1.757(5)
1.727(6)
1.735(6)
1.24(5)
1.26(5)
1.30(4)
1.35(4)
2.74(4)
3.06(4)

B(7)—Cd(1)-B(2)
B(7)—Cd(1)-B(5)
B(2)-Cd(1)-B(5)
B(7)-Cd(1)-B(17)
B(7)—Cd(1)-B(12)
B(7)—Cd(1)-B15)
B(5)—Cd(1)-B(17)
B(5)—Cd(1)-B(12)

44.59(12)
73.59(12)
44.20(12)

136.69(13)

128.17(12)

134.59(13)

123.29(13)

158.09(12)

B(17)-Cd(1)-B(12)
B(17)Cd(1)-B(15)
B(12) Cd(1)-B(15)
B(2) Cd(1)-B(17)
B(2}Cd(1)-B(12)
B(2) Cd(1)-B(15)
B(5)Cd(1)-B(15)
B(5yB(2)—B(7)

44.91(13)
75.48(12)
45.02(13)

116.52(13)

151.60(13)

163.34(12)

120.12(12)

113.2(3)

B(15)-B(12)-B(17) 113.4(2)
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Figure 1. Plot showing the orientations and interactions between the
cadmaborate cage and the [K(18-crowr}6dns in [K(18-crown-6)],-
[Cd(BgH13)2]?". (Hydrogen atoms, except those having interactions with
the K* ions, have been omitted for clarity.)

[127] at room temperature. The solid state structure of the
compound, which has been determined by X-ray crystal-
lography, displays a layered arrangement of the ions in the
crystal packing. The unit cell contains dianioommmaecluster
moleculesl? and potassium cations which are complexed by
18-crown-6 units in a 1:2 ratio. The ions are not completely
separated, and each dianib#r is surrounded by three [K(18-
crown-6)"] ions with K—H distances between 2.53(3) and 3.18-
(4) A. A plot of the [Cd(BH13)2]%", 12-, dianion showing the
orientations and interactions of the cadmaborane cage and the
[K(18-crown-6)] ions is given in Figure 1. Thus, the coordina-
tion number of the metallaborane dianion is 3 [K(18-crown-
6)"] and, since there are two types of inequivalent potassium
units (one type with a coordination number of 1 and the other
type with a coordination number of 2), the formal (average)
coordination number of the [K(18-crown-§)units is 1.5 in
order to maintain electrical neutrality in the compound. Since
the ionic radif2 of potassium (1.38 A) and barium (1.35 A) are
almost identical, the interactions betweern Knd several of
the hydrogens of2~ [H(1), H(2), H(14), H(20), and H(9)] can

be compared with those of the known structures of Ba{BH
compounds®? In the solvates of Ba(Bl,, the barium-bonded
BH,4~ groups show BaH distances between 2.66(4) and 2.98-
(5) A , which are approximately equivalent to those observed
for [K(18-crown-6)"][127]. It is not clear whether these
shortened interactions are due to electrostatic interactions
between the cadmaborane dianionic cage and the potassium ions
or due to geometric packing forces. lItis interesting that, even

a Angles are in degrees. Estimated standard deviations in the leastin crystals formed in a THF/ED solution, the potassium cations
significant figure are given in parentheses.

The [Cd(BH13)2]4~ dianion, 12—, was found to be the main
cluster product{80—90%) in THF solution as observed in the
HB-NMR spectrum of the reaction mixture. Identified side

products were Bt (6(*B): —47.0, q,%Jgq = 83 Hz)2 and
BoH14~ (6(11B): —7.2,d;—20.0, d;—22.9, d)’® After filtration

and addition of 2 equiv of 18-crown-6, the dipotassium salt
[K(18-crown-6)"1,[Cd(BgH13)2]>~ was precipitated by the ad-

dition of diethyl ether.

Crystals of [K(18-crown-6)][12"] were obtained by con-

densing diethyl ether onto a THF solution of [K(18-crowrt]g)

(7) (a) Nah, H.; Wrackmeyer, BNuclear Magnetic Resonance Spec-
troscopy of Boron CompoundSpringer Verlag: Berlin, 1978. (b)

Todd, L. J.; Siedle, A. RProg. Nucl. Magn. Reson. Spectrod€79

13, 118.

are weakly coordinated, in addition to the 18-crown-6 system,
by the cadmaborane dianiols™ rather than by ether molecules.
The molecular structure of the cadmaborane diarfién
shown in Figure 2, is that of twmido-6-cadmadecaborane
clusters conjoined at the common cadmium atom. Both of the
BgH13Cd™ subclusters are essentially identical. The best planes
through the Cd(%)B(2)—B(4)—B(9) atoms (mean deviation of
0.4 pm) and the Cd(})B(12)-B(14)-B(19) atoms (mean
deviation of 0.5 pm) form a dihedral angle of 88.6The
symmetry of the 19-vertex cluster dianion is thus clos€io
point symmetry. The cadmium center displays one shorter and
two longer bonds with each of thegB;3 dianion cage units
[average Cd(1}B(2,12) = 2.287 A and Cd(1}B(5,7,15,17)

(8) (a) Shannon, R. DActa Crystallogr.1976 A32 751. (b) Bremer,
M.; N&th, H.; Thomann, M.; Schmidt, MChem. Ber1995 5, 455.



6436 Inorganic Chemistry, Vol. 36, No. 27, 1997

Figure 2. Molecular structure of [Cd(8H13)2]?~, 1?-, with atomic
numbering (ORTEP). (Thermal ellipsoids represent 30% probability;

hydrogen atoms which are either not attached to boron atoms connected

to cadmium or bridging have been omitted for clarity.)

= 2.581 A]. This asymmetry is unusual foido-6-metallade-
caboranes, for which the three metal to boron distances are
typically very similar. The cadmium distances to the B(2) and
B(12) atoms are distinctly shorter than the-€Blbond lengths

in the known [(OE$),Cd(BigH12)]2, 2.° In this decaborate
derivative,2, the Cd-B bond distances range from 2.37(3) to
2.74(4) A. Interestingly, the cadmium-bonded boron atoms
B(5)/B(7) and B(15)/B(17) ii2-, which lie in the six-membered
open faces of the 6-cadmadecaborane subunits, binc:xeo
hydrogen atoms with BH distances between 1.09(4) and
1.22(4) A, typical of most B-Hex atom distances. The
observed BH units in 12~ are unusual fonido-6-metallade-
caboranes in that these compounds typically bind to only one
exchydrogen atom and one metdloron bridging hydrogen
atom rather than to twexchydrogen atoms as observedilfr.

As expected for an analogue of decaborane(14), the boron
boron bonds B(5)B(10) and B(7)-B(8) as well as B(15)
B(20) and B(17)-B(18) in 12~ are fairly long, with an average
bond distance of 1.95 A. In addition, the B{3(9) and
B(14)—B(19) bonds, with an average of 1.71 A, are shortened
and the B(9)-B(8)/B(9)—B(10) and B(19)-B(18)/B(19)-B(20)
bonds are bridged by hydrogen atomd3n, as similarly found

in the parent decaborane(14) cluster.

TheB{H}-NMR spectrum of a CBCN solution of [K(18-
crown-6)"1,[127], shown in Figure 3, displays six signals in a
ratio of 2:2:1:1:2:1. This pattern suggests that, in solution, the
cadmaborane cluster can achieve a time-aver@gesymmetry
structure with a mirror plane through the B(9), B(4), B(2), Cd,
B(12), B(14), and B(19) atoms and with a 2-fold rotation axis
through the cadmium center, perpendicular to the mirror plane.
The 11B-NMR resonances of?~ have been unambiguously
assigned on the basis of a 2BB—'B{'H} COSY NMR
experiment and the intensities and multiplicities of the signals
in the 1B NMR spectra. As expected, no cross peaks were
observed between the boron atoms B(B}8) and B(9)-B(10),
which are bridged by hydrogen atoms, and between the boron
atoms B(5)-B(10) and B(7)-B(8), which are connected by long

(9) Greenwood, N. N.; McGinnety, J. A.; Owen, J. D. Chem. Soc.,
Dalton Trans1972 989.
(10) Tippe, A.; Hamilton, W. Clnorg. Chem.1969 8, 464.

Notes
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Figure 3. Room-temperaturéH-coupled (above) anéH-decoupled
(below)*'B-NMR spectra of [K(18-crown-6]2[1?7] in CDsCN at 96.3
MHz.

B—B bonds!® The cadmium-bonded boron atoms sh&'B
resonances at —30.4 [B(2)] and—35.6 [B(5),B(7)], and the
resonance of B(5)/B(7) appears as a triplet in the proton-coupled
1IB-NMR spectrum, which is consistent with the solid state
structure.

In the two known structures of zincaboranes @PWelL[Zn-
(B1oH12)2]%P and [(MeZn}BsH7],123 and the only structurally
characterized cadmaborane ([(Q&EEd(BioH12)]2, 29), the group
12 metals or metal fragments formally replace bridging hydrogen
atoms, while the cadmium atom d#~ seems to be directly
involved in the cluster framework. With Cd(ll) formally
contributing no electrons to the valence electron count, each
BgH13Cd™ unit thus constitutes aido-cadmadecaborate with
24 valence electrongd
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