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Sterically hindered phosphine and arsine ligands derived from ortho-carborane were synthesized and characterized
by X-ray crystallography. Tris(1'-methyl(1,2-dicarba-closo-dodecaboran-1-yl))phosphine, 2 (crystal data, hexagonal,
space group P63, a = b = 12.251(3) A, ¢ = 11.514(4) A, o = 8 = 90°, y = 120°, V = 1496.6(7) A3, Z = 2,
R1 = 0.0568) and tris(1'-methyl(1,2-dicarba-closo-dodecaboran-1-yl))arsine, 3 (crystal data, hexagonal, space group
P63, a=b =12.33003) A, ¢ = 11.474(4) A, a. = B = 90°, y = 120°, V = 1510.7(7) A3, Z = 2, Ry = 0.0930)
were prepared in 82% and 68% yield, respectively. The phosphine ligand is resistant to air-oxidation but was
converted to corresponding oxide when heated with hydrogen peroxide. The tertiary carboranyl phosphine reacted
with (Tht)AuCl to yield chloro(tris(1'-methyl(1,2-dicarba-closo-dodecaboran-1-yl))phosphine)gold(l), 4 (crystal data,
monoclinic, space group P2;/c, a = 19.101(4) A, b = 12.167(2) A, ¢ = 13.846(3) A, . = y = 90°, B = 91.13-
(3)°, V = 3217.2(11) A%, Z = 4, R, = 0.0396) in 82% yield. From the X-ray structure of the gold complex, the
cone angle of the phosphine was determined to be 213(2)°, which is among the largest values reported to date.

Introduction low oxidation potentials. To prevent unwanted conversion
to P(V), the ligands must be handled under anoxic conditions
or used as their HBFsalts?d There is a need for sterically
encumbered tertiary phosphine ligands that are resistant to
xidation.

Dicarbaclosododecaboranes are icosahedral clusters of
boron, carbon, and hydrogen atomsE¢H;,) which occupy

a volume similar to that of a rotating phenyl grotipn
addition to possessing significant steric bulk, carboranes
* To whom correspondence should be addressed. Tel: 905-525-9140,are robust and readily functionalized at both carbon and

Sterically hindered tertiary pnictogen ligands continue to
play an important role in modern inorganic chemistiyot
only are they employed to prepare unique coordination com-
plexes, they are also being used to promote Pd-mediated’
cross-coupling reactions that do not occur with less-hindered
ligands such as BR? Unfortunately, the majority of con-
ventional hindered phosphine ligands, such agfBiave

ext ’\2/|3ﬁ/|03-t':a>t<j 905-522-2509. E-mail: valliant@mcmaster.ca. select boron vertexes. In light of these features, carboranes
xu,‘iivj‘fsfy' of”gﬁg?;}ry]; are attractive synthons from which to construct hindered
(1) (a) Stambuli, J. P.; Buhl, M.; Hartwig, J. B. Am. Chem. So2002 ligands.
124, 9346. (b) Xu, X.; Nieuwenhuyzen, M.; James, S.Angew.
Chem., Int. Ed2002 41, 764. (c) Matsumoto, T.; Kasai, T.; Tatsumi, (2) (a)Yin, J.; Rainka, M. P.; Zhang, X.-X.; Buchwald, S.J_.Am. Chem.
K. Chem. Lett2002 3, 346. (d) Albert, J.; Bosque, R.; Cadena, J. S0c.2002 124, 1162. (b) Netherton, M. R.; Dai, C.; Neuschutz, K.;
M.; Delgado, S.; Granell, J.; Muller, G.; Ordinas, J. |.; Bardia, M. F.; Fu, G. C.J. Am. Chem. So2001, 123 10099. (c) Littke, A. F.; Fu,
Solans, XChem. Eur. J2002 8, 2279. (e) Ainscough, E. W.; Brodie, G. C.Angew. Chem., Int. EQ002 41, 4176. (d) Netherton, M. R.;
A. M.; Burrel, A. K.; Hanna, J. V.; Healy, P. C.; Waters, J. Morg. Fu, G. C.Org. Lett.2001, 3, 4295.
Chem.1999 38, 201. (f) Otsuka, SJ. Organomet. Cheni98Q 200, (3) Soloway, A. H.; Tjarks, W.; Barnum, A.; Rong, F.-G.; Barth, R. F;
191. Codogni, I. M.; Wilson, J. GChem. Re. 1998 98, 1515.
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A variety of different carboranytphosphine ligands  philes. These studies were designed to determine whether
including [PhP(1—X—C;B10H10)] (X = H, Me, Ph, HS, & tris(carboranyl)phosphines can be used as robust substitutes
SiH),* [1,2-(PPh)2C;B10H10],° and the relatechido-anion for conventional bulky phosphine ligands.
[1,2-(PPR).C:B1gHg] ~,6 have been reported. The [fh
(1—X—C,B10H10)] type ligands are particularly noteworthy ~Experimental Section
because they have been shown to be resistant to oxidtion. Materials and General Procedures.All commercial reagents

Little work has been reported on the chemistry of related were used as supplied. Decaborane was purchased from Katchem

ligands in which all of the'substituents arounq the phosphorus 4. E,0 was distilled under nitrogen from sodium and benzophe-
atom are carboranes. Like the monosubstituted analoguespone, CHCI, was distilled from Caki and acetone was distilled

tris(carboranyl)pnictogens could also prove to be stable to from K,COs;. Analytical TLC was performed on silica gel 6Q=f
oxidation, which, along with their substantial steric bulk, (Merck). Boron compounds were visualized with 0.1% Bd@I
would make these ligands very useful for the preparation of hydrochloric acid (3.0 M), which upon heating gave dark brown
novel metal complexes and as robust reagents in thespots®

aforementioned Pd-catalyzed cross-coupling reactions. This NMR spectroscopy was performed on Bruker Avance AV200,
class of ligands would be exceptionally versatile because theirAV300, or AV600 spectrometers. BFELO and 85% HPO, in
solubility and electronic properties could be easily tuned by D20 Were used as reference standards for'#Beand*'P spectra,
introducing substituents at select boron or carbon vertexeerSpeCt'Vely' Electrospray mass spectrometry experiments were

b tina th to th dii lust performed on a Micromass Quattro Ultima instrument. Samples
or by converting the cages to the correspondiiiip-clusters. were dissolved in 50:50 GI&N/H,O or acetone, and, for com-

These typgs of tranSformat'onS can be accomplished l"S'ngpounds run in negative ion detection mode, one drop of 0.10 M
well-established synthetic protocdls. NH,OH was added. High-resolution ESI data were acquired on a
The synthesis of tris(carboranyl)phosphine has not yet beenwaters QTOF Ultima Global instrument. El experiments were
achieved, which is likely a consequence of steric hindrdnce. performed on a Micromass GCT instrument. Microanalyses were
It has been reported, however, that insertion of a methyleneperformed by Guelph Chemical Laboratories (Guelph, ON). IR
spacer between the carbon atom of the carborane cage angpectra were acquired on a Bio-Rad FTS-40 FTIR spectrometer.

the phosphorus atom makes it possible to incorporate three Structure Determination by X-ray Crystallography. X-ray
clusters around the pnictogéBecause there is little known crystallographic data were collected from smgle-crystal samples
about the chemistry of tris(carboranyl)phosphines, the objec-°f €ompounds2, 3, and 4 mounted on glass fibers. Data were

. . . . collected using graphite-monochromated Ma. Kadiation ¢ =
tive of this study was to investigate the structure and 0.71073 A), with a P4 Bruker diffractometer equipped with a Bruker

reac.tivity of the cart_)orane analogue of tris(ben_zyl)phosphine. SMART 1K CCD area detector and a rotating anode. The program
Particular emphass was plaqed on q'eterm'n!ng .the CONeg\ART! was used for data collection. Data reduction was carried
angle of the ligand, evaluating its stability to oxidation, and oyt using the SAINT prograr?, which applied Lorentz and
testing its reactivity toward a selection of different electro- polarization corrections to the three-dimensionally integrated dif-
fraction spots. The program SADABRvas used to scale diffraction
(4) (a) Lee, H.-S.; Bae, J.-Y.; Kim, D.-H.; Kim, H. S.; Kim, S.-J.;; Cho,  data and apply decay and empirical absorption corrections based
g;eKoJ, JY _K%nn%x, g_?@ggn?r_ngﬁacl)limﬁo_%z_ZééﬁéO.s(bg;g:ﬁZﬁ;i-j on redundant reflections. Structures were solved using the direct-
tallics 2000 19, 5546. (c) Niiez, R.; Viras, C.; Teixidor, F.; Sillanga ~ Methods procedure in the Bruker SHELXTL program libréirgnd
R.; Kivekas, R.J. Organomet. Chen1999 592 22. (d) Kiveka, R.; refined by full-matrix least-squares methods émwith anisotropic

Teixidor, F.; Vifas, C.; Niiez, R.Acta Crystallogr., Seqt. C: Cryst. thermal parameters for all non_hydrogen atoms.
Struct. Communl995 C51, 1868. (e) Ryabov, A. D.; Eliseev, A. V;

Sergeenko, E. S.; Usatov, A. V.: Zakharkin, L. I.; Kalinin, V. N. Compounds2 and_3 showe_d multiple o_rientations for t_he
Polyhedron1989 8, 1485. (f) Al-Baker, S.; Hill, W. E.; McAuliffe, carborane cages, which complicated the refinement. Two orienta-
C. A.J. Chem. Soc., Dalton Tran$985 1387. tions of the aliphatic portion of the carborane cage were observed,

(5) (a) Paavola, S.; Teixidor, F.; Vas, C.; Kiveka, R.J. Organomet.

; . 0 0
Chem2002 645 39, (b) Paavola, S.: KivekaR.: Teixidor, F.; Vias, with approxma_te_ly 75% and 25% occupancy. In the_ case of
C. J. Organomet. Chen200Q 606, 183. (c) Park, Y.-i.; Kim, S.-.; compounds, a rigid carborane cage was used in two orientations
Ko, J.-j; Kang, S. OBull. Korean Chem. Soc 997, 18, 1061. (d) for the refinement. The minor component was given one isotropic

Bembenek, E.; Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna, A. ; ;
Chem. Ber1994 127 835, atomic temperature factor and the major component was allowed

(6) (a) Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; Villacampa, & highly restrained anisotropic refinement.

gl_. D. Anlg\lﬂevel:. %hem., 'IDnt-GEdL- En@ﬂ-g‘%lc?%& 992- (b)DCfleSp(_)l_, oF Synthesis of Tris(I-methyl(1,2-dicarba-closcdodecaboran-
imeno, M. C.; Jones, P. G.; Laguna,JAChem. Soc., Dalton Trans. ; : . :

1996 4583, () Teixidor, F.- Vias, C.. Abad, M. M.- Whitaker, .. +-YD)phosphine, 2Magnesium tumings (100 mg, 4.11 mmol) were
Rius, J.Organometallics1996 15, 3154. (d) Teixidor, F.; Vias, C.; suspended in dry ether (5 mL) in a dry three-necked flask. The
Abad, M. M.; Kiveks, R.; Sillanpa, R.J. Organomet. Chen1996 flask was purged with argon and 1,2-dibromoethaneyllpwas
509, 139. (e) Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna, A. added. After 20 min of stirring, 1.00 g (4.21 mmol) of-1
Inorg. Chem.1996 35, 1361. (f) Teixidor, F.; Viras, C.; Mar Abad, ’ g * g 4 )
M.; Lopez, M.; Casabo, Drganometallicsl993 12, 3766. (g) Viras,
C.; Abad, M. M.; Teixidor, F.; Sillanfi R.; Kivekss, R.J. Organomet. (10) Kasar, R. A.; Knudsen, G. M.; Kahl, S. Biorg. Chem 1999 38,

Chem.1998 555, 17. 2936.
(7) Valliant, J. F.; Guenther, K. J.; King, A. S.; Morel, P.; Schaffer, P.; (11) SMART version 5.611; Siemens Energy and Automotive Analytical

Sogbein, O. O.; Stephenson, K. &oord. Chem. Re 2002 232 Instrumentation: Madison, WI, 1999.

173. (12) SAINT, version 6.02; Siemens Energy and Automotive Analytical
(8) Zakharkin, L. I.; Bregadze, V. |.; Okhlobystin, O. Y. Organomet. Instrumentation: Madison, WI, 1999.

Chem 1965 4, 211. (13) Sheldrick, G. M.SADABS (Siemens Area Detector Absorption
(9) Zakharkin, L. I.; Kalinin, V. N.; Podvisotskaya, L. &». Akad. Nauk Corrections), version 2.03; 1999.

SSSR, Ser. Khiri968 3, 679 (English VersiomBull. Acad. Sci. USSR (14) Sheldrick, G. M.SHELXTL Release 5.1; Siemens Crystallographic

1968 664). Research Systems: Madison, WI, 1998.
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Scheme 1

1. Mg, Et,0 X thtAuCl
2. XCl,, A acetone
@® =BH
1
X=P,2 X=P, 4
X=As, 3

bromomethyl-1,2-dicarbalosedodecaboran-1-y£ dissolved in dry Synthesis of Tris((1I-methyl)-1,2-dicarba-closododecaboran-
diethyl ether (5 mL), was added dropwise to the activated 1-yl)phosphine oxide, 5.To compound? (100 mg, 0.20 mmol)
magnesium. The reaction mixture was then heated to reflux until dissolved in 25 mL of dry THF, hydrogen peroxide (0.5 mL, 30%
the remaining magnesium disappeared. The reaction mixture wasaq solution) was added. The reaction was heated to reflux under
cooled to room temperature, and RC125uL, 1.4 mmol) added nitrogen for 16 h, whereupon an additional aliquot of hydrogen
dropwise, whereupon formation of a white precipitate was observed. peroxide (0.5 mL) was added and the reaction was heated to reflux
After the addition of PG| the reaction mixture was heated to reflux for a further 24 h. The solvent was then removed by rotary
for 8 h, cooled to room temperature, and then quenched with 0.5 evaporation, and the reaction mixture was dissolved in ethyl acetate
M HCI (10 mL). Ethyl acetate (5 mL) was added to the reaction (50 mL). The ethyl acetate solution was extracted with a saturated

mixture to solubilize the precipitate, and the solution was extracted sodium chloride solution (% 50 mL), which were subsequently

with diethyl ether (3x 10 mL). The organic extracts were
combined, dried over N&Q,, and evaporated to dryness. The
product, a white solid (577 mg, 82%), was purified by silica gel
chromatography (50% hexanesf&to 100% E£O). TLC R (Et;0)

= 0.5; mp>260°C (decomp.)H NMR (acetoneds, 200 MHz) 6
4.89 (s, CH), 3.86:0.90 (br, BH), 2.84 (d, PB,, J3P—H = 6.6
Hz). 33C{1H} NMR (acetoneds, 50.3 MHZz)d 74.40 (d,J 31P—-13C

= 24.1 Hz), 65.24, 35.84 (d,31P—13C = 19.1 Hz).1B{H} NMR
(acetonedg, 96.3 MHz)6 —1.99,-5.11,—-8.73,—10.97,—11.99.
31P{1H} NMR (acetoneds, 121.5 MHz) 6 —13.6. FTIR (KBr,
cm1): 3060 (m), 2599 (s). HRMS (El) Calcd for¢B39B3oP:
502.5865. Found: 502.5846.

Synthesis of Tris((1-methyl)-1,2-dicarba-closcdodecaboran-
1-yl)arsine, 3.This compound was made following the procedure
used to prepare compourddexcept that 12@:L (1.42 mmol) of
arsenic trichloride was substituted for phosphorus trichloride. The
compound was isolated as a white powder (528 mg, 68%). TLC R
(Et,0) = 0.5; mp>260°C (decomp.)H NMR (acetoneds, 300
MHz) d 4.84 (s, CH), 3.3-1.2 (br, BH), 2.73 (s, AsH,). 13C{H}
NMR (acetoneds, 75.4 MHz)d 75.30, 65.59, 34.021B{1H} NMR
(acetoneds, 160.5 MHz) 6 —8.84, —12.37, —15.58, —17.68,
—18.96;. FTIR (KBr, cm): 3061 (s), 2927 (w), 2610 (s, BH).
HRMS (ESMS, negative ion) Calcd forgB39B30As: 546.5172.
Found: 546.5170.

Synthesis of Chloro(tris(1-methyl(1,2-dicarba-closododeca-
boran-1-yl))phosphine)gold(l), 4.Chloro(tetrahydrothiophene)gold
() (71 mg, 0.22 mmol) was suspended in dry acetone (1 mL), and
compound? (100 mg, 0.20 mmol) dissolved in dry acetone (1 mL)

combined and extracted with ethyl acetate 2100 mL). The
organic layers were pooled and dried over sodium sulfate. Following
filtration, the solvent was removed by rotary evaporation, and the
oily residue was dissolved in a small volume of ethyl acetate. The
desired product was isolated by preparative TLC (100% ether) as
a colorless solid (92 mg, 85%). TLC; ELO) = 0.6; mp>260
°C (decomp.)H NMR (acetoneds, 200 MHz)6 5.09 (s, 3H, CH),
3.27 (d, 6H,2] 3%P—H = 11.2 Hz, PGiy), 2.1-0.9 (br, BH).
13C{*H} NMR (acetoneds, 50.3 MHz)d 69.08, 63.00, 36.70 (d,
31P—13C = 64.8 Hz).11B{'H} NMR (acetoneds, 192.5 MHz) 6
—1.84,-4.19, -8.70,—10.03,-10.77,—12.01.3P{'H} NMR
(acetoneds, 81.0 MHZz)6 37.5. FTIR (KBr, cntl): 3056 (m), 2999
(m), 2946 (m), 2601 (s), 1182 (s). HRMS (EI) Calcd faH3eB30-
PO: 518.5709. Found: 518.5754.

Synthesis of Tri(tetra-n-butylammonium) tris((1'-methyl)-7,8-
dicarba-nido-undecaboran-7-ate)phosphine, 82ompound? (100
mg, 0.20 mmol) was dissolved in THF (10 mL), and tetrabutyl-
ammonium fluoride hydrate (784 mg, 3.0 mmol) was added. The
reaction mixture turned light yellow and was stirred for 12 h, open
to the atmosphere, at room temperature. The solvent was subse-
quently removed by rotary evaporation and the desired product was
isolated via silica gel flash chromatography (1:4 v/v acetonitrile/
toluene) as a colorless oil (192 mg, 79%). TLE(BS5% acetoni-
trile/75% toluene): 0.41H NMR (CDsCN, 600 MHz) 6 3.08
(m, NCH,CH,), 2.1-0.9 (br, BH), 1.89 (s, br, carborane CH), 1.80
(s, 1H, carborane CH), 1.72 (s, 1H, carborane CH), 1.62 (m,
CH,CH,CHj3), 1.35 (m, G1,CHs), 0.98 (t, CH). 130{1H} NMR
(acetoneds, 50.3 MHz)6 59.15, 53.21, 44.31, 28.50, 24.17, 20.14.

was added. Once the resulting reaction mixture became homoge-11B{1H} NMR (acetoneds, 192.5 MHz)d —9.34,—11.63,—13.06,

neous, CHCl, (3 mL) was added and the reaction mixture was
stored at—20 °C overnight. The resulting white solid (120 mg,
82%) was collected by filtration. TLCR60% EtOAc/hexanesy
0.4; mp 206-208°C (decomp.)!H NMR (acetoneds, 200 MHz)

0 5.03 (s, CH), 4.£0.9 (br, BH) 3.37 (d, P&, J3P—1H = 6.0
Hz). 13C{*H} NMR (50.3 MHz, acetonek) 6: 69.67, 65.91, 33.47
(d, J31P—13C = 35.7 Hz).1B{ H} (acetoneds, 96.3 MHz)d —1.83,
—3.94,—-8.40,—10.96.3"P{H} NMR (acetoneds, 81.0 MHz) d
23.1. FTIR (KBr, cntl): 3055 (m), 3009 (s), 2965 (m), 2599 (s).
FTIR (Nujol on polyethylene plates, cf): 337 (m). HRMS
(ESMS, negative ion) Calcd for gB3AuB3oCIP: 734.5055.
Found: 734.5026.

(15) zakharkin, L. I.; Brattsev, V. A.; Stanko, V. Eh. Obshch. Khim.
1966 36, 886.

—18.77,—19.60,—21.89,—31.59,—35.65.3'P{'H} NMR (acetone-
ds, 81.0 MHz) 6 22.3, 20.4. FTIR (KBr, cm!): 2962 (m), 2522
(s). HRMS (ESMS, negative ion) Calcd fopdEl7¢Bo/NP: 713.8427.
Found: 713.8455.

Results and Discussion

The carborane analogue of tribenzylphosphine was pre-
pared following the method of Zakharkin et®aPCk was
added to 1-bromomethyl-carboranel®® following its con-
version to the corresponding Grignard reagent (Scheme 1).
After heating to reflux in ether, the trisubstituted phosphine
2 was isolated by column chromatography in 82% yield. As
a result of the limited experimental data available for
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Table 1. Crystal and Structure Refinement Data for Compoud3,
and4

compound2  compound3 compound4
empirical formula GH39B30P GoH3z9B30As  CyHzgAuB3CIP
fw 502.67 546.62 735.09
T(K) 190(2) 190(2) 293(2)
cryst syst hexagonal hexagonal monoclinic
space group P63 P63 P2;/c
unit cell dimensions
a(A) 12.251(3) 12.330(3) 19.101(4)
b (A) 12.251(3) 12.330(3) 12.167(2)
c(A) 11.514(4) 11.474(4) 13.846(3)
o (deg) 90 90 90
f (deg) 90 90 91.13(3)
y (deg) 120 120 90
V (A3) 1496.6(7) 1510.7(7) 3217.2(11)
z 2 2 4
Dcalcd. (Mg/n¥P) 1.115 1.202
abs. coeff. (mm?) 0.098 1.131 4714
F(000) 516 552 1416
crystal size (mm) 0.2 0.08 0.25x 0.12 0.10x 0.08
x 0.06 x 0.06 x 0.04
reflns collected 13601 13340 35 056
data 2283 2303 7363
restraints 327 25 0
parameters 174 97 380
GOF onF? 1.090 1.122 1.035
final R indices
[1 > 20(1)]
R 0.0568 0.0930 0.0396
wR?2 0.1216 0.2450 0.0609
R indices (all data)
R 0.0846 0.0977 0.0702
wWR? 0.1318 0.2481 0.0668
largest diff. peak 0.256 and 1.036 and 0.657 and
and hole (€A-3) —0.206 —1.062 —-1.123

compound (elemental analysis and melting point), detailed
characterization of the ligand was undertaken.

The FTIR spectrum of the product exhibits a strongHB
stretch at 2599 cmt, which is characteristic of a carborane
cage. ThelH NMR of 2 (200 MHz, acetonas) shows
coupling 8J = 6.6 Hz) between the phosphorus nuclei and

King et al.

Figure 1. X-ray structure oR showing 50% thermal probability ellipsoids.
Hydrogen atoms have been omitted for clarity.

ing of the phosphorus nuclei iB compared to the&loso-
carboranyl phosphines is a good indication that the methylene
spacer moderates the strong electron-accepting character of
the carborane substituerfts.

For the sake of comparison, and because triarylarsines have
been shown to enhance the rate of Stille cross-coupling
reactions’? the arsenic analogue @fwas also synthesized.
Following the same procedure used to prefaibstituting
AsCl; for PCk, the arsine3 (Scheme 1) was isolated by
column chromatography in 68% vyield. The chemical shift
of the carborane CH group in thel NMR of 3 is similar to
that for 2 (4.84 versus 4.89 ppm). The methylene group
appears as a singlet at 2.73 ppm, which is shifted to a slightly
lower frequency than that fd (2.84 ppm). The*C NMR
shows, as expected, three resonances appearing at 75.30,
65.59, and 34.01 ppm. THéB NMR has peaks at-8.84,
—12.37, —15.58, —17.68, and—18.96 ppm, which is

the protons on the methylene spacer group. Other featuresconsistent with the proposed structure containing three

of theH spectrum include the broad carboraneHBsignals

equivalentclosacarborane cages.

ppm, associated with the carborane-i& group. The!!B
NMR of 2 contains five peaks ranging from11.99 to—1.99

ppm, which is consistent with the presence of three equiva-

lent closocarborane cagés.

The3'P chemical shift fo2 is found at—13.6 ppm, which
is similar to the corresponding value for phenanthryl-
(diphenyl)phosphine= —12.1 ppmj’ but shifted to lower
frequency than the two chemical shift values reported for
tribenzylphosphined = 12.9 ppm?® and 10.4 pprif). The
31p chemical shift for2 is also shifted to lower frequency
than those of othesloso-carboranyl phosphines, P(L)Pf
= 1-yl-1,2-dicarbaclosododecaborane, 1-yl-2-Me-1,2-di-
carbaelosododecaborane, and 1-yl-2-Ph-1,2-dicadi@sc
dodecaborane} = 11.0-25.6 ppm)° The increased shield-

(16) Hémanek, S.Chem. Re. 1992 92, 325.

(17) Mtller, T. E.; Green, J. C.; Mingos, D. M. P.; McPartlin, C. M,;
Wittingham, C.; Williams, D. J.; Woodroffe, T. MJ. Organomet.
Chem 1998 551, 313.

(18) Fluck, E.; Lorenz, JZ. Naturforsch 1967 22B, 1095.

(19) Grim, S. O.; McFarlane, W.; Davidoff, E. B. Org. Chem1967, 32,
781.
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1). Both compounds crystallized in tf8; space group and
have propeller-like structures witlC;, symmetry. The
molecules pack in a columnar fashion with the central
pnictogen atoms aligned parallel to thes&rew axis. There
proved to be two major orientations for the aliphatic portions
of the carborane cages in both structures. As a result, two
major packing modes were observed, and the crystal structure
solution for each molecule contains two sets of superimposed
carborane cages. The occupancies of the two major packing
modes differ with the dominant mode having 74.81(4)%
occupancy in2 and 64.22(13)% occupancy B All bond
distances and angles are reported from the higher-occupancy
positions, although bond distances and angles do not differ
appreciably between the two packing modeg iand 3.

In compound? (Figure 1) the P(1)C(1') bond distance
and C(1)-C(2')—P(1) angle are 1.887(3) A and 114.95(19)
respectively (Table 2). These values are larger than the same
values for triphenylphosphine (1.828 A, 10%3,0trimesi-

(20) Farina, V.; Krishnan, BJ. Am. Chem. S0d.991, 113 9585.
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Table 2. Selected Bond Lengths [A] and Angleq for 2

P(1)-C(1) 1.887(3) C(1yC(1)—P(1) 114.95(19)
C(1)—C(1) 1.519(4) C()—-C(1)-C(2) 116.4(3)
C(1)-C(2) 1.635(5) C()—C(1)-B(3) 116.3(3)
C(1)-B(3) 1.703(5) C(2yC(1)—B(3) 60.3(3)
C(1)-B(4) 1.709(6) C(D—C(1)-B(4) 123.7(3)
C(1)-B(5) 1.710(6) C(2yC(1)-B4) 109.4(3)
C(1)-B(6) 1.713(6) C(D)—C(1)-B(6) 115.9(3)
C(2-B(11) 1.658(8) C(2yC(1)—B(6) 61.5(3)
C(2)-B(3) 1.677(8) C(13C(2)-B(3) 61.9(3)
C(2)-B(7) 1.686(7) C(1)-C(2)—-B(6) 61.5(2)
C(2)—B(6) 1.714(7)
Table 3. Bond Lengths [A] and Angles’] for 3
As(1)—-C(1) 2.009(10)
C(1)-C(1) 1.5073
C(1)-C(2 1.6216
C(1)-B(4) 1.7080
C(1)-B(3) 1.7353
C(1)—-B(6) 1.7357
C(2)-B(7) 1.6908
C(2)—B(6) 1.7122
C(2)-B(3) 1.7575
C(1)-C(1)—As(1) 111.3(4)
C(1)—C(1)-C(2) 119.1

tylphosphine (1.837 A, 109°Y and tris(2,4,6-triisopropyl-
phenyl)phosphine) (1.845 A, 112)%* which is a reflection

of the steric bulk o (vide infra). The carborane substituents
in 2 are distorted icosahedra with no particularly unusual
bond distances or angles. The carborareCCdistance is
1.635(5) A, whereas the average B distance is 1.696(20)
A, ranging from 1.658(8) to 1.714(7) A. The average B
bond distance for compourgtis 1.769(16) A, ranging from
1.731(7) to 1.792(8) A, whereas the C£IG (1) distance is
1.519(4) A.

The As—C(1') bond distance i (Table 3) is long (2.009-
(10) A) and comparable to that found in tris(2,4,6-triisopro-
pylphenyl)arsine) (1.986 A3 The C(1>-C(I')—As angle is
111.3(4} which is smaller than the C(£)C(1)—P(1) angle
for 2 (114.95(19)) but comparable to the value for tris(2,4,6-
triisopropylphenyl)arsine) (102 It should be noted that
the structure of the arsing (Figure 2) is more disordered

Figure 2. X-ray structure oB showing 30% thermal probability ellipsoids.
Hydrogen atoms have been omitted for clarity.

The phosphine ligand®2 was added to a suspension
containing a slight excess of (tetrahydrothiophene)gold(l)
chloride’>23in acetone. The reaction became homogeneous
after only five minutes, and the desired product was isolated
by precipitation following the addition of C}€l, and cooling
to —20 °C. Compound4, which was stable to both air and
light, was collected by filtration as a colorless solid in
excellent yield (82%).

The IR of4 shows the characteristig,—c stretch at 337
cm 1, which is shifted from that of the starting material. The
B—H stretch of the carborane is also clearly visible appearing
at 2599 cm?. The 3P spectrum of4 exhibits only one
resonance, appearing at 23.1 ppm, which is shifted to higher
frequency than the resonance observed for the free ligand
(—13.6 ppm). The phosphorus resonance observed fer
comparable t6'P chemical shifts reported for other chlo-
rogold(l)phosphine complexes including CIAURRh = 33.7
ppm) and CIAuP(phenanthrene)Rid = 26.7 ppm)t’

The X-ray structure oft was determined and the ORTEP
drawing is shown in Figure 3. Compourdddemonstrates

than the phosphine analogue, and, as a result, rigid bodycolumnar packing, with the gold centers aligned and running
refinement was needed to adequately model the carborangarallel to the unique axis. The molecules pack in an
cages. The absence of standard deviation values for the bonditernating fashion to accommodate the bulk of the phosphine
lengths and angles associated with the carborane cages is Rgand. The P-Au—Cl bond angle is, as expected, nearly
direct consequence of the rigid group refinement. The |inear (178.21(5); Table 4) and in agreement with reported
increase in disorder is likely associated with the longer@s  values for structural analogues. The AR distance of
bond which allows for greater variation in the number of 22163(12) A is shorter than the typical distances found in

packing modes.
It has been reported thelbsacarboranylphosphine ligands

other chlore-phosphine gold(l) compound& while the
Au—ClI distance (2.2804(13) A) is more comparable. The

containing a carborane directly bonded to the phosphorusaverage GiporaneC—P bond angle i (118.1(3)) is larger
atom do not react with certain transition metal complexes than the same angle found in the free ligand (114.95§19)

including those containing Pd(ll), Cu(l), Au(l), Rh(l), and

There is no evidence of aurophilic interactionsdims the

Ru(Il).6¢ This is thought to be a direct consequence of the closest Au-Au distance is 9.409 A.

strong electron-accepting characteclufscortho-carboranes.
To determine if the methylene spacerdnwvas sufficient to

negate the electronic influence of the carborane substituents

The structures of the carborane substituen# ame very
similar. The average BC bond distances for each cage are

on the basicity of the phosphine, we investigated the (22) Hill, D. T.; Sutton, B. M.; Isab, A. A.; Razi, T.; Sadler, P. J.; Trooster,

reactivity of 2 with Au(l).

(21) Sasaki, S.; Sutoh, K.; Murakami, F.; Yoshifuji, M.Am. Chem. Soc.
2002 124, 14830.

J. M.; Calis, H. M. C.Inorg. Chem 1983 22, 2936.

(23) Sutton, B. M.; McGusty, E.; Walz, D. T.; DiMartino, M. J. Med.
Chem 1972 15, 1095.

(24) (a) Alyea, E. C.; Ferguson, G. KannanP8lyhedron200Q 19, 2211.
(b) Tolman, C. A.Chem. Re. 1977, 77, 313.
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Figure 3. X-ray structure o#l showing 50% thermal probability ellipsoids.
Hydrogen atoms have been omitted for clarity.

Table 4. Selected Bond Lengths [A] and Angleq for 4

Au(1)—P(1) 2.2163(12)  P(BAu(l)—Cl(1) 178.21(5)
Au()-Cl(1)  2.2804(13) C()—P(1)-C(I'A) 100.78(19)
P(1)-C(1) 1.840(4) C()—P(1)-C(1B) 100.97(19)
P(1-C(1A)  1.842(4) C(1A)-P(1-C(IB)  101.29(19)
P(1)-C(1B) 1.843(4) C()—P(1)-Au(l) 117.25(15)
C(1)-C(1) 1.533(6) C(1A)—P(1)-Au(l) 116.45(14)
C(1)-C(2) 1.664(6) C(B)—P(1)-Au(1) 117.27(14)
C(1A)-C(YA)  1.540(6) CA¥C(1)—P(1) 118.6(3)
C(1A)-C(2A)  1.681(6) C(1A)—C(1A)-C(2A)  114.9(3)
C(1B)-C(IB)  1.537(6) COAFC(IA)-P(1)  117.9(3)
C(1B)-C(2B)  1.663(6) C(B)-C(1B)-C(2B)  115.5(3)
C(1B)-C(I'B)—P(1) 117.8(3)

1.719(11), 1.714(15), and 1.713(17) A, with an overall
average of 1.715(14) A. The average B distances in each
cage are 1.777(12), 1.780(13), and 1.781(8) A, with an
overall average of 1.780(11) A. The-C distances in the

King et al.

the stability of compoun@, after 168 h, air was bubbled
into the acetone solution for 2 h. TR&P NMR spectrum,
shown att = 170 h, remained unchanged. Comparable
experiments with triphenylphosphine showed over 10%
conversion to the corresponding oxide, whereas bulky alkyl
ligands such as tB®, as was mentioned in the Introduction,
are known to be even more sensitive to air-oxidation.

Compound? can be converted to the corresponding oxide
5 (Scheme 2) by prolonged treatment with 30%0kl in
THF. To achieve complete conversion3ahe reaction had
to be heated to reflux for 40 h and an additional aliquot of
peroxide was required. The desired product was isolated by
preparative TLC in good yield (85%) as a colorless solid.

The 3P NMR of compound5 showed, as expected, a
significant downfield shift from the P(lll) ligand<13.6 to
37.5 ppm). The impact of the oxidation on the chemical shifts
of neighboring groups could also be detected in'tHand
3C NMR. The methylene protons, for example, shifted
downfield from 2.84 to 3.27 ppm. The-BH stretches in
the IR of 5 were similar to those of the starting material
which indicates that the BH vertexes were not modified
during the course of the reaction. The formation of the
desired product was further confirmed by high-resolution
mass spectrometry.

Attempts to alkylate compourigiwith methyl iodide failed
to produce the phosphonium salt. Changing the stoichiometry
of the reaction, the temperature, or the nature of the solvent
did not improve the yield of the desired product. Treatment
of the phosphine with methyl triflate or other reactive
alkylating agents such as benzyl bromide and allyl bromide,
similarly failed to produce the phosphonium salt. Unlike the
reaction with Au(l), which can undergo a more dissociative
type mechanism, it is apparent from these results that the
steric bulk of the ligand prevents direct alkylation at

carboranes range from 1.663(6) to 1.681(6) A. The averagephosphorus.

of the C(1)—C(1), C(ZA)—C(1A), and C(1B)—C(1B)

Compound can be transformed into a negatively charged

distances (1.537(6) A) is similar to the same distance found phosphine ligand by converting theosocarborane cages

for the free ligand (1.519(4) A). The average distance

to the correspondingido-clusters. Anionic phosphine ligands

between the phosphine and the methylene spacer group idiave garnered attention recently as ligands for catalysis and

1.842(4) A, which is shorter than the value observedor
(1.887(3) A).

for preparing charge-compensated and novel metal com-
plexes?® The tris(carboranyl)phosphine ligand was converted

The cone angle for the phosphine ligand was determinedto the trisnido phosphines by treating compoun@ with an

from the crystal structure af using the method of Ferguson
et al?® The calculated value is 213(2which is significantly

excess of tetra-butylammonium fluoride (TBAF) for 12
h. The product, which is the first example of a tri-anionic

larger than the cone angles reported for tri(benzyl)phosphinepnictogen ligand, was isolated as a colorless oil in 79% yield

(165°) and trigert-butyl)phosphine (182 and comparable
to the value reported for trimesitylphosphine (2jl 2naking
compound2 one of the bulkiest phosphine ligands known
to date?*

The stability of 2 to oxidation was tested by leaving a

following column chromatography. Compoufids resistant

to oxidation in solution (stable for greater than 170 h) and,
unlike compound,?” is soluble in a wide range of organic
solvents, including THF, acetone, acetonitrile, ethyl acetate,
and dichloromethane.

solution of the phosphine in deuterated acetone open to the The isotope distribution in the high-resolution mass

atmosphere and then periodically running3%® NMR

spectrum of6 was consistent with the presence of three B

spectrum over 168 h. The resulting spectra (Figure 4) clearly clusters while the IR shows the presence of a stror¢iB

demonstrate that compouraddoes not oxidize in solution

even over a prolonged period of time. To further demonstrate

(25) Ferguson, G.; Roberts, P. J.; Alyea, E. C.; Khan,Iihbrg. Chem.
1978 17, 2965.
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stretch at 2522 crmt. ThelH NMR of 6 showed three distinct

(26) (a) Thomas, C. M.; Peters, J.I8org. Chem2004 43, 8. (b) Thomas,
J. C.; Peters, J. Anorg. Chem.2003 42, 5055. (c) Betley, T. A;;
Peters, J. Clnorg. Chem.2003 42, 5074.

(27) Compound is soluble only in DMSO, acetone, and THF.
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Figure 4. 3P NMR spectra of (acetoneds, 121.5 MHz) over time.

Scheme 2

P 30% H,0,, THF

3 40 hours, A

carborane CH signals which were shifted to lower frequency complex with Au(l). The cone angle of the carborane
(1.72, 1.80, and 1.88 ppm) than the one signal seen in thephosphine ligand was determined from the X-ray structure
starting material (4.89 ppm). THEC{'H} NMR spectrum of the Au(l) complex and was found to be 213(2¥hich is
showed a doublet arising from the carbon atoms of the among the largest values reported to date. The ease of
methylene spacer, which, somewhat surprisingly are alsosynthesis, steric bulk, and remarkable resistance to oxidation
shifted to lower frequency than the corresponding signal in of compounds2 and 6 indicates that they can be used as
the 13C{'H} NMR of 2. The3P{*H}NMR of 6 shows two robust substitutes for conventional hindered phosphine
resonances at 20.3 and 22.3 ppm in approximately a 1:4 ratioligands. Future work will entail evaluating compourifjs,
which are shifted to higher frequency than those of the and6 as ligands for preparing novel coordination complexes
starting material. The two peaks arise because diastereomerand for carrying out Pd-catalyzed cross-coupling reactions.
are formed during the reaction with fluoride which is a ) ]
consequence of the fact that the degradation reaction can_#ACcknowledgment. We thank the National Sciences and

take place at either the B(3) or B(6) vertex of each carborane ENgineering Research Council (NSERC) of Canada for their
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Conclusions . . .
Supporting Information Available: Spectra for compounds

Four unique and sterically hindered pnictogen ligands 2, 3 4,5 and6, and crystallographic data (tables of crystallographic
derived from carboranes were prepared in good to excellentdetails, non-hydrogen coordinates, bond-distances and angles,
yields. The phosphine ligan@, which was remarkably  anisotropic displacement parameters, and hydrogen coordinates) for
resistant to oxidation, was subsequently used to prepare acompounds, 3 and4 (pdf). Crystallographic information files for
the compounds studied (cif). This material is available free of charge

(28) Hawthorne, M. F.; Young, D. C.; Garrett, P. M.; Owen, D. A,; via the Internet at http://pubs.acs.org.
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