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Abstract: The titanium-catalyzed hydroboration reactions of decaborane with a variety of terminal olefins
have been found to result in the exclusive, high-yield formation of monosubstituted decaboranglé:RR-B
products, arising from anti-Markovnikov addition of the cageB6to the olefin. The titanium-catalyzed
reactions are slow, often less than one turnover per hour; however, their high selectivities and yields coupled
with the fact that they are simple, one-pot reactions give them significant advantages over the previously
reported routes to 6-R48H13 compounds. The catalyst also has extended activity with reactions carried out
for as long as 13 days, showing little decrease in reactivity, thereby allowing for the production of large
amounts of 6-R-BHi3. The titanium-catalyzed reactions of decaborane with the nonconjugated diolefins,
1,5-hexadiene and diallylsilane, were found to give, depending upon reaction conditions and stoichiometries,
high yields of either alkenyl-substituted 6-(&HCH(CH,)4)-B1gH13 (4) and 6-(CH=CHCH,SiMe,(CH,)3)-

BioH13 (5) or linked-cage 6,6(CHy)s-(B1oH13)2 (6) and MeSi(6-(CH,)s-B1gH13)2 (7) compounds, respectively.

The unique tetra-cage product, Si(6-(§4B10H13)4 (8), was obtained by the catalyzed reaction of 4 equiv of
decaborane with tetraallylsilane. Sequential use of the titanium catalyst and previously reported platinum catalysts
(PtBr, or H,PtClk-6H,O with an initiator) provides an efficient pathway to asymmetrically substituted 6-R-
9-R-BjgH1» species. The structures of compourls$, and 8, as well as a platinum derivative, (PS)#+
commePt-[nido-7-Pt-8-(-CgH17)B1gH11] 22, of 6-(n-octyl)decaborane have been established by single-crystal
crystallographic determinations.

The development of new, systematic ways to functionalize routes to both monoalkyl and monoalkenyl decaboranes, as well
polyboranes, such as decaborangH,, with organic substit- as new types of decaborane linked-cage compoginds.
uents has been of great recent interest because of the emerging
used of a variety of organo-polyboranes in such diverse Experimental Section
applications as boron neutron capture agents, noncoordinating ) ) ) ) ]
anions, extractants for radioactive wastes, and inorganic polymer Al manipulations were carried out using standard high-vacuum or
components. We have previously shown that late transition metal'nert'atm.OSIOhere t.eChn'queS as described by Shriver and Drezdzon,
complexes can be used to catalyze the reactions of certain Materials. Cp.Ti(CO). was purchased from Strem and used as

. - . received. CpliMe, was prepared according to the literature procedure.

polyboranes with olefins and acetylenes to provide excellent
routes to alkyl- or alkenyl-substituted produétSor example, (4) For examples, see: (a) He, X.; Hartwig, J.JF.Am. Chem. Soc.
either chloroplatinic acid or platinum(ll) bromide can be used 1996 118 1696-1702. (b) Hartwig, J. F.; Muhoro, C. N.; He, X

; i - - Eisenstein, O.; Bosque, R.; Maseras,JF.Am. Chem. Socl996 118
to Caﬁzlytlca"y hydrogor.ate.termm?]l. (ﬂefl_nlséWIth decaborane 10936-10937. (c) Hartwig, J. F.; Waltz, K. M.; Muhoro, C. N.; He, X,;
to yield 6,9-RB1oH1, derivatives in high yield. Eisenstein, O.; Bosque, R.; Maseras, FAlvances in Boron Chemistry

Early transition metal complexes have also recently been Siebert, W., Ed.; Royal Society of Chemistry: London, 1997; pp-491
found to catalyze olefin and acetylene hydroborations with 502. (d) Muhoro, C. N.; Hartwig, J. Angew. Chem., Int. Ed. Endl997,

. 36, 1510-1512. (e) Muhoro, C. N.; He, X.; Hartwig, J. B. Am. Chem.
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(CO), catalyzes the hydroboration reactions of HBCat with Chem. Socl995 117, 6615-6616. (h) Motry, D. H.; Brazil, A. G.; Smith,
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Titanium-Catalyzed Decaboran®lefin Hydroborations

Table 1. Summary of Reaction Conditions and Results
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decaborane Cp:Ti(CO), time (h)/ % conversion/ product (g, mmol)/
reaction olefin (9, mmol) (9, mmol)/mol % temp CC) TONe isolated yield (%)
la 1-hexene (25 mL) 0.516, 4.22 (0.049, 0.21)/5.0 21/90 100/20 1(0.82, 4.0)/94
1b 1-hexene (13 mL) 1.00, 2.18 (0.244,1.03)/12.6 24/80 100/8 1(1.52,7.37)/89.7
1 1-hexene 0.051, 0.42 (0.0049, 0.021)/5.0 14/70 0/0 no reaction
1 1-hexene 0.054, 0.44 (0.0010, 0.0043)/0.97 15/75 10/10 1 not isolated
2a 1-octene (20 mL) 2.34,19.2 (0.10,0.43)/12.3 64/90 100/45  2(3.92,16.8)/88
27 1-octene 0.052,0.42 (0.0022, 0.0093)/2.2 16/90 40/18 2 not isolated
3a AllyITMS (20 mL) 0.24,2.0 (0.039, 0.17)/8.5 16/83 95/11 3(0.37,1.6)/79
3b AllyITMS (2.9 mLy 0.24,2.0 (0.023, 0.098)/4.9 48/90 100/20 3(0.42,1.8)/88
4a 1,5-hexadiene (16 mL) 0.19,1.6 (0.021, 0.090)/5.6 24/90 100/18 4(0.28,1.4)/88
4b 1,5-hexadiene (75 mL) 5.15,42.1 (0.4695, 2.006)/4.76 21/90 100/21  4(7.94, 38.9)/92.3
5 Allyl;SiMe, (18 mL) 1.50, 12.3 (0.1316, 0.5622)/4.57 36/83 100/22 5(2.96,11.3)91.9
6 1,5-hexadiene (1.38%y)  4.13,33.8 (0.380, 1.62)/4.79 144/90 100/21 6(5.08, 15.6) 92.0
7 Allyl ;SiMe; (0.63 gy 1.10,9.0 (0.160, 0.685)/7.61 288/88 100/13 7(1.48,3.85)85.5
8 Allyl ,Si (0.10 g¥ 0.25,2.1 (0.039, 0.17)/8.1 192/90 90/11 8(0.19,1.1) 54

2NMR scale reaction® Toluene or benzene used as solvéON = turnover number, as determined by 64.2 MFB NMR.

Platinum(Il) bromide and HPtClk-6H,O were purchased from Aldrich B6), 9.9 (d, 2, B1,3), 8.3 (d, 1, B9), 0.7 (d, 2, B5,A3.2 (d, 2, B8,
and used as received. All olefins were purchased from Aldrich, Sigma, 10), —34.2 (d, 1, B2),—39.1 ppm (d, 1, B4)'H NMR (200.1 MHz,
or Gelest and were dried over Cabind vacuum transferred prior to  CgDg): 1.44 (m, 2, CH), 1.18 (m, 12, CH), 0.79 (t, 3, CH), —1.9
use. Decahorane was freshly sublimed before use. Reaction solventppm (s, 4, BHB). IR (NaCl plates, cr®): 2900 (vs), 2830 (vs), 2550
were obtained from Fischer and dried using standard procedures. Other(vs), 1970 (w), 1940 (b,w), 1895 (b,m), 1550 (s), 1530 (s), 1495 (s),
solvents were also obtained from Fischer and used as received unles4455 (b,vs), 1405 (s), 1375 (m), 1345 (w), 1305 (b,w), 1090 (s), 995
noted otherwise. (vs), 955 (s), 930 (m), 910 (m), 900 (m), 880 (w), 855 (m), 830 (m),
Physical Measurements!H NMR spectra at 200.1 MHz antdB 805 (s), 715 (s), 700 (s), 680 (s).
NMR spectra at 64.2 MHz were obtained on a Bruker AF-200 Fourier  6-(Me3Si(CHz)s)-BigH1s, 3. mp 36.5-38.0 °C. Anal. Calcd for
transform spectrometer. TH&8 NMR chemical shifts are relative to CsH27B10Si: C, 30.48; H, 11.93. Found: C, 30.50; H, 12.4B NMR
external BE*Et,O (0.00 ppm), with a negative sign indicating an upfield (64.2 MHz, GD¢): 25.4 (s, 1, B6), 11.0 (d, 2, B1,3), 9.2 (d, 1, B9),
shift. Chemical shifts fotH NMR spectra are based on 7.16 ppm for 1.0 (d, 2, B5,7)-2.5 (d, 2, B8,10);-33.4 (d, 1, B2),—37.9 ppm (d,
CsDs (relative to MaSi at 0.00 ppm). Gas chromatography/mass 1, B4).'H NMR (200.1 MHz, GDg): 1.61 (m, 2, CH), 1.19 (m, 2,
spectrometry was performed on a Hewlett-Packard 5890A gas chro- CH,), 0.60 (m, 2, CH), 0.05 (s, 9, ChH), —2.4 ppm (s, 4, BHB). IR
matograph (equipped with a cross-linked methylsilicone column) (NaCl plates, CGl cm1): 2960 (w), 2930 (m), 2540 (s), 2480 (m,
interfaced to a Hewlett-Packard 5970 mass-selective detector. Infraredsh), 1250 (m), 1160 (w), 1100 (w), 990 (m).
spectra were recorded on a Perkin-Elmer 1430 infrared spectropho- 6-(CH;=CH(CH )4)-B1oH13, 4. Oil. Exact mas$?Ce'Hz4"'B1o: mM/z
tometer. Elemental analyses were performed at the University of calcd, 206.2808; measd, 206.2848 NMR (64.2 MHz, GDg): 25.9
Pennsylvania microanalysis facility. High-resolution mass spectra were (s, 1, B6), 10.1 (d, 2, B1,3), 8.5 (d, 1, B9), 0.8 (d, 2, B5;72.9 (d,
recorded on a VG-ZAB-E high-resolution mass spectrometer using 2, B8,10),—34.2 (d, 1, B2),—38.9 ppm (d, 1, B4)'H NMR (200.1
negative ionization techniques. MHz, CsDg): 5.66 (m, 1,=CH—), 4.95 (m, 2, CH=), 1.97 (m, 2,
Table 1 contains a summary of the conditions and results of the CHy), 1.40 (m, 4, CH), 1.11 (m, 2, CH), —1.89 ppm (s, 4, BHB). IR
reactions of decaborane with olefins in the presence of catalytic amounts(NaCl plates, cmt): 3070 (m), 2960 (m), 2910 (vs), 2840 (s), 2560
of CpTi(CO),. Detailed descriptions of typical reactions and the (vs), 1975 (b,w), 1945 (b,w), 1895 (b,m), 1635 (s), 1550 (s), 1530 (s),
spectroscopic data for the products of all reactions are presented below1490 (vs), 1430 (b,s), 1410 (s), 1350 (w), 1255 (w), 1090 (s), 995
Reactions with Monoolefins. 6-0-CgH13)-BigH13, 1. In a typical (vs), 950 (s), 905 (vs), 875 (m), 850 (m), 830 (m), 805 (s), 715 (s),
reaction, a 50 mL round-bottom flask equipped with a high-vacuum 700 (s), 685 (s), 630 (m), 620 (m).
Teflon stopcock was charged under an inert atmosphere with 0.049 g  6-(CH,;=CHCH ;SiMe;(CH2)3)-BigH13, 5. Oil. Anal. Calcd for
(0.21 mmol) of CpTi(CO),, 0.516 g (4.22 mmol) of decaborane, and  CgH30B10Si: C, 36.60; H, 11.52. Found: C, 36.88; H, 11.98 NMR
25 mL of 1-hexene. The flask was cooled-t496 °C and evacuated. (64.2 MHz, GD¢): 24.7 (s, 1, B6), 10.3 (d, 2, B1,3), 8.5 (d, 1, B9),
The reaction flask was sealed and brought to room temperature, and0.3 (d, 2, B5,7),~3.2 (d, 2, B8,10)-34.2 (d, 1, B2),—38.7 ppm (d,
the body of the flask was completely submerged in &£Gil bath. 1, B4).*H NMR (200.1 MHz, GDg): 5.80 (m, 1=CH—), 4.96 (m, 2,
After 21 h,1'B NMR analysis showed no unreacted decaborane. The CH,=), 1.56 (m, 4, CH), 1.18 (m, 2, CH), 0.62 (m, 2, CH), 0.03 (s,
reaction was stopped and exposed to air. The reaction mixture was6, CHs), —2.3 ppm (s, 4, BHB). IR (NaCl plates, c#): 3050 (w),
then eluted down a silica gel column with 500 mL of hexanes. The 2930 (m), 2900 (s), 2860 (m), 2550 (vs), 1970 (b,w), 1930 (b,w), 1890
bulk of the volatiles was removed by rotary evaporation. Volatiles were (b,w), 1620 (m), 1545 (w), 1490 (s), 1405 (m), 1330 (w), 1240 (s),
further removed on the high-vacuum line overnight. GC/MS analysis 1185 (w), 1145 (m), 1085 (w), 1020 (w), 995 (s), 950 (w), 920 (m),
of the remaining yellow oil, 0.82 g (4.0 mmol, 94% yield), showed 880 (m), 820 (vs), 720 (w), 690 (m), 630 (m).
6-(n-CsH13)-B1oH13 as the only product. Anal. Calcd forsB2¢B10: C, 6-(N-CgH17)-B1oH13, 2. In a separate experiment designed to deter-
34.92; H, 12.70. Found C, 35.09; H, 11.26. Exact nmi8G8s'H26'B1o: mine the robustness of the g}i(CO), catalyst, a 500 mL round-bottom
mvz calcd, 208.2965; measd, 208.2978B NMR (64.2 MHz, GDg): flask, equipped with a high-vacuum Teflon stopcock, was charged under
25.9 (s, 1, B6), 10.9 (d, 2, B1,3), 9.2 (d, 1, B9), 1.0 (d, 2, B5:7,5 an inert atmosphere with 0.056 g (0.24 mmol) of,GpCO),, 39.0
(d, 2,B8,10),-33.4 (d, 1, B2);~38.0 ppm (d, 1, B4)'H NMR (200.1 mL (249 mmol) of 1-octene, and 1.33 g (10.9 mmol) of decaborane.
MHz, C¢Dg): 1.48 (m, 2, CH), 1.30 (m, 6, CH), 1.10 (m, 2, CH), The flask was cooled te-196 °C and evacuated. The reaction flask
0.92 (t, 3, CH), —2.45 ppm (s, 4, BHB). IR (NaCl plates, cf): 2920 was then brought to room temperature, and the body of the flask was
(vs), 2900 (vs), 2830 (vs), 2540 (vs), 1970 (w), 1930 (b,w), 1890 (b,m), completely submerged in an 86 oil bath. After~45 min, the reaction
1540 (m), 1520 (m), 1490 (vs), 1445 (b,s), 1410 (s,sh), 1370 (m), 1340 mixture had changed from reddish brown to dark green. A total of
(w), 1200 (w), 1085 (s), 990 (vs), 950 (s), 925 (m), 910 (m), 875 (m), 7.11 g (58.2 mmol) of decaborane was added in increments over the
850 (m), 830 (m), 800 (m), 760 (w), 710 (s), 700 (m), 680 (m). course of 12 days (see Table 2). After 307 h, all decaborane had been
6-(N-CgH17)-B1gH13, 2. Oil. Anal. Calcd for GH3oB1o: C, 40.99; H, consumed. When the reaction mixture was exposed to the air, the
12.90. Found: C, 41.20; H, 13.40. Exact m&&s'Ha¢''B1o:. mvz calcd, solution changed from green to orange, and a precipitate formed. The
236.3278; measd, 236.3277B NMR (64.2 MHz, GDe¢): 25.5 (s, 1, mixture was eluted down a silica gel column with toluene until no
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Table 2. Summary of 13 Day Titanium-Catalyzed Reaction of
Decaborane with 1-Octene

time (h) total turnovers BH12mmol added
0 0 10.9
43 34 11.6
96 71 16.2
139 97 9.2
187 140 10.3
307 244 0

product was visible by TLC in the fractions. The bulk of the volatiles

was removed via rotary evaporation. Volatiles were further removed

on a high-vacuum line overnight. GC/MS analysis of the remaining
brown oil, 12.36 g (52.7 mmol, 90.5% vyield), showedré&gH 7)-
BioH13 to be the only product.

Reactions of 6-0-CgH17)-BioH13 with Lewis Bases.A 2.0 mL
aliquot of a 0.020 M solution of 6rtoctyl)decaborane in toluene was
stirred with 5.0 mL of dimethyl sulfide overnight at 9C. A 1'B NMR

spectrum taken at this time showed no reaction. This reaction was
repeated with equal quantities of diethyl sulfide and acetonitrile, but

no reaction was observed BB NMR analysis. As was previously
observed for reactions with 6,9-:0H1,,° the reaction of 6+{-octyl)-

Pender et al.

with 0.039 g (0.17 mmol) of CFi(CO),, 0.10 g (0.52 mmol) of
tetraallylsilane, 0.25 g (2.1 mmol) of decaborane, and 10 mL of toluene
freshly vacuum distilled from Na/benzophenone. The reaction flask was
evacuated at196°C and then sealed. After initially warming to room
temperature, the body of the flask was submerged in &96il bath.
After 8 days, the reaction mixture was cooled to room temperature,
exposed to air, and eluted down a silica gel column with 300 mL of
hexanes followed by 300 mL of toluene. Following the removal of
volatiles, 0.19 g of product remained, corresponding to a 54% isolated
yield. Crystals were grown from a 3:1 mixture of benzene and heptane
at—10°C. mp 139-140.5°C. Anal. Calcd for GH7eB4oSi: C, 21.16;
H, 11.25. Found C, 22.53; H, 11.98. LRMS (electrospray) for
285i12C1,'H76!1B3g (P-2H): m/z calcd, 686; measd, 686B NMR (64.2
MHz, CsDg): 25.8 (s, 1, B6), 11.2 (d, 3, B1,3 and B9), 1.3 (d, 2, B5,7),
—2.2(d, 2, B8,10)~33.3 (d, 1, B2),—37.6 ppm (d, 1, B4)!H NMR
(200.1 MHz, GDg): 1.92 (m, 8, CH), 1.32 (m, 8, CH), 0.99 (m, 8,
CHy), —2.1 (s, 8, BHB),—2.5 ppm (s, 8, BHB). IR (NaCl, CGlplates,
cm™Y): 2920 (w), 2900 (m), 2880 (w), 2560 (s), 1490 (m), 1420 (b,w),
1240 (m), 1210 (w), 1140 (w), 1000 (w), 970 (sh,w), 670 (w).
Syntheses of 6'{('C3H 17)'9-(C6H 5-(CH 2)3)-BloH 12, 9. PtBr,-
Catalyzed Reaction.A 100 mL reaction tube equipped with a high-
vacuum Teflon stopcock was charged under an inert atmosphere with

decaborane with triethylamine resulted in deprotonation to form the 0.024 g (0.066 mmol, 3.5 mol %) of PtB10.43 g (1.9 mmol) of 6+

monoanion, i.e., 6A-CgH17)-BioH12".

Multicage Syntheses. 6,6(CH2)s-(B1gH13)2, 6. A 500 mL round-
bottom flask, equipped with a high-vacuum Teflon stopcock, was
charged under an inert atmosphere with 0.380 g (1.62 mmol) gf Cp
Ti(CO),, 4.13 g (33.8 mmol) of decaborane, 1.38 g (16.9 mmol) of
1,5-hexadiene, and 25 mL of toluene freshly vacuum distilled from
Na/benzophenone. The flask was evacuated while being cootetost

octyl)decaborane, and 3.13 g (26.5 mmol) of allylbenzene. The reaction
flask was cooled to-196 °C, evacuated, and then warmed to room
temperature. The body of the reaction tube was then submerged in a
60 °C oil bath. After 4 h,1'B NMR analysis showed that all of the
6-(n-octyl)decaborane had been consumed. The reaction mixture was
eluted through a silica gel plug and then through activated carbon with
a 1:1 mixture of benzene and hexanes. The bulk of the volatiles was

°C. The flask was then sealed and brought to room temperature, and'émoved by rotary evaporation. Volatiles were further removed on the

then the body of the flask was submerged in a°@0oil bath. After
~6 days,''B NMR analysis showed that all decaborane had been

high-vacuum line overnight. GC/MS analysis of the remaining light
brown oil, 0.64 g (1.8 mmol, 97% yield, 29 turnovers), showe-6-(

consumed. The reaction mixture was exposed to air and eluted down CeH17)-9-(CeHs-(CHz)s)-BioH12 (9) as the only product. Exact mass

a silica gel column with toluene. The bulk of the volatiles was removed
by rotary evaporation. Volatiles were further removed on the high-

12C17'Haot'B1o: MYz caled, 354.4061; measd, 354.4078B NMR (64.2
MHz, CsDe): 23.9 (s, 2, B6,9), 8.4 (d, 2, B1,3),2.4 (d, 4, B5,7,8,10),

vacuum line overnight. GC/MS analysis of the remaining peach-colored —36.8 ppm (d, 2, B2,4):H NMR (200.1 MHz, GDg): 7.11 (m, 5,

solid, 5.08 g (15.6 mmol, 92.0% vyield), showed'§6H,)s-(B1oH13)2

Ph), 2.61 (t, 2, Ch), 1.83 (m, 2, CH), 1.44 (m, 4, CH), 1.19 (m, 12,

to be the only product. Crystals were grown from a 1:1 heptane and CHz), 0.80 (t, 3, CH), —1.8 ppm (s, 4, BHB). IR (NaCl plates, cr):

benzene solution at-10 °C. mp 95.5-96.5 °C. Anal. Calcd for
CeH3sB2o: C, 22.07; H, 11.73. Found: C, 21.44; H, 11.86. Exact mass
12CelH3gMB2o: Mz caled, 330.4835; measd, 330.4848B NMR (64.2
MHz, CsD¢): 25.4 (s, 1, B6), 9.9 (d, 2, B1,3), 8.2 (d, 1, B9), 0.4 (d, 2,
B5,7),—3.2 (d, 2, B8,10)-34.3 (d, 1, B2),~39.0 ppm (d, 1, B4)!H
NMR (200.1 MHz, GDg): 1.56 (m, 4, CH), 1.40 (m, 4, CH), 1.15
(m, 4, CH), —2.4 ppm (s, 8, BHB). IR (NaCl plates, C{len?):
2940 (m), 2910 (m), 2860 (w), 2560 (s), 1355 (b,m), 1260 (m), 1095
(m), 1020 (m), 760 (m).

(CH3),:Si(6-(CHz)3-B1ioH13)2, 7. A 100 mL round-bottom flask,

3050 (w), 3010 (m), 2910 (vs), 2840 (s), 2550 (vs), 1920 (vb,w), 1600
(w), 1520 (m), 1500 (s), 1490 (s), 1450 (s), 1410 (s), 1350 (w), 1260
(w), 1095 (s), 1080 (m), 1030 (w), 995 (s), 960 (w), 900 (w), 840 (w),
810 (b,w), 745 (s), 730 (m), 700 (s).

H,PtCls:6H,O-Catalyzed Reaction. A 100 mL reaction tube
equipped with a high-vacuum Teflon stopcock was charged under an
inert atmosphere with 0.0121 g (0.023 mmol) ofACk-6H,0, 4.0
mL of allylbenzene, and 0.15 g (0.64 mmol) of ®-¢ctyl)decaborane.
The tube was cooled te-196 °C and evacuated on a high-vacuum
line. The flask was warmed to room temperature and then immersed

equipped with a high-vacuum Teflon stopcock, was charged under anin @ 65°C oil bath and stirred for 22 h. Analysis BB NMR showed

inert atmosphere with 0.160 g (0.685 mmol) of ;TPCO),, 1.10 g
(9.00 mmol) of decaborane, 0.63 g (4.5 mmol) of diallyldimethylsilane,

and 10 mL of toluene freshly vacuum distilled from Na/benzophenone.

The flask was evacuated while being cooled-&86°C and then sealed.
After initially warming to room temperature, the body of the flask was
submerged in an 88C oil bath. After 12 days!'B NMR analysis

the formation of 644-CgH17)-9-(CeHs-(CHz)a)-B1oH12 (9) to be less than
50% complete (14 turnovers).

H,PtCls:6H,O Catalyst with Decaborane Initiator. A 100 mL
reaction tube equipped with a high-vacuum Teflon stopcock was
charged under an inert atmosphere with 0.0268 g (0.052 mmol}-of H
PtCk-6H,0, 3.23 g of allylbenzene, 0.31 g (1.3 mmol) ofis<ctyl)-

showed that the reaction was complete. The reaction mixture was decaborane, and 0.0094 g (0.070 mmol) of decaborane. The reaction

exposed to air and eluted down a silica gel column with 200 mL of

toluene. The bulk of the volatiles was removed by rotary evaporation.

Volatiles were further removed on the high-vacuum line overnight to
yield 1.48 g (3.85 mmol, 85% yield) of a peach-colored solid. mp
109.0-110.5°C. Exact mas$?Cg'Has'B2o?®Si: mvz calcd, 388.5073;
measd, 388.5088!B NMR (64.2 MHz, GDe): 24.6 (s, 1, B6), 10.4
(d, 2,B1,3), 8.7 (d, 1, B9), 0.4 (d, 2, B5,%3.1 (d, 2, B8,10)—34.1
(d, 1, B2),—38.6 ppm (d, 1, B4)'H NMR (200.1 MHz, GDg): 1.68
(m, 4, CH), 1.24 (m, 4, CH), 0.72 (m, 4, CH), 0.12 (s, 6, Ch),
—2.5 ppm (s, 8, BHB). IR (NaCl plates, c): 2940 (m), 2900 (m),
2880 (sh,w), 2560 (s), 1490 (m), 1420 (b,w), 1240 (m), 1210 (b,w),
1150 (w), 1085 (w), 1000 (m), 940 (w), 690 (w).
Si(6-(CHy)3-B1gH13)4, 8. A 50 mL round-bottom flask, equipped with

tube was cooled te-196 °C and evacuated on a high-vacuum line.
The tube was warmed to room temperature and then immersed and
stirred in a 65°C oil bath. Analysis by*'B NMR showed the reaction
to be complete after 14 h. TLC analysis indicated that, in addition to
the major product 6f-CgH17)-9-(CsHs-(CHy)s)-BigH12 (9), small
amounts of 6,9-(6Hs-(CHy)3)-2-BigH12 were also produced, with the
latter compound resulting from the platinum-catalyzed reaction of
allylbenzene with the BHa4 initiaitor. After separation by flash filtering
through a silica gel column, 0.41 g of a mixture was obtained, which
corresponds (assuming the ratio of products is equal to the ratio of
starting decaborane and 6-¢ctyl)decaborane) to an isolated yield of
83% (25 turnovers).

H-PtCls-6H,O Catalyst with Triethylsilane Initiator. A 100 mL

a high-vacuum Teflon stopcock, was charged under an inert atmospherereaction tube equipped with a high-vacuum Teflon stopcock was
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Table 3. Crystallographic Data Collection and Structure Refinement Information

J. Am. Chem. Soc., Vol

. 123, No. 49, 207225

5 6 8 10
formula GB1oH30SI CsBogHas C12BagH76Si PtCi4B2oHgeN4O,
formula weight 262.51 326.56 681.22 1126.55
crystal class monoclinic triclinic monoclinic monoclinic
space group C2/c (No. 15) P1 (No. 2) P2:/n (No. 14) P2,/c (No. 14)

z 8 2 4 4
cell constants
a 13.5697(3) A 10.0173(9) A 12.1547(1) A 14.1449(5) A
b 14.9807(5) A 14.2662(10) A 30.8009(2) A 16.7051(5) A
c 17.6395(3) A 8.1422(6) A 12.7664(1) A 25.5823(12) A
o 94.144(4)
B 94.442(2) 104.290(3) 102.918(1) & 95.5610(10)
y 82.144(6)
\Y 3575.1(2) B 1116.1(2) B 4658.47(6) R 6016.4(4) B
u 1.09 cmt 0.40 cm? 0.65 cn1t 23.70 cmt
crystal size, mm 0.3& 0.28x 0.20 0.34x 0.20x 0.08 0.45x 0.18x 0.15 0.32x 0.20x 0.03
(DI 0.975 g/cm 0.972 g/cr 0.971 g/cr 1.244 g/cm
F(000) 1136 348 1448 2336
radiation Mo Koo Mo Ka Mo Ko Mo Ko
2 =0.71069 A 1 =0.71069 A 1 =0.71069 A 2 =0.71069 A
260 range 5.4450.7 5.16-50.7C 5.14-50.7 4.88-50.7
temperature, K 180 200 200 200
hkl collected —16 < h < 16; —12<h=<12; —14< h =< 14 —-16< h < 16;
—18< k=< 18; —-17< k=17, —36 < k < 36; —17 < k =< 20;
—21=<1=20 —-9=<I1=9 —15=<1=<15 —29=<1=30
no. reflections measured 12 056 8368 32624 39 097
no. unique reflections 322®R4: = 0.0330) 3697Rn: = 0.0324) 8432Rn: = 0.0395) 10 576Rn: = 0.0832)
no. observed reflections 3008 & 40) 3178 F > 40) 7340 F > 40) 9170 ¢ > 4o)
no. reflections used in refinement 3226 3697 8432 10576
no. parameters 292 388 478 650
Rindices £ > 40)? R, = 0.0496 R, = 0.0665 R, = 0.0895 R, = 0.0987
wR; =0.1131 wWR, = 0.1518 wWR, = 0.1982 WR,=0.1782
Rindices (all dated R, = 0.0538 R, =0.0776 R, = 0.1039 R, =0.1153
wR, = 0.1155 ViR, = 0.1590 VR, = 0.2067 VR, = 0.1850
GOF 1.150 1.161 1.172 1.283
final difference peaks, e +0.124,—0.288 +0.168,—0.146 +0.299,—0.262 +3.119,—-1.585
AR = Y |IFo| — IFcll/X|Fol; WRe = { TW(Fo? — FH 3 W(Fo?)? 12

charged under an inert atmosphere with 0.0217 g (0.042 mmol)-of H (w), 1540 (w), 1500 (m), 1430 (w), 1395 (w), 1290 (w), 1240 (w),

PtCk-6H,0, 8.0 mL of allylboenzene, 0.25 g (1.1 mmol) of B-gctyl)- 1195 (w), 1170 (w), 1110 (w), 1090 (w), 1050 (w), 1020 (m), 860

decaborane, and 0.04 g of a 17% solution of triethylsilane in (vs), 840 (vs), 830 (vs), 710 (w), 700 (w), 680 (m).

allylbenzene (0.059 mmol ESiH). The reaction tube was cooled to Crystallographic Data for Compounds 5, 6, 8, and 10Single

—196°C and evacuated on a high-vacuum line. The reaction flask was crystals of 6-(CH=CHCH,SiMey(CH,)3)-B1oH13 (5, UPenn 3164), 6.6

warmed to room temperature and immersed in 8@6%il bath. After (CHy)6-(B1oH13)2 (6, UPenn 3133), Si(6-(Chk-BioH13)4 (8, UPenn

the solution was stirred for 7 B1B NMR analysis showed complete  3175), and (PSH)»-commePt-[nido-7-Pt-8-1-CgH17)-B1oH11],2~ (10,

reaction to form 64§-CgH17)-9-(CeHs-(CHy)3)-B1oH12 (9). Following UPenn 3138) were grown as described above. Suitably sized crystals

separation of products by column chromatography (silica gel, hexanes: were mounted and transferred to the diffractometer.

toluene 3:1), 0.59 g of product was obtained, which corresponds to an  Collection and Reduction of the Data.As described in Table 3,

isolated yield of 90% (26 turnovers). X-ray intensity data foi5, 6, 8, and 10 were collected on a Rigaku
(PSH")2-commoPt-[nido-7-Pt-8-(1-CgH17)-B1oH11]2*, 10.A two- R-AXIS lic area detector employing graphite-monochromated Mo K

neck round-bottom flask equipped with a vacuum adapter, stir bar, and radiation ¢ = 0.71069 A). Indexing was performed on a series of

septum was charged with 0.39 g (1.7 mmol) ofnée€tyl)decaborane  oscillation images. A hemisphere of data was collected usind@,

and evacuated on the high-vacuum line. On the Schlenk line, 15 mL 5° and # oscillation angles fob, 6, 8, and 10, respectively, with a

of dry THF was syringed into the flask, which was then cooled 78 crystal-to-detector distance of 82 mm. Oscillation images for each

°C. An excess1.5-fold) of NaH was added under a positive pressure compound were processed using biofeXroducing a listing of

of nitrogen. This mixture was allowed to stir for 1.5 h while warming  ynaveraged=? and o(F?) values which were then passed on to the

to room temperature. The mixture was then filtered and the filtrate texsa program package for further processing and structure solution

transferred to a 100 mL Schlenk tube. To this tube was added, with on a Silicon Graphics Indigo R4000 computer. The intensity data were

rapid stirring, 25 mL of a CECN solution containing 0.36 g (1.7 mmol)  corrected for Lorentz and polarization effects, but not for absorption.

of proton sponge (PS) and 0.32 g (0.85 mmol) of (COD)RtThis Solution and Refinement of the Structures.Each structure was

mixture was stirred for 16 h. Solvent was removed, and the remaining ggjyed by direct methods (SIR9%)Refinement was by full-matrix

crude product was then recrystallized from £Ct to yield 0.37 g of least-squares based & using SHELXL-93!* All reflections were

a brown/yellow solid, which corresponds to a 40% yield based on seq during refinemenfs that were experimentally negative were

starting Pt. Crystals were grown from a pentane and methylene Chlor'dereplaced byF2 = 0). The weighting scheme f&wasw = 1/[0%(Fo?)

solution (1:1) at—10 °C. Anal. Calcd for GsHqsBooN4Pt: C, 48.46; + 0.0456°2 + 290333]; for 6, w = 1/[02(':02) +0.057P2 + 0.486?];
H, 8.69; N, 5.14. Found: C, 48.35; H, 8.67; N, 4.62. LRMS

(electrospray) fot2CaotH741B2o NPt (P-PSH"): mvz calcd, 880;
measd, 880:'B NMR (64.2 MHz, GDg): 7.6 (s),—2.9 (broad),—23.3
(d), —27.9 ppm (d)IH NMR (200.1 MHz, GD¢): 19.16 (s, 2, NHN),
8.03 (m, 4, naphth), 7.74 (m, 8, naphth), 3.20 (s, 245)CH72 (m, 4,
CHp), 1.57 (m, 24, CH), 0.87 (m, 6, CH), —1.7 (s, 2, BHB),~2.2 (10)SIR92 Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.;
ppm (s, 2, BHB). IR (NaCl plates, Cglem2): 3020 (s), 2940 (m), Giacovazzo, C.; Guagliardi, A.; Polidoro, G. Appl. Crystallogr.1994
2650 (s), 2620 (vs), 2460 (w), 1620 (), 1590 (w), 1580 (m), 1560 27, 435.

(8) BioteX A suite of Programs for the collection, Reduction and
Interpretation of Imaging Plate Data; Molecular Structure Corp.: The
Woodlands, TX, 1995.

(9)teXsan Crystal Structure Analysis Package; Molecular Structure
Corp.: The Woodlands, TX, 1985 and 1992.
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for 8, w = 1/[0%(F) + 0.0692P2 + 3.247P]; and for10, w = 1/[o*- B1oH1z compoundg? Their IH NMR spectra all show the

(Fo’) + 0.0198% + 81.091(°], whereP = (Fo* + 2F%)/3. _ characteristic cage and substituent resonances that are consistent
For all compounds, non-hydrogen atoms were refined anisotropically. with anti-Markovnikov addition of the olefin at the 6-boron

For5 and6, hydrogen atoms were refined isotropically. Bphydrogen position.

atoms were included as constant contributions to the structure factors C dsl 2 d3 t ch terized tall
and were not refined. Fdr0, hydrogen atoms were refined according ompounasl, 2, an were not characterized crystallo-

to a “riding” model except for the cage hydrogens, H9, H10, H11, Hgo, graphically; however, the structure @fwas confirmed by an

H1011, H9, H10, H11, H89, and H1011 which were included as X-ray structural characterization of its platinum derivati¥6,
constant contributions to the structure factors and were not refined. Mazighi et al® earlier showed that theommePt-[nido-7-Pt-

Crystal and refinement data, refined positional parameters, and bond8,11-(-CsH11),-B1oH10]22~ complex is formed upon reacting 2
distances and angles are presented in Tables161(Supporting equiv of 6,9-R-BigH11~ with PtCL(COD). As shown in eqgs 2

Information). and 3, when 6+(-CgH17)-B1oH13 was reacted in a similar manner,
the proton sponge (PS) salt, (P§ktcommePt-[nido-7-Pt-8-
Results (n-CgH17)-B1gH11]2~ (10) was obtained in a 40% isolated yield.

Reactions with Monoolefins.As summarized in Table 1,
decaborane was found to react (eq 1) with simple terminal 6-(n-CgH,,)-B;gH; 5+ NaH—
olefins, such as 1-hexene, 1-octene, and allyltrimethylsilane, in Na 6-(n-C.H.)-B. H..1~ + H. (2
the presence of catalytic amounts of JTPCO), to yield [6-(n-CeHy7)-BacHyl 2 (2)
monoalkyldecaboranes of the formula 6-R&CHi>-B1oH1s. ONa'[6-(N-CgH,)-ByoHy,l ™ + 2PS+ PtCL(COD) —
Cp,Ti(CO), PSH'),-commePt-[nido-7-Pt-8-0-C,H,-)-B, H,,],> +
2 6'RC|‘ECH2'BJ_OH13 (1) ( )2 [ 10 h 8 17) 10 ll]2

B;H,,+ RCH=CH,

2NaCl+ COD (3)
The reactions were monitored B8 NMR and stopped when
the initial starting decaborane was consumed. For each reaction, ap X-ray structural study confirmed the structure shown in

an initial induction period of at lead h was observed thatwas e ORTEP representation in Figure 1. The platinum acts as a
accompanied by a characteristic color change of the reactioncommon vertex in two 11-vertex cages, with each cage bound
mixture from dark red to dark green. Generally, the reactions i, gn »* fashion to the formal Pt center. In agreement with
were complete in 24 h at & when using~5 mol % catalyst  thejr nido (26 skeletal electrons) electron counts, each;PtB
and an excess of olefin. Quantitative conversion of decaboranecage has an open-cage structure based on an icosahedron missing
to the 6-R-BoHis products was observed in théB NMR one vertex. The alkyl groups of the two cages are oriented on
spectra of the reaction solutions. Separation of the catalyst byopposite sides of the platinum. The-f88 bond length inL0
flash filtration of the reaction solution through a silica gel plug, (2.34(2) A) is similar to the PtB8 and P+B11 bond lengths
followed by removal of volatiles under vacuum, afforded typical commePt-[nido-7-Pt-8,11-4-CsH11)2-BigH1] 22~ (2.400(11)
isolated yields 0f~90%. and 2.370(14) A), while the P#B11 length in10 (2.275(12)

The titanium-catalyzed reactions are slow (typically less than A) js significantly shorter and similar to those observed for Pt
one turnover per h), but the catalyst was found to be very long- Bg and P£B11 (2.273(3) and 2.295(3) A) in the pareaimme
lived. For example, as shown in Table!2B NMR analysis of Pt-[nido-7-Pt-BioH1] 2~ complext3
an experiment where-10-12 mmol samples of decaborane o, tions with Polyenes: 1,5-Hexadiene and Diallylsilane.
were added every 2 d_ays (total dgc_aborane added: 7.11g, 58-Zhe titanium-catalyzed reactions of decaborane with noncon-
mmol) to a reaction mixture containing only 0.24 mmol 0P ateq diolefins, such as 1,5-hexadiene and diallylsilane, gave,
TCO)2 (0.41 mol %.) af‘?' an excess of 1.-octene (39.0mL, 2.49 depending upon reaction conditions and stoichiometries, high
mmol) showed no significant decrease in the rate of formation yields of either alkenyl-substituted or linked-cage products.
of 6-(-octyl)decaborane over 13 days (244 total catalyst When 1,5-hexadiene or diallylsilane was used in excess, the

turnovers). Workup of the reaction as described above gave the .
oily quuig produc’?in a 90.5% isolated yield (12.4 g) ’ alkenyl-substituted products 6-(GHCH(CH)a)-B1oH13 (4) and
! ' LT 6-(CH;=CHCH;SiMe;(CHy)3)-B1gH13 (5) were produced, re-

Even when the reactions were carried out for extended times.,S ectively, in excellent490%) isolated yields (egs 4 and 5)
the titanium-catalyzed reactions proved to be highly selective P v, ! 0 - y A o
As shown in Table 1, both reactions were carried out with

in yielding only monosubstituted decaborane products, 6-R- conditions similar to those described above

B1oH13 resulting from anti-Markovnikov addition to the olefin. '

For example, GC/MS analysis of the 13 day reaction described

above confirmed 6r-octyl)decaborane as the sole product. The B,oH4+ Xs H,C=CH-(CH,),-CH=CH,

titanium catalyst was found to be inactive for olefins containing 6-(H,C—=CH-(CH,),)-B,gHys (4)
4

Cp,Ti(CO),

halide, oxygen, nitrile, or NH groups, due to deactivation of
the catalyst by a process most reasonably involving the direct

reaction of these species at the electrophilic titanium center. _ Cp,TI(CO),
The compositions of all products were established by BjgHi;+ Xs M&Si(CH,CH=CH,), ——
elemental analysis and/or exact mass determinations. Both the 6-(CH,~CHCH,SiMe,(CH,),)-B,H,5 (5)

Cs symmetry pattern and the downfield singlet-a26 ppm

observed if'B NMR spectra of all products are consistent with

the attachment of an alkyl group to the 6-pOSItI0n of the. (12) (a) Gaines, D. F.; Bridges, A. brganometallics1993 12, 2015-
decaborane framework, and these spectra are in agreement withg1g. (b) Bridges, A. N.; Powell, D. R.: Dopke, J. A.; Desper, J. M.; Gaines,

previous studies of the structures and NMR properties of 6-R- D. F. Inorg. Chem.1998 37, 503-509.

(13) (a) Klanberg, F.; Wegner, P. A,; Parshall, G. W.; Muetteries, E. L.
(11) Sheldrick, G. MSHELXL-93 Program for the Refinement of Crystal ~ Inorg. Chem.1968 7, 2072-2077. (b) MacGregor, S. A.; Yellowlees, L.

Structures; University of Gtingen: Gitingen, Germany, 1993. J.; Welch, A. JActa Crystallogr.199Q C46, 1399-1405.
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Figure 1. ORTEP drawing of the structure of the anion of compound (PgommePt-[nido-7-Pt-8-f1-CsH17)B1oH11].?~ (10). Selected bond
lengths (A) and angleS); Pt7—B2, 2.218(12); Pt#B3, 2.242(12); Pt#B8, 2.387(13); Pt#B11, 2.275(12); Pt#B8, 2.34(2); Pt#B11, 2.287-

(13); B8-B3, 1.79(2); B3-B2, 1.85(2); B2-B11, 1.78(2); B8&-B9, 1.81(2); B9-B10, 1.95(2); B16-B11, 1.86(2); C+B8, 1.60(2); C+B8—Pt7,

118.4(9); B8&-Pt7—B8', 178.3(5); B2-Pt7—B2, 179.2(5).

The 1B NMR spectra observed fof and5 are similar to
those of the monoalkyldecaborands 2, and 3, with a
characteristic singlet at a shift near 25 ppm corresponding to
the substituted B6 boron. Théid NMR spectra likewise show
the resonances for the cage an@H,— (and (CH),Si for 5)
protons, but they also exhibit multiplet resonances centered near
4.9 and 5.7 ppm that are characteristic of a vinyl group.
Supporting this interpretation, both compounds exhi#@
stretching bands, 1633)and 1620 cm? (5), in their infrared
spectra.

As shown in the ORTEP drawing in Figure 2, the structure
of 5 was confirmed by means of a single-crystal X-ray

crystallographic determination. As can be seen in the figure,

Eydroboration of only one of the allyl groups of diallylsilane E:Cl'gzlk)l.21200'_'(13?);(5)(':f’fffé?dl?:gﬁ;;ngéﬁ’) ngg?g)l;@%g:éi’

: ythe_decaborane B€H unit has o_ccurred to yield a compound 1.577(3); B5-B6, 1.803(3); B5-B10, 1.981(3); BS-B10, 1.784(4);

in which the decaborane cage is substituted at the 6-borongz_pg1.969(3); B6-B7, 1.798(3); C14 C15-C16, 126.0(2); C13

position by the CF=CHCH,SiMe;(CHz)s— group. The pres-  sj—C14, 110.74(9); C14Si—C18, 109.33(10); C14Si—C17, 108.12.

ence of the terminal double bond is confirmed by the planar

nature of the HC(16)=C(15)H— unit and the C15C16 bond

length of 1.320(3) A. All other bond lengths and angles in this Likewise, the synthesis of was achieved in an 85% isolated

compound are comparable to those reported for 6-ThidB yield by reacting a 2:1 ratio of decaborane to diallyldimethyl-

(Thx = CMe;CHMe,).12 silane for 12 days at 88C using 7.6 mol % Cgi(CO), (13
By both changing the reaction stoichiometry and carrying out total turnovers).

the reactions for longer times, complete hydroboration of 1,5-  The 1B NMR spectra observed foé and 7 are nearly

hexadiene and diallylsilane could easily be achieved to produceidentical to those oft and5, but the!H NMR spectra fot6 and

Figure 2. ORTEP drawing of the structure of 6-(GHCHCH,SiMe,-

the linked cage compounds, 6(€H>)s-(B1oH12)2 (6) and Me- 7 do not contain the vinyl proton resonances found in the later

Si(6-(CH)s-B1oH13)2 (7), respectively (egs 6 and 7). compounds. Likewise, their IR spectra do not have bands in
. the 1600 cm? region.

2B, Hy,+ H2C=CH-(CH2)2-CH=CH2M The structure of 6,6(CH,)s-(B1oH13)2 was established by a

single-crystal X-ray determination as shown in the ORTEP
6,6-(CHe(B1oH1d), (6) diagram in Figure 3. Both of the two independent molecules in
6 the unit cell are shown in the figure. The structures differ only
Cp,Ti(CO), in the conformation of the linking alkyl group. Anti-Markovni-
2B, H,,+ Me,Si(CH,CH=CH,), ——— kov addition at the 6-vertex of decaborane is again confirmed.
(62 - All bond lengths and angles are in the normal ranges and
Me,Si(6 (C;Ek BioHia)2 (7) comparable to those found Band 6-Thx-BoH3.12
Reaction with Si(CH,CH=CH,)s: Synthesis of Si(6-
The reaction of a 2:1 ratio of decaborane to 1,5-hexadiene in (CH,)s-B1oH13)a. The unique, tetracage product, Si(6-(&4
the presence 4.8 mol % f(CO), at 90°C was complete in BioH13)4 (8) was obtained by the reaction of 4 equiv of
6 days (21 total turnovers) and afford@é 92% isolated yield. decaborane with tetraallylsilane for 8 days at @D in the
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Figure 3. ORTEP drawing of the structure of 6;6CH,)s-(B1oH13)2 (6). Selected bond lengths (A): B&C11, 1.570(3); B5B6, 1.802(4); B5-
B10, 1.985(4); B9-B10, 1.781(5); B#B8, 1.992(4); B6-B7, 1.794(4).

presence of 8.1 mol % GPi(CO), (12 total turnovers) (eq 8).  structure. All other bond lengths and angle8iare comparable
to those found irb, 6, and 6-Thx-BgH3.12
Cp,Ti(CO),

4B, H,,+ Si(CH,CH=CH,), ——— Synthesis of an Asymmetrically Substituted Dialkylde-
. caborane.As discussed earlier, Mazighi and co-workers have
Si(6-(CH))3-ByH19)4 (8) shown that chloroplatinic acid and platinum bromide are
8 effective catalysts for the hydroboration of olefins with decabo-
rane to form products of the formula 6,3-B1gH1,.2 The fact
that the titanium and platinum catalysts give high yields of
mono- and dialkyldecaboranes, respectively, suggested that these
catalysts could be used in tandem to provide a route to
asymmetrically substituted dialkyldecaboranes. Thus, following
the synthesis of a 6-R+BH13 compound with the titanocene-
catalyzed reaction, a different substituent could be introduced
at B(9) by reacting the monoalkyldecaborane with a second

The reaction progress was monitored 8 and'H NMR.
Since the reaction involves the successive hydroboration of the
four allyl groups, intermediate species were observed during
the course of the reaction, but the reaction was not stopped until
complete hydroboration was achieved. The final solid product
was isolated by eluting the reaction mixture down a silica gel
column with hexanes followed by toluene and was obtained in

0% | i 1| 1
a 54% isolated yield. Thé'B andH NMR and IR spectra olefin in the presence of a platinum catalyst. With this aim in

(()é)si'rw)ed forg are similar to those observed for B(€H;)e- mind, the chloroplatinic acid-catalyzed reaction oihedgH;7)-
10M113)2- H H :
. . . B1oH13 (2), which was obtained from the Epi(CO),-catalyzed
4 The strucf:.ture dsf;)own n thefORTEIID repr?srz;tatloré (,::'gure reaction of decaborane with octene, with allylbenzene was
n?’;ttimé)is CAOsnc!;nr:ebe ger;s?r?sth% ﬁ Su'pg i-ggsltite r-lr%yrot?o?;?olh examined. However, the first attempt to synthesize the expected
of tetréallylsilane was achieved tgo pr;)ducepa tetra)lldecaboranyl6_(n_C8H17)_9_(C6H5_(CH2)3)_BlOH.lz.prOdUCt showed the platinum-
catalyzed reaction to be surprisingly slow. Thus, after reaction

S|Iane..Thte IC_tSIt_(E\ nglles arpunfd themséhiir} csntt?rr] are tor 22 h at 65°C with 3.7 mol % catalyst, less than 50%
approximately tetrahedral, ranging from , but the conversion was observed (eq 9).

four cages are not, in fact, tetrahedrally oriented. Instead, the
four linking —(CHy)s— chains adopt configurations in the solid

state that allow the four cages to be nearly coplanar. This is 6-(n-CgHy7)-ByoHis +

clearly shown by the fact that the four angles B63i—B6B CH,—CHCH,-C(H 3.7 mol % HPIC-6H,0
(96.33(5)), B6B—Si—B6C (65.43(5)), B6C—Si—B6D (127.3- 2 675 22h, 65°C

(5)°), and B6D-Si—B6A (77.31(5)) sum to 366.3% which is 6-(n-CgH;-)-9-(C;Hs-(CH,)4)-B,H,, (<50% conv) (9)
remarkably close to the 380value expected for a planar 9
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Figure 4. ORTEP drawing of the structure of Si(6-(@ktB1oH13)a

(8). Selected bond lengths (A) and anglgys Gi—C1a, 1.883(3); C3a

B6a, 1.565(4); B5aB6a, 1.806(4); B5aB10a, 1.980(5); B9aB10a,

1.780(5); B7a-B8a, 1.976(5); B6aB7a, 1.794(5); ClaSi—C1lb,

111.34(13); ClaSi—Clc, 105.29(13); CiaSi—C1d, 110.04(13);
C1b-Si—Cic, 109.02(12); C1bSi—C1d, 107.00(13); C1eSi—C1d,

114.22(14).
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6-(n-CgH,7)-BygH 3+
3.8 mol %
H,PtCl-6H,O/ELSIH init
CH,=CHCH,-C;H, E—

6-(n-CgH,,)-9-(CHs-(CH,)4)-B,H,,(100% conv) (11)
9

Best results were obtained when & RBburce, 3.5 mol %
PtBr,, was used as the catalyst. No initiator was needed, and
the reaction went to completion in gn#t h at 60°C (28 total
turnovers) (eq 12).

3.5 mol % PtBg
6-(n-CgH,7)-B1gHy3 + CH,=CHCH,-CeH; —, h, 60°C

6-(n-CgH17)-9-(GHs-(CHy)3)-B1oH1,(100% conv) (12)
9

Workup of the reaction by simply filtering the reaction
mixture through a silica gel column and activated carbon,
followed by evaporation of volatiles, gave the final product in
97% isolated yield.

Discussion

The titanium-catalyzed decaboranaefin hydroboration
reactions provide a new route for the controlled, high-yield
functionalization of decaborane that is complementary to the
previously established platinum systems. Whereas,Riit H-
PtClk-6H,0 yield predominately dialkyldecaboranethe reac-
tions employing dicarbonyltitanocene afford exclusively mono-
substituted decaboranes. The titanium-catalyzed reactions are

Such a result does not seem reasonable since, under similaslow, often less than one turnover per hour (see Table 1);
conditions, a reaction of decaborane with excess olefin and however, their high selectivities and yields coupled with the

chloroplatinic acid would have gone to completion to form the
6,9-R-B10H12 product.

The initial steps in both the chloroplatinic acid-catalyzed
hydrosilylatior#* and hydroboratioh® of olefins are thought to
be similar and to involve the initial reduction of chloroplatinic
acid (Pt) to a catalytically active Ptspecies. Consistent with
this step, an induction period is observed in both the chloro-
platinic acid-catalyzed hydrosilylatiolsand polyborane hy-
droborations;® during which time the active Ptspecies is
generated. The sluggish reaction of r6€gH17)-B1oH13 and
allylbenzene with HPtCk-6H,O suggested that the initial
reduction step was slow. That is, in contrast tgHB 4, the 6-6-
CgH17)-B1oH13 reactant apparently does not effectively reduce
PtV to the catalyically active Ptspecies. Supporting this idea,

fact that they are simple, one-pot reactions give them significant
advantages over the previously reported routes to 6dRHB
compoundg? The robustness of the catalyst also allows its use
for the complete hydroboration of polyenes, as illustrated by
the synthesis of the unique tetracage compound, Si(6)cH
BioH13)4 (8), and, as a result, may now enable efficient routes
to dendritic materials based on the polyboranes.

Recent studies by a number of workers have clearly shown
that the mechanistic steps involved in the early-metal-catalyzed
hydroboration reactions of olefins with monoborahese
distinct from those observed for late-transition-metal-catalyzed
hydroboration reaction’$.Thus, although both the platinum and
titanium complexes catalyze decaboraéefin hydroborations,
they most probably do so by significantly different mechanistic

it was found that when a small amount of decaborane was addedsteps.

as an initiator to reactions with 8+CgH17)-B1gH13, the induction

A possible catalytic cycle for the reaction of decaborane with

period was greatly reduced, and excellent conversions to thealkenes, based on Hartwig’s proposed mechatifemthe Cp-

6-(n-CgH17)-9-(CsHs-(CHy)3)-B1oH12 product9 were observed
(eq 10).

6-(N-CgH,7)-BygHi +
4.0 mol %
H,PICl-6H,0//B, H, , init

CH,=CHCH,CHs — 1,1 oo
6-(n-CgH,,)-9-(CeHs-(CH,)-)-B, H,,(100% conv) (10)
9

Likewise, when a small amount of §iH, which is known
to reduce PY to Pt' in chloroplatinic acid-catalyzed hydrosi-
lylations}* was added to a similar reaction, the reaction was
found to go to completion in only 7 h, with produtthen
obtained in 90% isolated yields (eq 11).

(14) Speir, J. LAdv. Organomet. Chenl979 17, 407—448.

TiMe,- and CpTi(CO),-catalyzed hydroborations of alkenes and
alkynes with catecholborane, is illustrated in Figure 5. Thermally
induced loss of CO from Gpi(CO), (A) would produce the
initial coordinately unsaturated monocarbonyl complexTGp
(CO) B). With coordinately unsaturated late transition metals,
boranes can react via oxidative addition of a BH group, but
such a process is less likely with an early metal. In the case of
the catecholborane reactions with TjMe,, the borane instead
binds to the titanium to form a catalytically activecomplex
Cp.Ti-(o-(H-BCat)y.4*¢f Since, even in the absence of olefin,
decaborane was observed to react with T O), to form an
initial, highly reactive (and as yet uncharacterized) complex,
the formation of either GfTi-o-(H-B1gH13)CO (C) or, with loss

(15) For recent reviews on metal-catalyzed hydroboration reactions,
see: (a) Beletskaya, I.; Pelter, Aetrahedron1997 53, 4957-5026. (b)
Burgess, K.; Ohlmeyer, M. Lhem. Re. 1991, 91, 1179-1191.
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Figure 5. Possible reaction mechanism for titanium-catalyzed deca-
borane-olefin hydroborations.
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of an additional CO, the Gpi-(o-(H-B1oH13))2 (D) complex is
reasonable. Dissociation of CO fro@, or BigHi4 from D,
would generate the same coordinately unsaturated 16 e
complexE, which could then bind olefin to form the 18 e
complexF. Rearrangement of this formal Ti(ll) complex to the
Ti(IV) metallacyclopentane structuf@ could occur in a manner
similar to that proposed for the catecholborane complex.
Reductive elimination would yield the final 6-R:§,3 product,
with the remaining metal fragment then reacting with another
equivalent of decaborane to regenei&t@nd continue the cycle.
The question then arises: Why do the platinum-catalyzed
decaboraneolefin reactions yield 6,9-dialkyldecaboranes, while
the titanium reactions yield exclusively, even under forcing
conditions, monosubstituted 6-RgBl13 products? Given the
separation and opposite orientation of the 6 and 9 BH groups,
sterics would seem to be an unimportant factor in these
differences. Therefore, the answer to the question may lie in

the differences in the modes of decaborane activation by late-

Pender et al.

back donation

Figure 6. Possible synergistic bonding interactions between decaborane
and the CpTli fragment.

G-interaction

As depicted in Figure 6, bonding interactions similar to those
proposed for Cgli(o-H-BCat) can be envisioned in a deca-
boranes-complexes such & andD. Thus, both a-donation
from the B—H bond to the titanium and back-donation from
the titanium to an acceptor orbital centered on the B6(9) boron
could be synergistic bonding components. Titanium-to-boron
back-bonding at these sites is consistent with the fact that the
decaborane 6 and 9 borons are known to be Lewis acidic. For
example, as shown in eq 13, decaborane readily reacts with
bases, such as dimethyl sulfide or acetonitrile, to form adducts
at these position¥’,

BygHia+ 2SMe, > 6,9-B,H;(SMey), + H,  (13)

Since similar interactions are possible at both the 6 and 9
positions, the question then becomes: Why do the titanium-
catalyzed reactions stop after substitution at the 6-position? That
is, why does substitution at the 6-position affect reaction at the
9-position? Given again the separation of the 6 and 9 borons,
an influence on the electronic properties of the B9 boron by a
substituent introduced at the 6 boron might seem surprising.
However, “antipodal” effects, in which a substituent on one side
of a cluster strongly influences the chemical shift and/or
chemical properties of a group on the opposite side of the cage,
are well establishé@ and are a consequence of the delocalized
nature of cluster bonding. Consistent with the presence of such
an antipodal effect in 6-R-BH13, it was found (eq 14) in a
series of experiments that 6-6ctyl)-B;gH13 was completely
unreactive toward bases such as dimethyl sulfide or acetonitrile

metal and early-metal centers. Platinum(ll) can activate boranesunder conditions in which decaborane readily reacts to form

(or silanes) via an oxidative-addition st&mnd for this process,

it is unlikely that there is any significant difference in reactivity
of the 9 B—H positions of BgH14 and 6-R-BgH13. As a result,
dialkyl products, 6,9-RB1¢H12, are produced in the platinum-
catalyzed reactions. Under more forcing conditions, even higher
alkylated products resulting from reactions at the other BH
positions are obtainetlOn the other hand, as discussed above,
instead of undergoing oxidative addition, catecholborane is
activated at the titanium center by forming the,Tip-(o-(H-
BCat)) o-complex. Extended Hikel calculation®€¢on model
compounds have provided evidence that the HBCat fragment,
indeed, functions as a-donor from the B-H bond to the
titanium LUMO d&2—Yy?) orbital, but also that there is significant
back-donation of electron density from the titanium HOMO
d(xy) orbital to the vacant LUMO p-orbital centered on the boron
that provides significant stabilizatidi.Thus, the stability of

the CpTi(o-H-BCat) complex results from the fact that the
catecholborane can function not only as-donor but also as

an acceptor.

6,9-BioH12L 2 adducts. Thus, attachment of an alkyl group at
the 6 boron results in a decrease in the Lewis acidity at the B9
site.

6-(N-CgHy-)-B1oH 3+ XS SMe, - No Reaction  (14)

This lower Lewis acidity of the B9 position of 6-R:B13
would thus be unfavorable for the formation of a;Ti§9-(o-
H-B1oH12R)) complex, since the stabilization obtained from
back-donation to the B9 boron would be decreased. Since such

(16) Back-donation of the Ti d§) orbital into the B-H ¢* orbital might
also be possible, but the calculations repoftdy Hartwig et al. indicate
that, at least for the Gpi(o-H-BCat) complex, the vacant boron p-orbital
is significantly lower in energy.

(17) (a) Knoth, W. H.; Muetteries, E. L1. Inorg. Nucl. Chem1961,
20, 66—72. (b) Cragg, R. H.; Fortuin, M. S.; Greenwood, N. N.Chem.
Soc. A197Q 1817-1821. (c) Pace, R. J.; Williams, J.; Williams, R. L.
Chem. Socl961 2196-2204. (d) Hawthorne, M. F.; Pilling, R. L.; Grimes,
R. N.J. Am. Chem. S0d.967 89, 1067-1074.

(18) See, for example: Hermek, S.Chem. Re. 1992 92, 325-362
and references therein.
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a complex is the intermediate in the proposed reaction schemetemperatures required for the decaborane reactions prevents
in Figure 5 that is required for the hydroboration of an olefin decaboranealkyne hydroboration.

by the B9-H unit, reaction does not occur, and, as a result, Cp,TiMe, had also been found to be a better catalyst than
monoalkyldecaboranes are the only product of the reaction. Cp:Ti(CO), for the hydroboration of olefins with catecholbordfe.

Hartwig showed that with catecholborane,,TCO), was However, in our_studies of the GﬁMe_z-cataIyzed reactions
actually a better catalyst for the hydroboration of alkynes than of decaborane Wlth. alkenes, little reaction was obse_rved at room
alkenest Unfortunately, we found no activity for the reactions temperatu:je. At h|ghetr) tempderabtures, the formation of f6'R;j
of decaborane with alkynes. This is most likely due to the fact BigH3 products was observed, but no temperature was foun
that the decaborane reactions require higher temperatuifés ( Wh'?h would give complete conversion before catalyst decom-
°C) than the catecholborane reactions (room temperature).pos't'on'
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