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ABSTRACT: Oxidation of [N(n-Buy)],[BoHs] with oxygen
in a mixture of dimethoxyethane and CH,Cl, leads to salts of
the [B;H,]*~ dianion. This is the first convenient synthesis for a
seven-vertex hydro-closo-borate anion. Protonation with NEt; - HCI
resulted in salts of the [B,Hg] ™ monoanion. Both closo-borate
anions were isolated and characterized by 'H, 'H{''B}, ''B,
and "'B{'"H} NMR spectroscopy The temperature-dependent
H{“B}, "B, and "'B{'H} NMR spectra of [B;Hg] ™ were also
measured. The structure of [B-H, >~ as well as of [B,-Hg ]~ were
determined by single-crystal X-ray diffraction.
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B INTRODUCTION

The first closo-borate anion [B;oH;o]*~ was synthesued in
1959." The discovery of other members of the series [ B H,]"" (n=
6—12) followed in the next eight years ( [BeHg]*, [B7H7]2 2
[BsHg]* ™, [BoHy)*™,* [ByHy 7, [BioH ) ). Reviews with
more details about [BsHg]*,° [By;Hy;]*~, and [B1,H;, > ® have
been published. Furthermore the crystal structures of closo-borates
[BeHe]>, " [BsHg)* ! [BoHo >, [B1oH 0]~ (e.g, Cu,-
[B1oH1o] ™™ and Cs[Na(NH,)6[B1oH,0] - NH, '), [ByH,,J> 7,
and [B12H12]27 (e'gv Kz[Blelz];N M,[By,H) 5] and M5I[B,Hy, ]
with M = K, Rb, NH,, Cs'®) were determined."” The [B,H,]*"-
anion has not been the subject of a X-ray crystallographic study
so far.”® [B,H,]*~ has been partially characterized by ''B NMR,
but it has proven to be difficult.” The ''B NMR spectrum of the
compound was recorded immediately after its preparation, but
it was not possible to isolate the [B,H] >~ anion from the solu-
tion free of borate impurities,> which shows the instability of
the dianion. In Scheme 1 the synthesis reported in the literature
is shown that yielded the [B,H,]*" anion in eight steps in an
overall yield of only 0.008%.

To date there are a lot of theoretically studies
[B,H,]>” and [B,Hg] , but only one experimental study.’

The labeling of the [B,H,]*” dianion and the [B,Hg] ™
monoanion is depicted in Figure 1.

The syntheses and the crystal structures of [B,H,]*~ and [B,Hg] ™
are of general interest because of their unique bonding situations and
because simple closo-borate are valuable starting materials for further
borate anions.””*® Here we report on an improved synthesis for
M,[B,H;] (M = PPh, (tetraphenylphosphonium) and PNP (Bis-
(triphenylphosphine)iminium)). In addition, the monoanion
[B,H;g] ™ was synthesized in good yields. Both anions were extensively
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characterized by 'H, "H{"'B}, ''B, "'B{"H} NMR spectroscopy and
X-ray crystallography.

B EXPERIMENTAL SECTION

Synthesis. [N(n-Buyl,[BoHdl. Csy[BsHo]* (345 g 9.27 mmol) was
dissolved in 700 mL of 1.6 M NaOH at 333 K. [N(n-Bu,) JHSO, (13.50 g,
39.76 mmol) in 120 mL of 1.6 M NaOH was added under stirring, the
resulting colorless precipitate was separated, washed with the mother liquor,
and dried in vacuum. Yield: 5.48 g, 9.27 mmol, 100%.

[PPhy],[BsH;]. A suspension of [N(n-Buy)],[BoHs] (1.50 g 2.53
mmol) in 60 mL of dimethoxyethane was stirred for 15 min at 80 °C. The
hot suspension was filtered, and the residue was washed with 45 mL of hot
dimethoxyethane and 60 mL of CH,Cl,. Oxygen was then bubbled through
the combined solutions for 30 min. The solution was treated with 1 mL of
tripropylamine and 60 mL of 0.7 M KOH solution. Organic solvents were
removed in a vacuum, and an additional amount of 100 mL of 0.3 M KOH
solution was added. After stirring overnight a light yellowish solid was filtered
off, and [PPh,]Cl (142 g, 3.80 mmol) in 20 mL of water was added to the
filtrate. The resulting milky mixture was extracted immediately three times
with 100 mL of CH,Cl,. The combined organic yellow solutions were dried
over Na,SO,, and removal of the CH,Cl, led to a yellow solid, which was
washed three times with 40 mL of acetone and dried in vacuum. Yield: 0.71 g,
0.94 mmol, 37%.

[PPh,J[B;Hg]. This compound was prepared under argon atmosphere,
using Schlenk line techniques and dry solvents. [PPh,],[B,H;] (0.10 g,
0.14 mmol) and NEt; - HCI (0.10 g, 0.70 mmol) was placed in a flask under
an argon atmosphere, and 20 mL of dry MeCN was added under stirring.
The solution was stirred for 15 min, and then the solvent was removed in
vacuum. Twenty milliliters of dry MeCN was added again and removed
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after 15 min of stirring. The resulting faintly yellow solid was dried in
vacuum overnight. A 100 mL portion of H,O was added, and the
suspension was stirred for 15 min. The solid was separated, washed again
with S0 mL of H,O, and dried in vacuum. Yield: 0.06 g, 0.13 mmol, 93%;
(Yield based on NMR data 100%).

[PNP]5[B;H;]. [PPh,],[B-H;] (0.23 g, 0.30 mmol) in 40 mL of
CH,Cl, and 1 mL of NEt; was added to a solution [PNP]Cl (0.34 g, 0.60
mmol) in 20 mL of CH,Cl, and 1 mL of NEt;. The reaction solution was
evaporated to dryness, and the resulting solution was treated with 1 g
K,COj; in 100 mL of H,O. The suspension was stirred for 30 min, the
yellow solid was separated, washed three times with 20 mL of H,O, and
dried in vacuum. Yield: 0.35 g, 0.30 mmol, 95%.

[PNPI[B;Hg]. This compound was prepared under an argon atmo-
sphere, using Schlenk line techniques and dry solvents. [PNP],[B,H,]
(0.16 g, 0.14 mmol) and NEt; - HCI (0.10 g, 0.70 mmol) were placed in a
flask under an argon atmosphere, and 20 mL of dry MeCN was added
under stirring. The reaction solution was stirred for 15 min, and the
solvent was removed in vacuum. Twenty milliliters of dry MeCN was
added again and removed after 15 min of stirring. The resulting faintly
yellow solid was dried in vacuum overnight. A 300 mL portion of H,O
was added, and the suspension was stirred for 15 min. The solid was
separated, washed again with 250 mL of H,O, and dried in vacuum.
Yield: 0.08 g, 0.13 mmol, 93%; (Yield based on NMR data 100%).

Chemicals. All chemicals were obtained from commercial sources.
Solvents were dried by distillation and stored in flasks equipped with
valves with PTFE stems (Young, London) over molecular sieves (4 A)
under an argon atmosphere. Cs[B3Hg]*" and Cs,[BoHo]* were prepared
according to a known procedures.

Crystal Structure Determination. Crystals were centered
on an Oxford Diffraction Gemini E Ultra diffractometer, equipped with

Scheme 1. Synthesis of [B,H,]>", Starting from Na[BH,];
Literature: Step I, 1, Step 111, IV,* and Step V, VI, VII, and
vir’

I. BF3-Et;0, A . A
1. CsCl IV. Rexyn 101 (H), NaCl(aq)
Na[BH,]—— - —= Cs[B3H] % Nay[BgHg]
V. %2 VII. sodium ion-
VI. CsOH exchange column VIil. O,
Ak LN itk Ll
% Cs[BgHsl yield not given Nap[BgHg] T%>052[B7H7]
Ba:
B,/ ~J

9

Figure 1. Labeling of the positions of the [B,H,]*" and [B,H] .

a 2K x 2K EOS CCD area detector, a four-circle ¥ goniometer, an
Oxford Instruments Cryojet, and sealed-tube Enhanced (Mo) and the
Enhanced Ultra (Cu) sources. For the data collection, the Cu source
emitting monochromated Cu Kat radiation (4 = 1.54184 A) or Mo Ko
radiation (4 = 0.71073 A) were used. The diffractometer was controlled by
the CrysAlisPro Graphical User Interface (GUI) software.”® Processing of
the raw data, scaling of diffraction data, and the application of an empirical
absorption correction was completed by using the CrysAlisPro program.**

Crystallographic data for [N(n-Bu,)],[B,H,] (CCDC-801375),
[PPh,],[B,;H,] - CH,Cl, (CCDC-801377), [PPhy],[B,H,]-1.36CH;CN
(CCDC-801376), [PNP],[B,H,]-3CH;CN (CCDC-801373), [p-PhsP-
CgH,PPh,][PPh,],[B,H,],-6.5H,0 (CCDC-801378), [N(n-Buy)]-
[B,H,] (CCDC-801374), and [PNP][B,Hg] (CCDC-801372) have been
deposited with the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained on request
from www.ccde.cam.acuk/data_request/cif; (Fax +44—1223—336—033,
E-mail: deposit@ccdc.cam.ac.uk).

NMR. A Bruker ARX III 600 spectrometer (600.13 MHz for 'H and
192.55 MHz for ''B) and dichloromethane-d, as solvent were used. External
standards are SiMe, (6('H) = 0 ppm) and BF;+ OEt, (6(''B) = 0 ppm).

Theoretical Calculations. Quantum chemical calculations were
performed to support the experimental results. Density functional
theory (DFT) calculations®® were done with the B3LYP-Method.>'
The 6-3114+G(d,p) basis set was used as implemented in the Gaussian03
program suite.** The shielding constants (GIAO)**"** and the coupling
constants were calculated as described in the literature.**~* Intrinsic reaction
path (IRC) calculations were performed for all transition states.*#**

Il RESULTS AND DISCUSSION

Synthesis. Oxidation of Na,[BoHo] in dimethoxyethane with
oxygen results in [BgHg]* > as main product, whereas the oxi-
dation of [N(n-Buy)],[BoH,] in a mixture of dimethoxyethane/
CH,Cl, gives [B;H,]*" as main product (Scheme 2).

Other closo-borates, for example, [B,Hi, 1?7, [BioHio)*,
[B¢Hs)* /[BeH,] ~, and the until now unknown species [B,Hg]
were observed in the NMR spectrum of the crude product mixture
after treatment of a solution of [N(n-Buy)],[BoHy] with oxygen in
dimethoxyethane/CH,Cl, for 10 min (Figure 2). Dissolving [N(n-
Buy)]5[BoHy] in a mixture of dimethoxyethane/CH,Cl, (1.75: 1) is
accompanied by a light red coloration of the solution. Oxygen is
bubbled through the solution for 30 min. After 3 min the solution
becomes intensively red, and after 6 min a nearly black solution is

Scheme 2. Synthesis of [B,H,]*~, Starting from Na[BH,];
Literature: Step I, II' and Step IIL,* Step IV—VI This Work

|. BF3-Et,O II. CsCl ura
Na[BH,] ————=5 Na[B3H Cs[BsH. Csy[BgH
a[BH,] 1% [B3Hg] 75% [B3Hg] 5% so[BgHol
V. [N(n-BuJJHSO, V.0,
NaOH VI. [PPhy]CI
= .+ [N(n-B BgH PPh,),[B7H
100% [N(r-Buy)]2[BgHg] 7% [PPhy]2[B7H7]
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Figure 2. "'B{'H} NMR-spectrum of the reaction mixture in CD,Cl, at 300 K.
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Figure 3. ''B and "'B{'H} NMR spectra of [PPh,],[B,H;] in CD,Cl,.
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Figure 4. "B NMR spectra of [B;Hg] ™ in CD,Cl, at various temperatures.

Table 1. Calculated and Experimental NMR Data for [PPh,],[B,H,] (at 300 K) and [PPh,][B-,H,] (at 233 K), Measurement in

[PPh,],[B7H;] [PPh,][B;H;]
experimental calculated” experimental” calculated”

S(*'B), ppm 0.7 {110}, B2—B6 —4.6 {117} 10.8 {136}, BS 11.9 {138}
{1("'B,'H), Hz}, —22.8 {124}, B1, B7 —29.1 {114} 5.4 {140}, B4, B6 2.6 {137}

—2.7 {141}, B2, B3 —4.0 {134}

—14.5 {142}, B1, B7 —14.3 {137)°
O("H), ppm H2—H6, 3.47 3.48 H2, H3 4.01, t {11 H4, H6 } 4.24 {10}
{7('H,'H), Hz}, H1, H7, —0.95 —0.65 HS, 3.96, s, br 4.40

H4, H6, 3.87, s, br 4.11

HS8, 0.90, t {16 H2, H3} 0.01 {14}

H1, H7, —0.46, s 0.06°

“GIAO//B3LYP/6-311++g(d,p), referenced against BF;- OEt, (6(*'B) = 0 ppm) 6(*'B) = 101.63 - o(*'B) and Me,Si 0('H) = 0 ppm), ('H) =
31.97 - U(IH). ¥ For more details see the Supporting Information. CAveraged values for B1/B7 and H1/H7.

obtained. Within the next 15 min the solution is almost decolor- conditions the closo-borate [B,H,]*" is stable in water; that allows
ized resulting in a slightly yellow color. Basic water is added, and the separation of the various closo-borate. Tetrabutylammonium
the organic solvents are removed in a vacuum. Under basic salts of [BgHy]*~ and [B-H-]*~ are soluble in water; in contrast to
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Figure 5. 'H{''B} NMR spectrum of [B,Hg] ™ in CD,Cl, at 233 K.
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Figure 6. ''B NMR spectra of the mixture of [B;H,]*>~ and NEt;- HCl in CD,Cl, at various temperatures; « = [B;H,]>~, " = [B,Hg] .

this [B;,H;,]>~ and [B,oH;o]? " are insoluble. Both borates,
[BeHs]>™ and [B,H,]*", are converted to the corresponding
tetraphenylphosphonium salts with [PPh,]Cl Extraction of the
closo-borates with CH,Cl, and removal of the solvent under vacaum
results in a yellow solid. Washing with acetone leads to pure
product: [PPh,],[BgHs], [PPh,][BH], and excess [PPh,]Cl are
soluble in acetone whereas [PPh,],[B,H-] is insoluble. In contrast
to the known procedure using Na,[BgHjg] as starting material the
isolation of salts of the [B,H,]*" anion in yields as high as 37%
starting from [N(n-Buy)],[BoHo] is possible. The overall yield is
7%, this is about 900 times better than the published synthesis.

The cation exchange with Bis(triphenylphosphine)iminium
chloride ([PNP] Cl)46 to yield [PNP],[B,H,] is performed under
basic conditions in CH,Cl,. The organic solvent is removed in a
vacuum and the resulting yellow solid is washed with basic water to
remove excess of [PNP]CL Stirring of M,[B,H;] in CH,Cl, and
DBU (DBU = 1,8-Diazabicyclo[ 5.4.0Jundec-7-ene, a strong base),
leads to a very slowly reaction from [B,H,]*" to give 2-[B;H4Cl] >

Protonation of M,[B,H,] (M = PNP*, PPh, ") with NEt;-
HClin MeCN leads to [B,Hg] ™ (see also eq 1). The deep yellow
color vanished immediately after addition of NEt;-HCI in
MeCN to a solution of M,[B;H,] in MeCN. Removal of the
solvent in vacuum and washing with water gives M[B,Hs] in
quantitative yield as colorless solid. Slow diffusion of Et,O (Et,O
= diethyl ether) into a saturated CH,Cl, solution leads to
colorless crystals, which can be separated and dried to yield
M([B,Hg] in nearly quantitative yield.

NMR Spectroscopy. The NMR spectrum of the reaction
mixture after treating the solution for 10 min with oxygen is

2583

presented below (Figure 2) and shows the various closo-borates
and other boron compounds.

[BH)* (=153 ppm), [ByoH)> (—28.9, —0.8 ppm), and
[BeHs)* /[BsH,]~ (—13.7 ppm) as well as traces of [BgHg]*~
(—6.0 ppm) are observed. In addition, the closo-borate [B,H,]*"
(0.8, —22.7 ppm) and the monoanion [B,Hg] ™ (—14.2 ppm, for
the two axial atoms) can be assigned.

The ''B NMR spectrum of the yellow [PPhy],[B,H;] shows
two doublets with relative intensities of S and 2 (Figure 3). These
data are consistent with a pentagonal bipyramid, which is in
agreement with the results of the crystal structure analysis.

The spectrum of the [B,H,]*>~ anion depicted in Figure 3 is in
agreement to the data described in the literature.> The "B NMR
spectrum of [B;Hg]~ shows at room temperature only one doublet
and very broad signals between —3 ppm and 12 ppm. Four doublets
can be observed if the solution is cooled down (Figure 4). At 273 K
the equatorial boron atoms of the pentagonal bipyramid of [ B;Hg]
are visible in the "B NMR. At 253 K three well resolved doublets
with intensities of 2:2:1 are determined at —2.7, 5.5, and 10.8 ppm.

The rotation of the additional proton around the S equatorials
boron atoms in solution can be “frozen” at lower temperatures.
This confirms the shown spectra above. The oscillation of the
bridging proton upward and downward to the five ring could not
stopped, which indicates the doublet at —14.5 ppm and the
missing further split-up for the axial boron atoms.

At 233 K each proton of [B,Hg] ™ in "H{''B} NMR spectra
can be assi§ned. The data are summarized in Table 1, and details
of the 1H{ 1B} NMR spectra are presented in Figure S (for more
details see the Supporting Information).
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Table 2. Crystallographic Data for [N(n-Buy)],[B,H-] (1), [PPh,],[B,H,]: CH,Cl, (2), [PPh,],[B,H,]1.36CH;CN (3),
[PNP]z[B7H7] * 3CH3CN (4), and [P'Ph3PC6H4PPh3:| [PPh4]2[B7H7]2 : 6.5H20 (S)

1
temperature, K 110
space group P2,/n (No. 14)
color colorless
a, A 10.4637(13)
b A 51.163(3)
¢ A 21.884(3)
o, deg 90
B, deg 95.632(10)
¥, deg 90
cell volume, A* 11659(2)
V4 12
density (calculated), g cm* 0.970
absorption coeffizient, mm ™" 0.367
wavelength, A 1.54184

329 < 0 < 45.04
97.9%/44.5°/1.1 A

measured ©-Area, deg
completeness to 6/d

reflections:measured/independent/observed.[I > 20(I)] 12984/a/6942
R(int)/R(0) a/0.1387

various parameters/restraints 1109/801
goodness-of-fit on F*/restrained goodness-of-fit 0.994/0.983

R, observed/all 0.1074/0.1790
wR, 0.3067

largest diff. peak and hole, e A™> 0.378 and —0.303
a b’ 0.1832/0.00
CCDC 801375

2 3 4 5°
150 150 150 150
P1 (No.2) P1 (No.2) P2,/n (No. 14) PT (No.2)
yellow yellow yellow yellow
10.9142(3) 11.5410(5) 10.51780(6) 13.0797(6)
12.2269(4) 12.8777(6) 49.7055(3) 13.6258(7)
18.6005(5) 16.0317(4) 13.58759(7) 14.3517(4)
78.570(3) 84.993(3) 90 105.425(4)
81.762(2) 73.140(3) 95.3820(5) 95.202(3)
72.257(3) 87.575(4) 90 117.582(5)
2308.06(12) 2271.18(15) 7072.17(7) 2115.89(16)
2 2 4 1
1219 1.195 1.207 1.231
0.245 1.134 1.364 1.284
0.71073 1.54184 1.54184 1.54184
300<60<2984 345<60<6112 339<60=<6637 330=0=<6126
99.8%/26.4°/0.8 A 98.5%/58.9°/0.9 A 99.6%/65.1°/0.85 A 99.8%/58.9°/0.9 A
18297/10862/9046 11550/6729/5141 23294/12275/11534 10819/6375/5315
0.0163/0.0285 0.0171/0.0240 0.0156/0.0216 0.0179/0.0250
575/1 572/0 901/48 597/22
1.023/1.023 1.022/1.022 1.009/1.021 1.063/1.062
0.0416/0.0529 0.0396/0.0546 0.0403/0.0425 0.0328/0.0404
0.1076 0.1068 0.1088 0.0874
0.361 and —0.497  0.382and —0.259 0.382 and —0.259  0.326 and —0.321
0.0459/1.0734 0.0436/0.4675 0.0561/3.7717 0.0472/0.3756
801377 801376 801373 801378

“ Twins in agreement with (—100,0 —10,0.41 0 1), percentage of the second component 0.3003(16). bw=1/[ 0*(F.,2) + (aP)* + bP ], with P = (max

(F.2, 0) + 2F.*)/3. “Extinction coefficient: 0.00055(16).

Instead of this a protonation of [PPh,],[B,H,] with NEt;-
HCl in situ leads to some interesting results in the ''B NMR
spectra (eq 1 shows the formation of the monoanion
[B/Hs] ).

NEtz-HCI

—_—
———

[PPhy]2[B7H7] [PPh4][B7Hg] + [PPh4]CI + NEts Q)

The following investigation of the in situ generated [B;Hg] ™
anion in a solution of the [B,H,]*~ and NEt; - HCl in CD,Cl, by
NMR spectroscopy is summarized in Figure 6.

Because of the low solubility of Et;N+-HCI in CH,Cl, at low
temperatures the equilibrium of the dianion [B,H,]*~ with its
protonated form [B,Hg]  is shifted to the dianion as evident
from the "'B NMR spectra in Figure 6. The ''B chemical shifts
are in agreement with the reported values for C,, symmetry.”*
The NMR spectroscopic data of the compounds [PPh,],[B-H-]
and [PPh,][B,Hg] are summarized in Table 1 (for further details
see the Supporting Information). Assignment of the boron atoms
occurs with them in Figure 1.

Crystal Structures of Salts of the [B;H,]*~ Anion. Until
now the crystal structure of [(CsHsN),CH,][B-Br;] is the only
example for a closo-heptaborate that was structurally characterized.”’
However, in the sodium boride Na;B, closo-B; and -B¢ units were
observed."™* Structurally related compounds, which show a penta-
gonal bi?yramid, are, for example, closo-[CBsH,]  and its deriva-
tives,”>*" closo-C,BsH,>> (1,3-Diborolyl)ruthenium triple-decker
complexes™ and metalladicarboranes.>* The unknown and missing
crystal structure of [B,H-] >~ in the series of [B,H,,]*” (n=6—12)

2584

Figure 7. Structure of the [B;H,]*>" anion in [PPh,],[B,H;] - CH,Cl,
with 50% probability thermal ellipsoids for the B atoms.

of closo-borates was determined. Various attempts to crystallize
the anion [B,H,]*~ led to different crystals with different structures,
solvates, and polymorphs. Also various cations were used. An
overview is given in Table 2 (for more details see the Supporting
Information).
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Table 3. Overview on the Bond Length in the [B,H,]*~
Values

compound t, K
[N(n-Buy)1,[B;H;] 110
[PPh,],[B-H,] - CH,CL, 150
[PPh,],[B,H, ] 1.36CH,CN 150
[PhyPCH,PPh,][PPh,],[B,H,], - 6.5H,0O 150
[PNP],[B,H,]-3CH,CN 150
calculated”
calculated”

Ad(Bo—Beg)aw A° d(Beg—

1.821{2} (10)
1.821{2} (2)
1.816{2} (3)
1.819{4} (3)

Anion with Various Cations: Experimental (Averaged) and Calculated

Beq) av A

1.649{5} (10)
1.6518{10} (20)
1.643{7} (3)
1.651{3} (3)

1.8185{16} (20) 1.643{3} (2)
1.831 1.656
1.817 1.651

“B3LYP/6-311++g(d,p). bMPZ(FULL)/6-31G*.24 “Values on average, calculated with Origin 7G SR2 (v7.0394), in brackets: error of the

measurement; in curly brackets: statistical error.

Table 4. Crystallographic Data for [N(n-Bu,)][B,Hg] and [PNP][B,Hg]

temperature, K
space group
color

a, A

b A

¢ A

p, deg

cell volume, A®
Z

density (calculated), g cm >
absorption coefficient, mm ™"

wavelentgh, A

measured ©-Area, deg

completeness to 0/d

reflexes: measured/independent/observed.[I > 20(I)]
R(int)/R(0)

various parameters/restraints

goodness-of-fit an F?/restrained goodness-of-fit

R, observed/all

wR,

extinction coefficient

largest diff. peak and hole, e A™>

a, b*

CCDC

w=1/[ 6*(F,?) + (aP)* 4 bP ], with P = (max (F.% 0) 4 2F.>)/3.

[N(n-Buy)][B;Hs] [PNP][B;H;]

100 150

P4, (No. 76) P2,/c (No. 14)

colorless colorless

10.9833(3) 13.13263(11)

10.9833 19.66419(16)

37.4965(11) 13.54186(10)

90 90.2086(7)

4523.3(2) 3497.06(5)

8 4

0.958 1.182

0.049 1.314

0.71073 1.54184

329 < 0 =< 2861 337 <0 <6249

99.6%/26.4°/0.8 A 99.9%/62.4°/0.87 A

16309/9879/8515 18317/5557/5109

0.0218/0.0372 0.0199/0.0177

462/8 463/0

1.014/1.013 1.051/1.051

0.0563/0.0672 0.0331/0.0360

0.1508 0.0902
0.00033(6)

0.292 and —0.206
0.0728/1.4977
801374

0.292 and —0.298
0.0442/1.1698
801372

[N(n-Buy)],[B;H;] (Scheme 2, step V) crystallized from
water under basic conditions as colorless small needles (for
more details see the Supporting Information). Hence, all data
sets measured, even with Cu K, X-ray, were of relatively poor
quality.

Yellow crystals of [PPh,],[B,H;] - CH,Cl, were obtained by
diffusion of Et,O into a solution of [PPh,],[B,H-] in CH,Cl,,
and a view of the anion is shown in Figure 7.

Crystals of [PPh,],[B,H,]-1.36CH;CN were obtained by
diffusion of Et,O into a solution of [PPh,],[B,H;] in CH;CN.

After addition of [p-PhsPC4H,PPh;]Br,> in water to [PPh,],-
[B,H-] in acetonitrile and evaporation of the acetonitrile [p-Phs-
PC¢H,PPh;][Ph,P],[B,H;],+ 6.SH,O crystallized from the mother
liquor at 276 K.

Crystals of [PNP],[B-H,]-3CH3;CN were obtained by diffu-
sion of Et,O into a solution of [PNP],[B,H,] in CH;CN.

All measured crystals show comparable bond lengths for

the anion, as evident from Table 3. The averaged bond lengths
derived for the [B 7H7] anion are in agreement to an idealized
anion with Dy, symmetry. This is in agreement to theoretical
data as listed in Table 3 (for more details see the Supporting
Information).

Crystal Structures of Salts of the [B;Hg]™ Anion. The
protonated anion [B,Hg] ~ was crystallized with different cations
and studied by single-crystal X-ray diffraction resulting in differ-
ent structures, solvates, and polymorphs. An overview on the two
structures of highest quality is presented in Table 4 (for more
details see the Supporting Information).

Crystals of [PNP][B,H;] and [PPh,][B,H;] were obtained by
diffusion of Et,O into a solution of [PNP][B-,Hg] or [PPh,][B,H;s]
in CH,Cl,, respectively. [PNP][B-Hg] and [PPh,][B,Hg] were
prepared as described in the Experimental Section.
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Figure 8. Structure of the [B;Hg] ™ anion in [N(n-Bu,)][B,Hg] with
50% probability thermal ellipsoids for the B atoms.

Table 5. Bond Lengths in the Anions in [N(n-Bu,)][B,Hg]”
d A anionl anion2 average values’ calculated® calculated”

B,—B,, 2.024(4) 2.003(4)

B,—B, 2032(4) 1997(4) 2.014{8} 2.086 2.032
B,—B, 1.763(3) 1.764(4)
BB, 1757(4) 1765(3) 1.762{2} 1.754 1.748
B,—Bs 1.778(4) 1.775(4) 1.777{2} 1.779 1.778
B,—B, 1.820(4) 1.803(4)
B—B, 1836(4) 1828(4) 1.822{7} 1.805 1.798
B,—B, 1.809(4) 1.816(3)
BB, 1808(3) 1.802(4) 1.809{3} 1.841 1.827
B,—Bs 1.777(3) 1.797(4) 1.787{10} 1.802 1.799
B,—B; 1.715(4) 1.686(5) 1.701{15} 1.74S 1.724
B,—Bs 1.647(4) 1.633(4)
Bi—B, 1650(4) 1625(4) 1.639{6} 1.678 1.673
B,—Bs 1.635(4) 1.640(4)

1.639{1} 1.646 1.638

Be—Bs 1.640(4) 1.640(4)
“ Labeling, see Figure 1. b Calculated with Origin 7G SR2 (v7.0394), in

brackets: error of the measurement; in curly brackets: statistical error.
B3LYP/6-311++g(d,p). MP2(FULL)/6-31G***

A mixture of [N(n-Buy)][B,Hg] and [N(n-Bu,)][BgH,] was
prepared by the addition aqueous HCI (conc.) at 273 K to the basic
reaction solution after removal of the organic solvents and separation
of [B,H,]*™ and [ByoHio]* (Scheme 2, step V). [N(n-Buy)]-
[B,Hg] and [N(n-Bu,)][B¢H,] precipitated as colorless solids and
were dried in vacuum. Crystals of [N(n-Buy,)][B,Hg] were ob-
tained by diffusion of Et,O into a solution of the aforementioned
mixture in CH,Cl,. In the structure of [N(n-Buy)][B,Hg] two sym-
metry independent anions and cations are found. Anion 1 has smaller
thermal ellipsoids, and the bond lengths between B1—B2 and B1—B3
are slightly longer compared to anion 2. A view of this anion 1 is
shown in Figure 8.

The bridging proton was found, as expected, in the residual
electron density as the strongest peak near B2 and B3. Those
boron atoms show the longest bond distance for the equatorial
boron atoms. The distances between B1—B2 and B1—B3 are the

Table 6. Differences of Bond Lengths in [N(n-Bu,)][B,H;g]
and [N(n-Buy)],[B,H;]

d A [N(n-Buy)][B,Hg " A (d,A)°
B,—B,, B,—B; 2014 0.193
B,—B,, B,—Bs 1.762 —0.059
B,—Bs 1.777 —0.044
B,—B,, B,—B; 1.822 0.001
B,—B,, B,—By 1.809 —0.012
B,—Bs 1.787 —0.034
B,—B; 1.701 0.052
B,—Bg, B;—B, 1.639 —0.010
B,—Bs, B¢—Bs 1.639 —0.010

“Values on average, calculated with Origin 7G SR2 (v7.0394. © Differ-
ence of bond length of [N(n-Bu,)][B;Hg] and [N(n-Buy)],[B,H;].

AE, kJ/mol

6 5

0

Figure 9. Correlation of minima and transition states of the monoanion
[B,Hg] , labeling see Table 7 (for more details see the Supporting
Information).

longest ones in the anions. In Table 5 the bond lengths of the
anions in [N(n-Bu,)][B,Hg] are summarized.

The bond length between B2 and B3, where the bridging
proton is located, significantly differs from the bond lengths of
the deprotonated form of the B,-cluster (for B2—B3 in [B,Hg] ™~
1.701 A; and for B2—B3 in [B,H,]*" 1.649 A). The bonds be-
tween B1—B2 and B1—B3 are with 2.014(8) A very long. In
comparison, the bond distances in the [B-H-]*~ anion between
axial and equatorial boron atoms are 1.821(2) A. An overview of
the differences in the bond lengths is shown in Table 6.

Some of the bonds in [B,Hg] ™ are shorter than in [B;H,]*~
(in Table 6 marked with “—*). This effect is most markedly for
the bonds between B1—B4 and B1—B6, which are shorter by
0.059 A compared to those in the [B,H,]*” anion. In summary,
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Table 7. Minima and Transition States of [B,Hg]

No. P.G. n AE,” k] /mol AE;or,! kJ/mol
0 C, 10 0 0
1 Cyy 5 10.4 9.3
2 C, 10 61.2 54.1
3 C 10 62.7 558.7
C,, S 66.5 57.8
S C,, S 14S8.1 130.6
6 C, 10 146.8 131.3
7 C 10 146.9 131.2

“n = number of minima/transition states in the cluster.
6-31G*//6-31G*+ZPE(3-21G).**

AE," kJ/mol AEy." kJ/mol cd comment

0 0 445, C, (2)

10.5 10.5 b44, C,, (3) equalize B,
equalize B,
equalize Bq
substitution Heq

80.8 724 b4s, C, (4) equalize Bq

69.9 623 v4, Cy, (5) equalize B,
equalize B.q
substitution Heq
equalize B,
substitution Heq

173.6 160.2 v, C (6) equalize B.q

substitution H,,

substitution H,,

"B3LYP/6-311++g(d,p), this work.  MP2(frozen core)/6-31G*//6-31G*** “ MP2(EC)/

Ardeh
M S g’

i, Ju— ™ __‘M
Aol e Yooy lgust

ppm_

0.0 -10.0

-15.0 -20.0

Figure 10. "'B NMR spectra of Na,[B,H,] in D,O under basic conditions (top) and after 3 h under neutral conditions (bottom).

the pentagonal bipyramid is expanded at B1B2B3 and com-
pressed at BIB4BS and B1B5B6 upon protonation.

Theoretical Aspects. The calculations presented herein for
[B,H,]* and [B,H;]  are in close agreement to earlier studies
(Table 7 and the Supporting Information).** In Figure 9 the
minima and the transition states depending on the relative energy
differences are depicted (for the calculated structures see the
Supporting Information).

The dynamic behavior of [B;Hg] ~ in solution as evident from
the NMR spectra in Figure 4 is in agreement with the small
activation energies for the transition states 1—4 as depicted in
Figure 9. Hence, the two axial boron atoms as well as the five
equatorial boron atoms are NMR spectroscopically equivalent at
room temperature. Already at 273 K the five B., show 3 doublets
with an intensity of 2:2:1. In this case the migration of H,, around
the five membered ring stops. The signal of the two B,, shows
even at 213 K no further split-up. The flapping of H,, upward and
downward to the fivering cannot be frozen out, because the
transition state 1 is only 10 kJ/mol higher in energy than the
ground state. The transition states 2 and 4 allow a substitution of
H, and H.y. An exchange of H, and H,, is possible via the

2587

transition states 6 and 7, but these states are, in comparison to the
transition 2 and 4, high in energy, as shown in Table 7.

The calculated transition states were supported by substitution
experiments of H against D in aqueous medium. [PPh,],[B,H]
was dissolved in CH,Cl,/NPr; and a 0.1 M NaOH solution was
added. Na[BPh,], in 1.0 M NaOH was added, and after filtration
the aqueous layer was separated. K,CO3; was added and after filtra-
tion of K[BPh, ] the aqueous solution was evaporated to dryness. In
D,0, under basic conditions, no substitution of H and D was ob-
served (Figure 10). After neutralization with CO, (=~ pH 7), a
substitution of the five equatorial H atoms by D atoms was observed
after a few hours.

For the five equatorial boron atoms a signal without coupling
to H at pH 7 was observed. The two axial protons do not show a
substitution from H to D as evident from the ''B NMR spectrum.
At pH 7 in aqueous solution an equilibrium between [B,H,]*~
and [B;Hg]  exists, as depicted in eq 2.

[B,H,12~+ HyO* [B7Hg]™+ HoO

€5

The selective substitution of the § B.q is in agreement
with the theoretical results. The substitution of B, is not

dx.doi.org/10.1021/ic102434t |Inorg. Chem. 2011, 50, 2680-2589
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observed, because the transition states 6 and 7 are too high in
energy.

B CONCLUSIONS

We have developed an improved synthesis for salts of the
dianionic closo-cluster [B,H,]*". The monoanion [B,Hg] ™ is
easily prepared from the dianion in quantitative yield. Both com-
pounds were characterized by NMR spectroscopy. The dynamic
NMR behavior of [B;Hg]  was analyzed and compared with
theoretical calculations. Experimental data are in agreement with
calculated values. Structures of [B;H,]*~ as well as [B;Hg] ™ with
various cations were determined by single X-ray diffraction. The
structure of [B,H,]*" fills the gap of published structures in the
series of closo-hydro-borates [B,H,,]*” (n=6—12). Currently, we
are exploring the chemistry of the [B;H] >~ anion as a starting
material for the preparation of larger anionic boron clusters.

B ASSOCIATED CONTENT

© Supporting Information. NMR spectra for starting ma-
terial and more details about the crystal structures and the cal-
culations. This material is available free of charge via the Internet
at http://pubs.acs.org.
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