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The 12-vertexclosophosphaborane 1,7:8::Cli (1) has been prepared in low yield from the pyrolysis reaction

of B,Cls with PCh at temperatures above 400. A single-crystal X-ray structure determinationlofmonoclinic

space groufP2;/n with a = 9.239(2) A,b = 16.786(3) Ac = 15.739(3) A8 = 93.25(3}, andZ = 4) confirmed

that, consistent with its 26 skeletal electron count, the phosphaborane adopts a distorted icosahedral structure
with the phosphorus atoms in the 1,7-positions. Crystald obntain toluene in a 1:1 molar ratio embedded
between each P atom of neighboring cluster molecules. Alteration of the pyrolytic conditions resulted in the
formation of the phosphaboranesBgCls (2) and BBgClg (3), which were characterized spectroscopically.
Copyrolysis of BCl, with a mixture of PCJ and AsC} at 450°C generated the six-vertex arsaphosphaborane
AsPB,Cl, (4) and traces of the icosahedral arsaphosphaborane /SR8 These compounds are examples of
heteroboranes which contain two different group-15 atoms within a single molecule.

Introduction [7,8-P.BgH10] ~.1% In this laboratory we have synthesized the

Since the discovery of the first carboranes in 19é&ctron- perhalogenated closo species 1;B/X,4 (X = Cl or Br) by
counting ruledand isoelectronic/isolobal principfésave guided ~ copyrolysis of BX, and P at 330°C*#Pand have established
the syntheses of a wide range of boranes incorporating not onlythe structure of the chloro compound by single-crystal X-ray
carbon but also other main group elements into their cluster diffraction analysis:'2 This synthetic approach has also led to
frameworks? Phosphorus-containing polyhedral boranes have the synthesis of new polyhedral boranes with cafBamsenic,3°
been reported in quite a number, and the scope in structural@ntimony?3® sulfur,3* or seleniurd* occupying the heterover-
diversity found for these compounds ranks the phosphaboranedices. We now report the extension of this method to the
among the most extensively developed classes of heteroboranesgynthesis of several new perchlorinated phosphaboranes and
Common examples are phosphaboréreesd -carboranésin mixed arsaphosphaboranes.
which the cage-inserted phosphorus atoms are attached to a
exopolyhedral group and thereby donate four electrons to the
cage-bonding. In contrasiosadiphosphaboranes of the general Instrumentation. B NMR (80.25 or 160.46 MHz) an&P NMR
formula RBnR, are rare in which each phosphorus atom (101.26 or 202.46 MHz) spectra were recorded on a Bruker WM-250
possesses an exopolyhedral lone pair of electrons and thugnd a Bruker AM 500. All'B chemical shifts were referenced to
contributes three skeletal electrdrihey are of special interest ~ €xternal Bi-O(CzHs)z, P chemical shifts to external 85%#P10; with
since they can be seen as the phosphorus analoguesotdsbe
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Crystal Structure o€tloso1,7-RB1¢Clio

a negative sign indicating an upfield shift. High- and low-resolution
mass spectra were obtained on a Finnigan MAT 8230 (70 eV)- GC

MS spectra were obtained on a Hewlett-Packard 5971. Each compound
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Table 1. NMR Data for Phosphaboranéds-4

exhibited a strong parent envelope whose intensity pattern was
consistent with the calculated spectrum based on natural isotopic
abundances.

General Procedures and Materials. All manipulations were

conducted using standard high-vacuum or inert atmosphere techniques

as described by Shrivé?.The solvents were reagent grade, dried and
purified according to standard procedures. Phosphorus trichloride,
arsenic trichloride, and boron trichloride were freshly vacuum-distilled
before use. Diboron tetrachloride was prepared by cocondensation of
BClz with copper vapor onto cooled walls- 196 °C) of a reactor similar
to that described by Timmi$. After repeated fractionation, Bl,
exhibited a vapor pressure at’G of 44 Torr.

Synthesis ofclosa1,7-P.B1oClio (1), P4BsCle (2), and P:BsClg (3).
In a typical reaction, 4.9 g (30 mmol) of,:Bl, and 1.03 g (7,5 mmol)
of PCk were condensed in vacuo into a 500 mL round-bottomed flask
equipped with a seal constriction and a break-seal joint. After sealing,
the flask was removed from the vacuum line and heated in an oven at
400 °C for 1 h. The flask was allowed to cool to room temperature
over a period of 20 h, resulting in an ochre solid deposited on the walls
and partly suspended in colorless liquid. After opening to the vacuum
line, all volatile compounds were vacuum-evaporated &€ @nd the
remaining residue was extracted five times with 10 mL of 86fo a
separate 50 mL flask. The extractant B@kas evaporated at T and
the residue fractionated by sublimation in vacuo to giv&sal < 45
°C 70 mg of BB4Cls, at Tsuy 45—85 °C 110 mg of a mixture containing
P.B4Cla, PsBsCls (2), and BBsCls (3), and after repeated fractionation
at Teup > 85 °C 60 mg of pure BB1oClio (1), each fraction as white
solid. Data forl are as follows. Mp> 230°C; MS, m/z (rel int): 524
(100, M"); 407 (21, [M — BClg]™); 290 (26, [M — 2BCl3]*). Exact
mass calcd fof'P,1'B1¢*°Clig: 521.72911. Found: 521.73376B NMR
(ppm, CDC}, 160.46 MHz): 7.6 (B5,12), 1.9 (B4,6,8,11), 0.7 (B9,10),
—2.0 (B2,3).3'P NMR (ppm, CDC{, 101.26 MHz): —123 ppm. Data
for 2 are as follows. MSpvz (rel int): 423 (100, M); 306 (17, [M—
BCl3]"); 258 (27, [M — P,B3Cl;] ™). Exact mass calcd fot'P, 'Bg-
35%Cle: 421.78261. Found: 421.77614B NMR (ppm, rel int, CDC},
160.46 MHz): 24.8 (3B), 15.9 (1B¥*P NMR (ppm, CDCJ, 101.26
MHz): —182 ppm. Data foB are as follows. MSnvz (rel int): 432
(100, M"); 350 (42, [M — BCl3]*); 315 (76, [M — BCls]*). Exact
mass calcd fof'P,1Bg**Clg: 429.77279. Found: 429.7793%B NMR
(ppm, CDC}, 160.46 MHz): 8.7.3'P NMR (ppm, CDCJ, 101.26
MHz): —195 ppm.

Formation of close1,2-AsPBCl, (4). B.Cls (1.11 g, 6.8 mmol)
and a mixture of 0.12 g of P€{0.9 mmol) and 0.16 g (0.9 mmol) of
AsCl; were condensed in vacuo into two separate 200 mL round-

bottomed flasks connected by a tube. After sealing, the apparatus was, ,

held far 1 h at 450°C and allowed to cool to room temperature over
a period of 20 h. Workup was done as described above and gave
total of 50 mg of raw sublimate. Crystallization in an evacuated, sealed
tube at 300°C afforded, after slow cooling, orange crystals ofCB

(15 mg) which could be separated from the amorphous, white solid
containing BB4Cls, AsPB,Cl4 (4), and AsB.Cls. Equal amounts of 15

mg each of BB4Cl, and4 could be separated by slow sublimation at
0 °C in vacuo from 5 mg of Ad34Cl4 remaining as residue, bubB-

Cls and 4 could not further be fractionated by sublimation at lower
temperatures:—20 °C was too cold for sublimation, and very slow
sublimation at-13 °C still afforded only both components in mixture.
Appropriate conditions for thermal crystallization yielded crystals of
P.B4Cls and 4, but the latter were not suitable for X-ray diffraction.
Data for4 are as follows. MSpvz (rel int) 292 (100, M); 209 (5, [M

— BCly]™); 174 (85, [M— BCl3] ™). Exact mass calcd foPASPHB,-
35Cly: 289.80799. Found: 289.81263B NMR (ppm, CDC}, 160.46
MHz): 24.8 (2B), 7.0 (2B)3P NMR (ppm, CDC}, 202.46 MHz):
—169 ppm. The NMR data for the new phosphabordre$ are given

in Table 1.

(15) Shriver, D. F.; Drezdon, M. AThe Manipulation of Air-Sensite
Compounds2nd ed.; John Wiley & Sons: New York, 1986.
(16) Timms, P. LAdv. Inorg. Chem. Radiochem972 14, 121-171.
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compd 1B, ppm (assgn or rel areas) 3P, ppm
1,7-PB1Clio (1) 7.6 (B5,12), 1.9 (B4,6,8,11),  —123
0.7 (B9,10),—2.0 (B2,3)
P4BsCls (2) 24.8 (3B), 15.9 (1B) -182
1,10-RBCls (3) 8.7 —-195
1,2-PAsBCl4 (4) 24.8 (B4,6), 7.0 (B3,5) —169

Table 2. Crystallographic Data focloso1,7-P.B1oCligCeHsCHs

empirical formula GHgB10Cl1gP2
fw 616.67
cryst size (mm) 0.38,0.42,0.20
cryst syst monoclinic
space group P2:/n (No. 14)
a, 9.239(2)
b, A 16.786(3)
c, A 15.739(3)
f, deg 93.25(3)
vV, A3 2437.0(8)
z 4
Deaics g CNT3 1.681
T,°C 20
w(Mo Ko, cnmrt 1.272
LA 0.71073
20 max deg 56
no. of indep reflns 5893
no. of obsd refinsi(> 2o(1)) 3431
R (obs} 0.0670
R (all) 0.1276
Ry (obs) 0.1567
Ry (all) 0.1812
largest diff peak and hole, efA 0.12

AR = J[Fo| = [Fell/X[Fol- Ry = [T[W(Fo* — F&)7/ 3 [W(Fo?)T] V2

X-ray Structure Determinaton of 1,7-P,B1¢Clio (1). Crystals
suitable for X-ray diffraction were obtained from a 30 mg sample of
1, which initially was dissolved in 2 mL of toluene. After removal of
the toluene in vacuo, 2 mL of-pentane was added to the solid, which
only scarcely dissolved. By slow evaporationmrepentane at-10 °C
under an argon stream, colorless crystalsd@sHsCHs precipitated
within several days. Apparently, toluene exhibits specific lattice
(electronic and/or steric) affinity towart], leading to an appropriate
molecular pattern suitable for crystal packing. The colorless crystals
were sealed in thin-wall glass capillaries under an argon atmosphere.
The unit cell parameters were acquired by least-squares refinement of
the angles 2 (18—24°) for 27 well-centered reflections collected at
20°C on a Siemens P4 diffractometer using graphite-monochromatized
o Ka radiation ¢ = 0.71073 A;w scan technique). The Siemens
SHELXS-86 and SHELXL-93 software packages were used for solution
y direct methods, refinement, and diagrams of the structure. Details
of the data collection and structure determination are listed in Table 2.

Results and Discussion

New Phosphaboranes fB1¢Cl1o, P4BsCls, and P,BgClg. Our
initial study involved the thermal cage closure reaction of an
approximately equimolar mixture of.Bl, and PC} at 330°C
to the six-vertex phosphaborangBgCls.112 The presence of
ions in the mass spectrum indicative ofBeCls!'2 suggested
that this synthetic approach might be applicable to the synthesis
of larger phosphaborane cage systems. Following the thermal
conversion of neat £, to then-vertex boron monochlorides
BnCl, (n = 8—12) in which the sizen and the distribution of
products has been found to be sensitive to the temperature and
time of reaction under thermolytic conditions, we have reex-
amined the copyrolysis of &1, with PCk in a molar ratio of
5:1 at temperatures above 400, i.e., by employing reaction
conditions that should augment the amount of active BCI
moieties and thus increase the probability of forming larger
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and AsC} separately into the two flasks of a two-flask reactor,
and copyrolysis at 330C produces the six-vertex diarsaborane
closo1,2-AsB4Cls.132 Elevating the temperature to 45
results in the formation of the icosahedral diarsaborane 1,2-
As,B10Cli0 and a molecule with elemental compositionyBg
Cle.13° The formulation of this compound is postulated as the
conjunctearsaborane (A8,Cls),.13°

By adopting similar conditions to a copyrolysis of@, with
a mixture of AsC} and PC4 we have now obtained the new
mixed 6-vertex arsaphosphaboranes AgFIB(4) and—only in
traces-the 12-vertex AsPBClio. Based on the idealized eq 5,
the yield of4 was approximately 5%.

AsCl, + PCL, + 7B,Cl, —~ AsPB,Cl, + 10BCl,  (5)

Figure 1. Molecular structure of 1,74B1¢Clio (1) showing the atom- The elemental composition &f was confirmed by exact-

fnum?er_ing gcrpemed 'Lhe gudmbering o{}t&r;e b‘ér%” a(tjoms r|1as (%eer; omittedy 555 determination, and the 1,2-positions of the heteroelements
or clarity. Selected bond distances and bond angles (deg) are as i’ '
follows (estimated standard deviations in parentheses): B(@) could be clearly assigned Y8 NMR spectroscopy.

2.060(6), B(2)-B(3) 1.926(7), B(10}-B(12) 1.775(9), B(11}B(12) NMR Studies. The B NMR spectrum of compound
1.854(8), B-Payerage 2.0601 (total 10), B-Bayerage 1.8214 (total 20), consists of four resonances in a 2:4:2:2 pattern. This is consistent
B—Claverage1.7622 (total 10), €C(Cycllaverage1.373 (total 6), C(1) with the Cp, symmetry of an icosahedral molecule with two
C(7) 1.521(10), P(£}P(7) 3.538, B(2)-B(9) 3.497, CI(2)-CI'(10) equivalent heteroatom8B—11B COSY NMR spectroscopy was
3.508; B(2)-P(1)-B(6) 53.2(2), B(2)-P(1)-B(3) 55.8(2), B(10} applied in order to assighB resonances to specific boron nuclei

B(11)"B(12) 5?'1(3)’ B(4)B(3)~B(8) 58.3(3), P(1)yB(2)~B(3) 62.0- but also to differentiate between positional isomers. In contrast
(3), B(4)-B(9)—B(5) 62.3(3), B(4)-P(1)-B(6) 93.3(2), B(2)-P(1)- r ’ . )
B(4) 94.7(2), B(6)-B(10)—B(9) 109.1(4), P(1}B(6)—B(10) 113.9(3), ItO the 1,2-isomer, the 1,7-isomer (See Fl_gure_l for the number
B(4)—B(8)—B(7) 115.2(4), P(1}B(2)—P(7) 119.0(3). ing) has a boron environment (2,3) that is adjacent to only one
other boron type (4,6,8,11). The signal aR.0 ppm which
exhibits a cross peak only with the unique area 4 resonance at
1.9 ppm can therefore be assigned to B(2,3) and the latter, also
indicative from its integration, to B(4,6,8,11). The remaining
resonances at 7.6 and 0.7 ppm must come from either B(5,12)
or B(9,10). Both positions exhibit the same interboron linkages,
and thereforé’B—11B COSY NMR spectroscopy does not allow
2PCl + 13B,Cl, — P,B,Cl,, + 16BCl (1) one to assign theséB resonances unequivocally. On the other
hand, the bororphosphorus connectivities are not equal at these
4PCl, + 15B,Cl, — P,B,Cl; + 22BCl, (2) positions and several diagnostics, such as selective® B
. couplingl® broadening of the corresponding line wid#,or
2PCL + 11B,Cl, — P,BeCly + 14BCl, ®) weakening of'B—11B correlations by neighboring hetero-
atoms!® have been used to distinguish such signals unambigu-
ously. However, none of these features are found applicable
for 1, and therefore both equivocal signals are tentatively
assigned as follows: Comparison with the data of the previously
reported parent phosphaborane 13B16H10,:°2where the lowest
field signal could be reliably assigned to B(5,12) due to its
splitting into a doublet, suggests that the resonance at 7.6 ppm,
which appears at the lowest field in should correspond also
to boron atoms B(5,12), and consequently the signal at 0.7 ppm
will correspond to B(9,10). These assignments are also similar
to thosé?® determined for 1,7-6B10H10 and give further evidence
for the influence of an antipodal deshielding effect of hetero-
atoms to cross-cage boron atoms which has been observed in
the 11B spectra of a series of heteroborane clusters.
The 3P NMR spectrum ofl shows one resonance afl23
cPpm which is remarkably upfield when compared to #e

phosphaborane cages. In agreement with our initial report, this
reaction again yielded,B4Cl, as the major product. However,
we were also able to isolate the 12-vertdosophosphaborane
P,B10Cl1o (1) and prepare phosphaboranes with the molecular
formula RBgsClg (2) and BBgClg (3), as suggested in eqs-B.

After repeated fractional sublimatiodlpsc1,7-BB1¢Clig (1)
(Figure 1) could be obtained in pure form, and it represents the
first structurally characterized icosahedrkdsodiheteroborane
with the heteroatoms in nonadjacent positions. Compo@nds
and 3 were always obtained in a mixture withBCls. High-
resolution mass determinations confirmed the molecular formula,
and analysis of the NMR signals for each compound led to clear
assignments and elucidation of the structures of these com-
pounds: bororrboron linked conjuncte3,3-(1,2-RB4Cls);
geometry for2 (Figure 3) and a 10-vertesiosc1,10-RBgClg
geometry for3 (Figure 4) with the P atoms in 1,10-positions.

Based on the idealized eq 1, the yieldlofas approximately
5%. 1 does not melt until 230C in a sealed capillary. The
new phosphaboranes are air-sensitive but thermally stable, no
decomposing or rearranging until temperatures above°800
in an evacuated glass tube. They are soluble in common aproti
SO|Ve.ntS as, e.g., benzene, tqluene, chloroform, and methylen%l?) Morrison, J. A. InAdvances in Boron and the Borandsebman, J.
chloride and slightly soluble in pentane. F., Greenberg, A., Williams, R. E., Eds.; VCH Publishers: New York,

New Mixed 6- and 12-Vertex Arsaphosphaboranes 1988; pp 15+189.

AsPB,Cl4 and AsPByClyo. Parallel to the present study, first ~ (18) Fontaine, X. L. R.; Kennedy, J. D.; McGrath, M.; Spalding, T. R.
BiCls BuClao P y Magn. Reson. Chenl991], 29, 711-720 and references therein.

attempts to prepare arsaboranes by the same type of reaction ir@lg) (a) Garber, A. R.; Bodner, G. M.; Todd, L. J.; Siedle, AJRMagn.

a single flask reactor failed. Thereby, As@ reduced almost Reson.1977 28, 383. (b) Siedle, A. R.; Bodner, G. M.; Garber, A.
quantitatively by BCl, to elemental arsenic and Bf2hs shown (20) ?) |E_%|eer, D. i.;sTcohdd, LRJInig%chgg%E?gGEa (%§,2T1—‘2%24_ .

R H : H H a ermanek, em. Re. . . elxiaor, F.;
in eq 4. This redox reaction is suppressed by condensiQiyB Vinas, C.. Rudolph, R. Winorg. Chem 1986 25, 3339-3345. ()

ZASCI3 + 3BZC|4—’ 2As + GBC|3 (4) giggeélggp Czech, P. T.; Fenske, R.Iforg. Chem.199Q 29,
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Figure 2. Perspective view of crystal packing at 1,BRClioCsHsCHs.

NMR signal of the reportéd2all-hydrogen phosphaborane, the
ortho-isomeric 1,2-fB1oH10 (—19.3 ppm). Apparently, unlike

the antipodal deshielding effect caused by heteroatoms, chlorine

as a+M-type substituent exhibits a shielding influence from
positions B 5, 12 to the opposite P 1, 7. Antipodal shielding

toward P, C, and B nuclei has also been observed in substituted

icosahedral boranes such as 9,12-B2-CHPByHg and
1_C|BlZH1127.19,21

Attempts to separate the compound84Zls (2) and RBBg-
Clg (3) by fractionation or crystallization processes from their
mixtures with 1,2-pB4Cl, failed. However, the assignment of
the NMR signals to compound® and 3 was possible by
comparison of NMR and GC/mass spectral data of different
fractions containing different amounts of either compound. Two
11B NMR signals at 24.8 and 15.9 ppm which show cross-peak
correlation in11B—11B COSY NMR spectroscopy are present
in a ratio of 3:1 in all mixtures containing, 3, and 1,2-pB,-
Cls and could be clearly assigned tqE3Cls (2). The corre-
sponding signal at'P NMR consists of one resonance-at82
ppm, not much different from that of the previously reported
closo1,2-PB4Cls at —187 ppmtla Exact mass measurements
on the parent ion support the formulation of the compofnd
as RBgClg, and application of Wade’s rules suggests that two
P.B4Clz units are symmetrically borerboron linked to the
phosphaborane §B4Cls),, where threélB NMR signals in a
ratio of 2:1:1 are expected. However, only th8 NMR signals
are observed ir2, which suggests that the area 3 resonance is
due to accidental overlap of an area 2 and an area 1 signal.
Similar superposition of'B signals has been observed for the
coupled-cage carborane 2(2,6-GB4Hs),, where the chemical
shifts of the linked boron atoms B(2)2and the adjacent
B(3,3,5,5) differ only by 0.3 ppn?? Since2 shows only one
signal in the3lP NMR spectrum, the isomer with the P atoms
on positions having different boron environments P(4,Z)
is excluded. On this basis, the remaining possible structures for
2 are 3,3(1,2-RB4Cls), and 2,2-[1,6-P.B4Cl3],. The NMR data
tend to favor the former isomer, shown in Figure 3, due to the
small difference in*’P NMR chemical shifts betweed and
the cis-diphosphaboranelosc1,2-RB4Cl,.

TheB NMR and the?’P NMR spectra of fBsClg (3) consist
of one signal each, at 8.7 ppm andl95 ppm, respectively,
indicating equivalent boron and phosphorus sites in this

(21) Srebny, H. G.; Preetz, W.; Marsmann, H.Z.Naturforsch.1983
39b, 189-196.

(22) Corcoran, E. W.; Sneddon, L. G.Am. Chem. S02984 106, 7793~
7800.

Figure 3. Proposed structure for,BsCls (2).

Figure 4. Proposed structure for,BsClg (3).

Figure 5. Proposed structure for AsRBl, (4).

molecule, which fits only for a bicapped square antiprism with
the P atoms in apical 1,10-positions, as represented in Figure
4. Resolution enhancement of tH8 NMR spectrum resulted

in a splitting of the resonance at 8.7 ppm into a pseudo-triplet
with a splitting of the outer lines correspondingdgJ(31P 11B)

+ J(MB,1MB) + 3J(3P1B)] = 42.6 Hz.

The !B NMR spectrum of 1,2-AsPil, (4) consists of two
signals of equal intensities at 24.8 and 7.0 ppm, indicating a
structure analogous to those of 1,BRCI, and 1,2-AsB4Cl,
with adjacent heteroatoms as given in Figure 5. Surprisingly,
unlike other previously reported mixed diheteroboranes as 1,2-
PEB.oH10 (E = As, Sbh)i%where the signal of the boron atoms
B(9,12) is split due to the unsymmetrical substitution4ino
splitting of the!B NMR signal at 24.8 ppm, which derives
from the boron positions B(4,6) lying opposite to the hetero-
atoms P and As, could be observed. P NMR spectrum



1286 Inorganic Chemistry, Vol. 39, No. 6, 2000 Keller et al.

shows one signal at-169 ppm which is downfield when  Table 3. B Chemical Shifts for Icosahedral Boranes

compared to the signal for 1,28Cl,, found at—187 ppm. S pom

i ; 1 31 ; [PI compd PP ref
This downfield trend of the'!B and 3P chemical shifts in
compounds in which one phosphorus atom is substituted by Blelzz; -153 -153 -153 —153 20a
arsenic is in agreement with the NMR data reported for the 12- B12Cliz -129 -129 -129 -129 17
vertex diheteroboranes 1,2B30H10 and 1,2-PAsBH10.2° E%lel fﬁﬂ) 5519,10) I?)(21,6,8,11) 3‘?;2,3) 10

; ; 2B1oH10 . . —0. —o. a
The signal assignments df, 4, and other halogenated P.BCliy 76 07 19 50 this work

heteroboranes have been further confirmed using homonuclear

1D 1B{*B} decoupling experiments which are discussed in a E(SIEZ)H 185(95’12) §g3'6) (%4’5’7'11)_5%8’10)25

separate pap@f. These studies also provide insights into aep,Cl, 129 6.0 36 03  13b

EPMB), WP P), andtJ(*1B,11B) and allow comparisons  (CH),BioHie —1.2 —14.3 —12.9 -82 26

with previously reported values. (CH);B1Clio 1.2 -13.0 -—103 -73 24
Chemical Shifts of Halogenated Icosahedral Heterobo- E(1) B(12) B(711) B(2-6)

ranes.In recent years, there have been several reports on factorsSBuHu ig-g 1‘82 —g-; gb

describing characteristié!B NMR chemical shift changes SBuCln

caused by skeletal heteroatom or Iiga_nd substitution in parentgeshieldingeffect of heteroatoms is gradually diminished by
boranes? Thus, replacement of an icosahedral cage-boron chiorine ligands, which may mainly result from the antipodal
vertex BH™ by an isolobal heterovertex £ CH < P < As < shieldingof chlorine ligands bound to boron atoms cross-cage
Sb < S* results in a progressive deshielding of the skeletal boron {4 the heteroatoms. The strongest diminution of the antipodal
atoms which is most significant at the boron atom opposite the deshielding is found at SECly; with an increment of 5.1 ppm
heteroatom even though it is the farthest away. This observationgp, position B(12). In 1,7-M1oClio (1) not only the “antipodal”
has been labeled thentipodal effect or A-effect boron atoms B(5,12) but also B(9,10) are deshielded compared
Substitution of hydrogen ligands by halogen atoms has beentg the all-hydrogen compound which gives rise to a conversion
found to result in a superposition of several, partly counteracting of the 2:2:4:2 signal ratio into 2:4:2:2.
effects. Primarily, halogen ligands cause an antipodal effect Crystal Structure Analysis of 1. As expected, the single-
which is reverse in sign compared to the antipodal effect causedcrystal X-ray analysis confirms the general structural features
by heteroatoms. In addition, due to both the inductive attraction proposed foll based upon spectral data. The structure consists
and thez-donation exhibited by electronegative substituents of a distorted icosahedron of 10 boron atoms and two phos-
bearing free electron pairs, there is a progresshletype phorus atoms in the 1,7-positions whereby the symmetry is
deshielding mainly of the substitutedboron atoms in the order  reduced fromy, to C,,. Within the limits of error there are two
Br < Cl < Fand, in turn, a-M type shielding of all neighboring  mirror planes passing through atoms B(2,3,9,10) and through
-, y-, andd-skeletal atoms which again is the most effective B(5,12),P(1,7). An ORTEP drawing with atom labeling, selected
at the cross-cage positions. The order of the described effectshond lengths, and bond angles is given in Figure 1. Deviations
depends on the nature of the substituents and cluster geometryfrom regular bond distances and angles of the ideal icosahedral
Experience has shown that heteroatoms (except Al, Si) exhibit structure are obviously a consequence of the substitution of the
a stronger antipodal effect than @V substituents at the same  |arger-sized phosphorus atoms. Within the pentagonal belt
positions. In halogenated heteroboranes it is therefore difficult defined by P+-B2—P7-B8—B4 the bond angles of PAB2—
to assess the NMR spectra as substitution increases. The most7 and B4 B8—B7 have been increased to 119.0@)d 115.2-
common examples for the exo-cage substituent effects are partial4)° compared with the ideal pentagonal angle of 2Lagile
halogenation, either mono- or dihalogenated carboranes. How-the bond angle of B2P1-B4 has been reduced to 94.72)
ever, until recently there was a lack of experimental NMR data Similar, but less distinct, trends have been observed at the
on fully halogenated heteroboranes with the exception of jcosahedral monophosphorus phosphaborangPB8HH;, in
B-perchloroe-carborané* Supplementation with the present which the average pentagona-B—B and B-P—B bond
NMR data and that of the previously reported perchloroarsa- angles have been found to be 1T0sd 101.5, respectively.
and thiaborané#® (Table 3) gives a number of such compounds The boron-boron distance between the equivalent B2 and B3
which still is quite small, but allows one to qualitatively assess atoms, adjacent to both phosphorus atoms, is 1.926(7) A while
some shielding trends in perchlorinated icosahedtako the average borenboron distance is 1.827 A, which is slightly
heteroboranes and also helps to quantify the changé4Bin longer than those found in:BH:22~ (1.77 A)28 The shortest
NMR chemical shifts introduced by the substitution of het- horon-boron distances (average 1.786 A) are located between

erovertices and chlorine ligands. B(5,12) and B(9,10), which are the boron atoms opposite and
As can be observed in Table 3, perchlorinationctiso farthest from the phosphorus atoms. The averag® Bistance

B12H12?~ shifts the'B NMR signal 2.4 ppm to the lower field,  of 1 (2.060 A) compares well with the BP bond lengths
indicating that the—I-type electron attraction of chlorine in  reported for other icosahedral phosphaboranes (2:03%3
closoB1,Cl;2~ exceeds its electron donation brought-biyi A).510bThe intramolecular PP distance is 3.538 A while that
type shielding, which leads to a net deshielding of the substituted of the cross-cage boron atoms BB12 is markedly shorter
boron atoms. In analogy, compared to the unsubstituted (2.910 A). The intermolecular €ICI contacts are 3.508 A or
compounds, the boron atoms of the chlorinated carborane arelonger.

deshielded at all positions and those of the heteroborasig-E
Clyo (E = P, As) and SB,Cl;; at most positions, but not at  (25) Little, J. L.; Pao, S. S.; Sugathan, K. IKorg. Chem1974 13, 1752~

; ; i 1756.
those antipodal to the heteroatoms. Obviously, the antipodal (26) Venable, T. L.: Hutton, W. C.. Grimes, R. 5 Am. Chem. So4984
106, 29-37.
(23) Keller, W.; Haubold, W.; Wrackmeyer, Rlagn. Reson. Cheri999 (27) Hnyk, D.; Vajda, E.; Bhl, M.; Schleyer, P. v. Rinorg. Chem1992
37, 545-550. 31, 2464-2467.

(24) Bregadse, W. |.; Usjatinski, A. J.; Antonowitsch, W. A.; Godowikow, (28) Wunderlich, J. A.; Lipscomb, W. NJ. Am. Chem. Sod96Q 82,
N. N. Izv. Akad. Nauk SSSR, Ser. Khit®88 670-674. 4427-4428.
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Crystals of BB1oClio contain toluene in a 1:1 molar ratio as  P,BgClg (3) obviously prefer the apical position, i.e., where the
illustrated in Figure 2. The toluene rings are exactly perpen- connectivity is the lowest and the charge density is the
dicular to the P atoms of two neighboring icosahedrons at a largest®3%within the reference compound 1>~ In contrast,
distance between 3.04 and 3.08 A with a mearCRdistance the coordination number of the cluster verticeslaind 2 is
of ~3.1 A, which is well below the sum of the van der Waals equal for all positions. Calculati8hof the relative stabilities
radii of ~3.5 A. The proximity and the linear orientation of of icosahedral diphosphaboranesBRH1o suggests that the
toluene between two cluster molecules suggest a significantisomer stability should follow the order 1,221,7 > 1,2, which
electronic interaction between the lone pairs of the P atoms andis confirmed in part by the previously described thermal
the aromate and cannot be compared with the bonding in conversion of 1,2-fB;gH; to the 1,7-isomer at 568C1% and
metallaborane sandwiches where the aromatic ligands functionthe present synthesis of 1, 882:Clio (1) via pyrolytic conditions
as isoelectronic and isolobal electron donors to the metal. at temperatures above 40C. The para isomer is not yet

Cluster Size and Isomer PreferencesThe preferred forma-  amenable to synthesis, which suggests that the formation of this
tion of phosphaborane clusters of sizes 6, 10, and 12 by acompound may require temperatures beyond its thermal sta-
thermodynamically controlled synthetic route is in agreement bility.
with recent computional studies dealing with the relative stability
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