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the solvent gave 0.721 g of cyclic sulfite as a colorless oil, which
showed two spots by TLC, for the cis and trans isomers, with
respect to the oxygen on the sulfur and the carbon substituents.
The oil was dissolved in 5 mL of acetonitrile and cooled to 0 °C,
and 1.5 g of NalO, was added, followed by 2.5 mL of water and
5 mg of RuCly; the cooling bath was removed, and stirring was
continued at rt for 3.5 h. The reaction mixture was worked up
as above to give 0.656 g (91% overall yield) of 13 as a colorless
oil: 'H NMR (CDCl;) § 0.10 (s, 3 H), 0.11 (s, 3 H), 0.84 (s, 6 H),
088(t,3H,J=1),088(d, 6 H,J="17), 1.10-1.40 (m, 20 H),
1.52-1.66 (m, 3 H), 1.87 (m, 2 H), 3.76 (m, 2 H), 4.95 (ddd, 1 H,
J = 3.5, 5.3, 5.3), 512 (ddd, 1 H, J = 3.5, 5.3, 5.3); 1*C NMR
(CDCly & -3.63, -3.60, 14.09, 18.46, 20.27, 22.87, 25.19, 28.67, 29.09,
29.29, 29.32, 29.43, 29.55, 29.61, 31.23, 31.90, 34.14, 57.84, 83.35,
86.27; IR 1466, 1384, 1210, 1100, 831 cm™'; MS (NH; DCI) m/z
479 (M + HY), 496 (M + NH,*); [a]p +18.7°%; [a]ses +57.93°
(CHCI,, ¢ 0.84); enantiomer: [a]p—19.52°; [a])3g; —58.18° (CHCl,,
¢ 0.82).

2-[2’(R)-Dodecyl-3’-methylenecyclopropan-1(§)-yl]-
ethanol (14). To a well-stirred solution of 0.777 g (3.21 mmol)
of the sulfone 4 in 5 mL of THF cooled in a dry ice/acetone slush
bath was added 2 mL of 1.6 M (3.2 mmol) of n-BulLi, and the
resulting golden yellow solution was stirred at =78 °C for 2h. A
solution of 0.62 g (1.30 mmol) of 13 in 2 mL of THF was added
over 1 min. Stirring was continued over the next 3.75 h, allowing
the reaction mixture to warm up to rt. The reaction mixture was
cooled to ~78 °C, and an additional 2 mL of 1.6 M (3.2 mmol)
n-BuLi was added; stirring was continued over the next 18 h,
allowing the reaction mixture to warm to rt. Tetra-n-butyl-
ammonium fluoride trihydrate (1.5 g) was added, and the mixture
was refluxed for 1.5 h. The reaction mixture was cooled, diluted
with 50 mL of hexane, washed with 2 X 5 mL of water and 5 mL
of 2 M HC], and concentrated in vacuo. The residual oil was flash
chromatographed on a 30-g column of SiO, using up to 25% of
ethyl acetate in hexane to give 0.124 g (36% yield) of 14: MS
(NH; DCI) m/z 284 (M + NH,*); 'H NMR (CDCl;) 4 0.87 (t, 3
H,J=17),117-1.62 (m, 26 H), 1.78 (m, 1 H), 3.73 (m, 2 H), 5.31
(m, 1 H), 5.33 (m, 1 H); 3C NMR (CDC];) § 14.13, 16.28, 19.56,
22.71, 27.58, 29.37, 29.51, 29.63, 29.67, 29.95, 30.58, 31.94, 63.27,
101.63, 141.85; IR 3600-3150, 883 cm™; [a]p —5.90°; [a]ses —25.1°
(CHCI,, ¢ 0.9); enantiomer [a]p +6.0%; [a)ses +24.9° (CHCL;, ¢
1.05).

2-[2'(R)-Dodecyl-3’-methylenecyclopropan-1’(S)-yllacetic
Acid (15). To a well-stirred mixture of 70 mg of pyridinium
chlorochromate, 70 mg of Celite, and 40 mg of activated, powdered
4A molecular sieves in 2.5 mL of CH,Cl; was added a solution
of 26 mg (0.1 mmol) of 14 in 0.5 mL of CH,Cl,, and the reaction
mixture was stirred for 18 h; it was diluted with 10 mL of ether
and filtered through a 1-g pad of SiO,; the solvent was evaporated,
and the residue was dissolved in 1 mL of acetone and oxidized
with 0.5 mL of 6 M Jones reagent at rt for 6 h; excess of the reagent
was reduced with the addition of 2-propanol, and the reaction
mixture was diluted with 20 mL of a 1:1 hexane and ether mixture,
washed several times with water, and concentrated. The residue,
upon chromatography on a 5-g column of SiQ, using 20-100%
ethyl acetate in hexane gave 17 mg (65% yield, colorless oil) of
18: MS (NH; DCI) m/z 298 (M + NH,*); 'H NMR (CDCl,) &
0.89 (t,3 H, J = 7), 1.20~1.50 (m, 22 H), 1.61 (m, 1 H), 1.82 (m,
1H),2.40(dd, 1 H, J = 8.4, 16.8), 246 (dd, 1 H, J = 7.4, 16.8),
5.37 (m, 1 H), 5.42 (m, 1 H); *C NMR (CDCl,) 5 14.10, 14.69, 19.60,
22.69, 27.64, 29.36, 29.42, 29.60, 29.67, 31.93, 32.37, 102.72, 139.88,
179.44; IR 3500-2550, 1713, 889 cm™; [a]p —10.28°; [ar] 35 ~44.86°
(CHCI,, ¢ 0.7); enantiomer: [a]p +10.36°; [a]ges +45.12° (CHCI,,
¢ 0.8).
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Metal-catalyzed hydrosilylation procedures provide
perhaps the most efficient and economical route to orga-
nosilanes, and a variety of catalysts have been developed
for this reaction.® Curiously, relatively little effort has
been made to develop general, synthetically useful pro-
cedures for hydrosilylation of polyolefins and function-
alized alkenes.® In this context we have found that (»°-
C;s;Me;), YCH(SiMe;), serves as an efficient and selective
precatalyst for the hydrosilylation of monosubstituted and
1,1-disubstituted olefins.

While this work was in progress, a related study utilizing
an organoneodymium catalyst was reported.® In that
effort, unfunctionalized olefins (decene and styrene) were
hydrosilylated in modest (GC) yields. Nearly all of the
reactions described required 2 days at 80 °C for complete
reaction. Left open was the question of whether any type
of functionality could be tolerated in this process. This
is a critical point owing to the extreme Lewis acidity of
organolanthanides and group 3 organometallics which
renders them incompatible with many functional groups.*
For example, even ethers have been found to inhibit the
catalytic activity of these organometallics because such
Lewis bases complex irreversibly with the metal or are
readily cleaved by the complexes, either of which destroy
the activity of the catalyst.

From the outset our focus was on the development of
a convenient, synthetically useful procedure which would
take place at ambient temperatures. As illustrated in
Table I, the organoyttrium-catalyzed hydrosilylation
procedure fulfills all of these requirements. The process
works extremely well for a variety of unhindered alkenes,
and reactions can be performed in benzene or toluene
utilizing 3 mol % catalyst at ambient temperatures.
Furthermore, 1,1-disubstituted alkenes (entries 4, 7, and
9) are much less reactive than monosubstituted olefins,
leading to considerable selectivity in hydrosilylation of
dienes possessing both types of olefins (entry 7). With the
exception of the highly reactive norbornylene (entry 2),
more highly hindered alkenes (e.g., cyclohexene and cis-
1,3-dimethyl-2-methylenecyclohexane) are virtually inert
at ambient temperature.® Consequently, excellent che-
moselectivity can be achieved in hydrosilylation of dienes
oongaining a terminal olefin and any internal olefin (entries
5-9).

The extreme sensitivity of this particular catalyst to
steric effects led us to examine the selective hydrosilylation
of a,w-dienes in which the two olefins were differentiated
only by allylic substitution of one of the alkenes (entry 12).
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Table I. Selective Hydrosilylation of Alkenes Utilizing
Catalytic Cp*,YCH(TMS),

reaction % isoltd

entry substrate product time® (h)  yield®
1 ldecene NN NgiHpn 14 95
1 2
2 " norbornylene [&smzm 35 85
3
H

4

~Xz /\></\SiH2Ph 28 o4

W

5 6
4 W /\r\(‘smaph 52 s6°
7 8

(=

10
" 40 94
)\/\/\ /k/\/\, SiH,Ph

~3

! 92 914

-

SiH,Ph
©/\\ O/\, iH, 18 97°
15 16

o

SiH,Ph
17 18

10 xR x NS SiHPh
19a X=Cl 20a 23 85
19b X = OBn 20b 26" 90
19¢ X = OTBDMS 20c 29 83
19d X = OTHP 20d 21 96
11 M PhH,Si\/\/\/\,SGH,Ph 26 96
21 22
12 W WSﬂPh
R R
23a R = OTBDMS 2%a 248 4
23b R=Ph 24b 24t 31

¢ Reactions were performed at ambient temperatures in benzene
unless indicated otherwise. ®Refers to yields of purified materials.
All of the compounds have been fully characterized spectroscopi-
cally ('H NMR, 3C NMR, IR), and elemental composition has
been established by high-resolution mass spectrometry and/or
combustion analysis. °Isolated as a 2:1 mixture of diastereomers.
9Isolated as a 96:4 ratio of mono hydrosilylated products. *The
reaction was performed in toluene. /The reaction was performed
at 60 °C. fReactions were performed at 34-38 °C.

Notes

Scheme 1

Cp*,YCH(TMS),

PhSiH, F CHA{TMS),

Cp'gYS|H2Ph
PhSiH; F PhH,SISiH,Ph
.Cp'ZYH-
R /\/SiH!Ph R/\

PhSiH,

H
R )\/YCP'Z

Although modest yields of the desired products could be
isolated, further development of more highly selective
catalysts will be required. Finally, despite the extreme
Lewis acidity of the organoyttrium catalyst the process is
tolerant of a variety of functional groups including halides,
ethers, and acetals (entries 10 and 12).

Of two feasible catalytic cycles outlined by Watson and
Marks for the hydrosilylation of alkenes by organo-
lanthanides, organoactinides, and related group 3 or-
ganometallics,® perhaps the most viable is the one depicted
in Scheme L

o-Bond metathesis®’ of Cp*,YCH(TMS),® with PhSiH,
initially produces a silylyttrium complex, which reacts
further with PhSiH, to generate a disilane and the catalyst
for the reaction, “Cp*;YH".8¢ OQlefin insertion en-
sues, {89 providing an organometallic complex that un-
dergoes o-bond metathesis with PhSiH; to release the
organosilane,®’¢ regenerating the active catalyst in the
process.

In support of this mechanism is the observed regio-
chemistry of the hydrosilylation process. Regioselective
olefin insertion placing the metal at the terminal carbon
is both electronically and sterically favorable in this and
related electrophilically driven reactions like the hydro-
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boration reaction. Furthermore, we note that hydro-
silylation of 3-phenylpropene with PhSiD; produces a
single product as determined by mass spectrometry, 1*C
NMR, and 2H NMR (eq 1). Although this result lends

2 3 mol% Cp,*YCH(TMS),
@A/ + PhSID,
PhH, 25" to 60 "C, 65h

76%

SiD,Ph M
D

credence to the general features of the proposed mecha-
nism outlined in Scheme I, it by no means distinguishes
between the two mechanisms mentioned above.® This
point is currently being addressed in continuing studies.

In summary, organoyttrium complexes serve as efficient
catalysts for the selective hydrosilylation of olefins. Re-
search continues on these and other processes catalyzed
by organolanthanides and group 3 organometallics in an
effort to bring their unique reactivity and selectivity
pat}:ms to bear on problems in selective organic synthe-
sig. %0

Experimental Section

Materials and Methods. All operations were performed with
rigorous exclusion of oxygen and moisture in flamed Schlenk-type
glassware on an Ar line connected to a vacuum system (0.04 Torr)
or in a nitrogen-filled, Vacuum Atmospheres glovebox.

Benzene, toluene, pentane, THF, and diethyl ether were dis-
tilled from Na/K alloy/benzophenone under Ar. These solvents
were either freshly distilled prior to use or were stored after drying
in the glovebox. Benzene-d, was stirred at least 12 h over Na/K
alloy and then distilled or vacuum-transferred and stored in the
glovebox.

The olefins 1-decene, 6-methyl-1,5-heptadiene, 1,5-heptadiene,
4-vinyl-1-cyclohexene, (+)-limonene, 1,6-heptadiene, 3,3-di-
methyl-1-hexene, and 2,4-dimethyl-1-hexene were commercial
samples stirred at least 4 h over Na/K alloy and then distilled
under Ar. Norbornylene (99%) was degassed on a vacuum line.
6-Chloro-1-hexene was stirred for 3 h over freshly activated (~300
°C, 0.04 Torr) molecular sieves (4 A) and then distilled onto freshly
activated 4-A molecular sieves under Ar.

Phenylsilane (Aldrich, 99%) was saturated with nitrogen and
used as purchased. Anhydrous YCl; was purchased from Cerac.
Pentamethylcyclopentadienyllithium was prepared according to
the literature.’® Bis(trimethylsilyl)methyllithium was prepared
by the literature procedure.!! The complex Cp*,Y (u-Cl),Li(OEt,),
was prepared according to published procedures.!? All compounds
were stored in the glovebox after purification.

Physical and Analytical Measurements. 'H and 1*C NMR
spectra were recorded at 300 and 75 MHz, respectively, in CDCl,
using CHC), as the reference for 'H NMR and CDCl; as the
reference for 3C NMR unless specified otherwise. FT-IR spectra
were recorded neat on NaCl plates. Low-resolution and exact
mass spectra were recorded at 70 eV using electron-impact ion-
ization with perfluorokerosene as internal standard. Analytical
GC was performed using a 25-m X 320-um 5% phenyl SE-54 fused
silica capillary column.

General Procedure for Catalytic Hydrosilylation. In the
glovebox a round-bottomed Schlenk flask equipped with a
magnetic stirring bar was loaded with 109 mg (0.21 mmol) of
Cp*,YCH(SiMes);. Then 8 mL of benzene was added to provide
a clear solution of the precatalyst. After the addition of 7.0 mmol
(864 uL) of phenylsilane and 7.0 mmol of the olefin the flask was
tightly closed and the reaction mixture was stirred at rt in the

(10) (a) Kohl, F. X.; Jutzi, P. J. Organomet. Chem. 1983, 243, 119. (b)
Feitler, D.; Whitesides, G. M. Inorg. Chem. 1976, 15, 466. (c) Threlkel,
R. S.; Bercaw, J. E. J. Organomet. Chem. 1977, 136, 1.

(11) (a) Cowley, A. H.; Kemp, R. A. Synth. React. Inorg. Met.-Org.
Chem, 1981, 591. (b) Davidson, P. J.; Harris, D. H.; Lappert, M. F. J.
Chem. Soc., Dalton Trans. 1976, 2268,

% (12) Den Haan, K. H,; Teuben, J. H. J. Organomet. Chem. 1987, 322,
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glovebox. After complete reaction the reaction mixture was taken
out of the glovebox and diluted with 300 mL of diethyl ether. The
reaction mixture was poured into 100 mL of saturated aq NH,Cl
solution. The resulting mixture was shaken, and the organic layer
was separated. The aqueous phase was extracted three times with
30 mL of diethyl ether, and the combined organic layers were dried
over MgSO,. The solvents were removed, and the product was
purified by filtration over SiO, or flash chromatographed with
hexane as eluant and Kugelrohr distilled.

1-(Phenylsilyl)decane (2). Yield: 1.660 g (95%, 99% pure
by GC) of 2 as a colorless liquid. For combustion analysis a sample
was distilled: bp 93-94 °C/0.04 mmHg. Ri: 0.79 (hexanes). 'H
NMR: §0.85~1.00 (m, 5 H), 1.22-1.55 (m, 16 H), 4.33 (t,J = 3.7
Hz, WJyogg; 1y = 192 Hz, 2 H), 7.35~7.43 (m, 3 H), 7.56~7.65 (m, 2
H). 13C NMR (APT): 4 9.98 (CH,), 14.10 (CHj,), 22.68 (CH,),
25.05 (CH,), 29.25 (CH,), 29.33 (CH,), 29.53 (CH,), 29.62 (CH,),
31.91 (CH,), 32.85 (CH,), 127.97, 129.48 (Cpp,), 132.84 (Cipy,),
135.23. IR (thin film): 3052 (w), 2922 (s), 2852 (s), 2126 (s), 1465
(m), 1117 (m), 940 (s), 847 (8), 701 (8), 564 (m) cm™. LRMS [CI*
(CH,)] m/z (relative intensity): 248 (2), 247 (4), 170 (54), 113
(82), 107 (100), 105 (39), 99 (100), 85 (36), 78 (41), 43 (42). Anal.
Caled for C,gHySi (248.49): C, 77.34; H, 11.36. Found: C, 77.24;
H, 11.57.

exo-2-(Phenylsilyl)bicyclo[2.2.1]heptane (4). Yield: 1.210
g (85%, 99% pure by GC) of 4 as a colorless liquid (>99% one
diastereomer by GC analysis). For combustion analysis a sample
was distilled: ot 79-80 °C/0.04 mmHg. R;: 0.85 (hexanes). 'H
NMR: 6 1.05~1.15 (m, 1 H), 1.19-1.45 (m, 4 H), 1.50-1.64 (m,
4 H), 2.32 (s (br), 2 H), 4.20 and 4.28 (ABX-system, J 5 = 5.9
Hz, J,x = 4.3 Hz, Jpx = 3.8 Hz, /g = 191 Hz, 2 H), 7.36-7.45
(m, 3 H), 7.60-7.66 (m, 2 H). 3C NMR (APT): & 24.09 (CH),
29.07 (CH,), 33.49 (CH,), 33.66 (CH,), 37.21 (CH), 37.27 (CH,),
38.72 (CH), 127.94, 129.47 (Cpm), 132.76 (Cipyo), 135.45. IR (thin
film): 3067 (w), 2948 (s), 2868 (m), 2127 (s), 1118 (m), 933 (s),
876 (m), 848 (s), 828 (s), 731 (m), 698 (m) cm™'. LRMS (EI) m/z
(relative intensity): 202 (24), 124 (41), 107 (100), 105 (76). Anal.
Caled for C,gH,Si (202.37): C, 77.16; H, 8.97. Found: C, 76.94;
H, 9.17.

3,3-Dimethyl-1-(phenylsilyl) hexane (6). Kugelrohr distil-
lation afforded the pure silane as a colorless liquid. Yield: 1.337
g (87%, >99% pure by GC); ot 90 °C/0.04 mmHg. R; 0.79
(hexanes). 'H NMR: 6 0.81-0.93 (m, 5 H), 0.85 (s, 6 H), 1.14-1.37
(m, 6 H), 4.31 (t, J = 3.6 Hz, nggsu-[ = 192 Hz, 2 H), 7.34-7.45
(m, 3 H), 7.55-7.63 (m, 2 H). *C NMR (APT): § 3.87 (CH,), 15.02
(CHpy), 17.14 (CHy), 26.59 (CMe,), 33.64 (CMe,), 36.95 (CH,), 43.75
(CHy), 127.99, 129.52 (Cpqra), 132.79 (Cipe), 135.22. IR (thin film):
3068 (w), 2956 (s), 2925.23), 2895 (m), 2870 (m), 2132 (s), 1117
(m), 937 (s), 902 (m), 838 (s), 700 (m), cm™:. HRMS: caled for
(M - H)* = C,H,,Si 219.1569, found 219.1552. LRMS (EI) m/z
(relative intensity): 220 (0.6), 219 (1), 142 (39), 135 (37), 107 (100),
85 (63), 84 (27), 43 (44). Anal. Caled for C,H,Si: C, 76.28; H,
10.98. Found: C, 75.68; H, 10.66.

2,4-Dimethyl-1-(phenylsilyl)hexane (8). Yield after chro-
matography: 0.620 g (56%, >99% pure by GC) of silane 8 as a
colorless liquid (2:1 mixture of diastereomers by 3C NMR; same
ratio as in the crude product). R;: 0.78 (hexanes). 'H NMR: §
0.78-1.55 (m, 16 H), 1.76-1.91 (m, 1 H), 4.39 (m, 'Jaogiy = 192
Hz, 2 H), 7.36~7.47 (m, 3 H), 7.58-7.67 (m, 2 H). 1*C (APT):
major diastereomer, § 11.18 (CH3), 17.99 (CH,), 19.36 (CH3), 22.90
(CHj), 27.52 (CH), 29.33 (CH,), 31.69 (CH), 47.31 (CH,), 127.97,
129.45 (Cpype), 133.14 (Cyy,.), 135,25, minor diastereomer; 5 11.32
(CHy), 18.96 (CH,), 19.22 (CH,), 22.17 (CH,), 30.04 (CH,), 31.88
(CH), 47.21 (CH,). IR (thin film): 3069 (w), 2954 (s), 2907 (s),
2874 (m), 2130 (s), 1461 (m), 1429 (m), 1377 (m), 1117 (s), 940
(s), 852 (8), 700 (8) cm™.. HRMS: caled for (M - H)* = C, H,,Si
219.1569, found 219.1569. LRMS [CI* (i-C,H,0)] m/z (relative
intensity): 220 (27), 219 (100), 149 (50), 143 (37), 142 (47), 107
(36), 101 (21). Anal. Caled for C, H,Si: C, 76.29; H, 10.98.
Found: C, 76.09; H, 10.72.

7-(Phenylsilyl)hept-2-ene (10). Yield: 1.380 g (96%, 98%
pure by GC) of 10 as a colorless liquid (9:1 mixture of trans/cis
isomers). For combustion analysis a sample was distilled: bp 64
°C/0.04 mmHg. R;: 0.60 (hexanes). '"H NMR: & 0.94-1.05 (m,
2 H), 1.30-1.60 (m, 4 H), 1.62-2.14 (m, 5 H), 4.35 (t, J = 3.7 Hz,
1 posi 1 = 192 Hz, 2 H), 5.46 (m, 2 H), 7.37-7.48 (m, 3 H), 7.68-7.67
(m, 2 H). 13C NMR (APT): (trans-isomer) § 9.82 (CH,), 17.88
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(CH,), 24.52 (CH,), 32.15 (CH,), 32.66 (CH,), 124.80 (=CH),
127.97, 129.49, 131.29 (=CH), 132.72 (Cy,,), 135.22; (cis-isomer)
59.89, 12.69 (CHj), 24.67 (CH,), 26.42 (CH,), 123.84 (=CH), 130.49
(=CH). IR (thin film): 3065 (w), 3016 (m), 2922 (s), 2853 (m),
2132 (s), 1432 (m), 1116 (m), 939 (s), 839 (s), 700 (m) cm™’. HRMS:
caled for (M - H)* = C;3H,,Si 203.1256, found 203.1258. LRMS
(EI) m/z (relative intensity): 204 (17), 203 (84), 127 (43), 126 (90),
107 (100), 105 (44), 98 (68), 55 (23). Anal. Calcd for C,3HySi:
C, 76.40; H, 9.86. Found: C, 75.84; H, 9.70.
2-Methyl-7-(phenylsilyl)hept-2-ene (12). Yield: 1.440 g
(94%), 99% pure by GC) of 12 as a colorless liquid which was
distilled; bp 78-80 °C/0.04 mmHg. Ry 0.66 (hexanes). 'H NMR:
6 0.92-1.02 (m, 2 H), 1.36-1.55 (m, 4 H), 1.62 (s, 3 H), 1.71 (8, 3
H), 1.95-2.05 (m, 2 H), 4.32 (t, J = 3.7 Hz, 'Jyeg;y = 192 Hz, 2
H), 5.13 (t (br), J = 7.2 Hz, 1 H), 7.35-7.46 (m, 3 H), 7.57-7.64
(m, 2 H). 3C NMR (APT): §9.89 (CHy), 17.60 (CHj), 24.68 (CH,),
25.68 (CH,), 27.61 (CH,), 32.97 (CHy), 124.58 (=CH), 127.97,
129.49 (C,,y), 131.37, 132.76, 135.23. IR (thin film): 3064 (w),
2966 (m), 2921 (s), 2855 (m), 2133 (s), 1432 (m), 1117 (m), 938
(m), 842 (8), 700 (m), cm™!. HRMS: caled for (M - H)* = C, ,H,,Si,
217.1413, found 217. 1423. LRMS (EI) m/z (relative intensity):
218 (4), 217 (10), 175 (51), 140 (71), 134 (46), 107 (100), 105 (62),
84 (96), 69 (50), 41 (70).
1-Methylene-2-[3-(phenylsilyl)propyl]lcyclohexane (14).
Yield: 222.4 mg (91%, >98% pure by GC) of the silanes as a
colorless liquid (96:4 ratio by GC). For combustion analysis a
sample was Kugelrohr distilled: ot 80-95 °C/0.04 mmHg. R
0.50 (hexanes). 'H NMR: 5 0.79-0.91 (m, 2 H), 1.06-~1.68 (m, 10
H), 1.78-1.99 (m, 2 H), 2.05-2.21 (m, 1 H), 4.21 (m, lJxg; u =192
Hz, 2 H), 4.45 (s (br), 1 H), 4.54 (s (br), 1 H), 7.20~7.31 (m, 3 H),
7.43-7.50 (m, 2 H). 13C NMR (APT): 6 10.13 (CHy), 22.89 (CH,),
24.18 (CH,), 28.78 (CH,), 33.73 (CH,), 34.69 (CH,), 35.26 (CHy,),
42.74 (CH), 105.51 (C—=CHy), 127.95, 129.47 (C ), 132.72 (Cip,o),
135.20, 152.81 (C==CH,). IR (thin film): 3068 (m), 3051 (w), 2926
(s), 2853 (8), 2127 (s), 1644 (m), 1445 (m), 1429 (m), 1117 (m), 939
(s), 888 (m), 858 (s), 735 (m), 700 (s), 662 (m) cm™. HRMS: caled
for C,¢Hy,Si, 244.1647, found 244.1656. LRMS (EI) m/z (relative
intensity): 244 (3), 107 (100), 105 (36), 96 (66), 81 (55). Anal.
Caled for C,gH,,Si: C, 78.62; H, 9.90. Found: C, 78.75; H, 10.02.
4-[2-(Phenylsilyl)ethyl]lcyclohex-1-ene (16). Yield (benzene
as solvent): 1.440 g (95%, >99% pure by GC) of 16 as a colorless
liquid. For combustion analysis a sample was distilled: bp 94-95
°C/0.04 mmHg. Ry 0.59 (hexanes). 'H NMR: ¢ 0.97-1.08 (m,
2 H), 1.17-1.32 (m, 1 H), 1.42-1.89 (m, 5 H), 2.04-2.24 (m, 3 H),
4.36 (t, J = 3.7 Hz, YWyg = 192 Hz, 2 H), 5.67-5.76 (m, 2 H),
7.37-7.48 (m, 3 H), 7. 59-7.66 (m, 2 H). 1*C NMR (APT): 67.10
(CH,), 25.21 (CH,), 28.37 (CHy), 31.45 (CH,), 31.75 (CH,), 36.04
(CH), 126.52 (=CH), 127.05 (=CH), 127.97, 129.51 (C,,.), 132.63
), 135.20. IR (thin film): 3063 (w), 3019 (m), 2913 (s), 2840
)'o 2132 (s), 1430 (m), 1117 (m), 938 (s), 883 (m), 840 (s), 700
(m), 658 (m) cm™. HRMS: caled for (M - H)* = C,,H,¢Si
215.1256, found 215.1260. LRMS [CI* (i-C,H;0)] m/z (relative
intensity): 216 (20), 215 (100), 139 (63), 138 (55), 57 (89), 43 (82).
Anal. Caled for C; HySi: C, 77.71; H, 9.32. Found: C, 77.40;
H, 9.71.
4- [2-(Phenyls1lyl)ethyl]cyclohex-l-ene (16). Yield (toluene
as solvent): 0.4200 g (97%, >99% pure by GC) of silane 16.
(4R)-1-Methyl-4-[(1R,S)-1-methyl-2-(phenylsilyl)ethyl}-
cyclohex-1-ene (18). Distillation afforded 1.050 g (61%, >99%
pure by GC) of silane 18 as a colorless liquid (2:1 mixture of
diastereomers by 1*C NMR; same ratio as in the crude product):
bp 112-118 °C/0.04 mmHg Ri 0.55 (hexanes). 'H NMR: §
079—100(m,4H), 1.08-1.51 (m,3H), 1.56-2.09 (m, 9 H), 4.30-4.39
(m, 'Jpogy = 193 Hz, 2 H), 540 (m, 1 H), 7.33-7.44 (m, 8 H),
7.55-7.63 (m, 2 H). *C NMR (APT): major diastereomer, § 15.34
(CH,), 18.47 (CH,), 23.42 (CH,), 26.70 (CH,), 27.85 (CH,), 30.81
(CH,), 34.49 (CH), 40.59 (CH), 120.87 (=CH), 127.97, 129.47
(Cpara), 133.00, 133.99, 135.21; minor diastereomer, & 14.94 (CHy),
18. 83 (CHjy), 25.45 (CH,), 28.91 (CH,), 30.75 (CH,), 34.37 (CH),
40.63 (CH), 120.91 (=CH). IR (thin film): 3068 (w), 3051 (w),
3008 (w), 2959 (s), 2911 (s), 2883 (s), 2132 (s), 1429 (m), 1116 (m),
941 (s), 857 (s), 701 () cm™t. LRMS (EI) m/z (relative intensity):
244 (23), 243 (84), 167 (58), 166 (100), 107 (70). Anal. Calcd for
C,eHoSi (244.45): C, 78.62; H, 9.90. Found: C, 78.44; H, 9.90.
1-Chloro-6-(phenylsilyl) hexane (20a). Yield: 1.356 g (85%,
99% pure by GC) of silane 20a as a colorless liquid. For com-
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bustion analysis a sample was distilled. Ri: 0.45 (hexanes). 'H
NMR: 6 0.90~1.00 (m, 2 H), 1.34~1.55 (m, 6H),1 69—1 80 (m,
2 H), 8.51 (t,J = 6.7 Hz, 2 H), 4.29 (t, J = 3.7 Hz, 'Jpg y = 193
Hz, 2 H), 7.39-7.42 (m, 3 H), 7.54-7.60 (m, 2 H). 3C NMR (APT):
49.86 (CH,), 24.85 (CH,), 26.41 (CH,), 31.94 (CH,), 32.42 (CH,),
45.05 (CHy), 127.99, 129.55 (C,qr), 132.59 (C; ), 135.20. IR (thin
film): 3068 (w), 2925 (s), 2856 (m), 2132 (s), 1428 (m), 1117 (m),
938 (s), 839 (s), 735 (m), 701 (s), 660 (m) cm™'. LRMS (EI) m/z
(relative intensity): 227 (0.1), 226 (0.1), 225 (0.3), 141 (37), 120
(43), 107 (100), 106 (32), 105 (53), 92 (56), 78 (100). Anal. Calcd
for C,,H,,CISi (226.82): C, 63.54; H, 8.44. Found: C, 63.50; H,
8.35.
6-(Benzyloxy)-1-(phenylsilyl)hexane (20b). Flash chro-
matography (hexanes/ether = 25/1 as eluent) gave 0.938 g (90%,
>99% pure by GC) of 20b as a colorless liquid. R: 0.50 (hex-
anes /ether = 20/1). TH NMR: 4 0.92-110 (m, 2 H), 1.36-1, C
{m, 8 H), 3.48 (t, J = 6.6 Hz, 2 H), 4.32 (t, J = 3.7 Hz, !Jppq; 4
193 Hz, 2 H), 4.52 (s, 2 H), 7.28-7.44 (m, 8 H), 7.57-7.62 (m,
H). 3C NMR (APT): §9.88 (CH,), 24.94 (CH,), 25.73 (CH,),
29.55 (CH,), 32.55 (CHy), 70.37 (CH,), 72.81 (CH,), 127.48, 127.60,
127.95, 128.33, 129.48, 132.69 (Cipy.), 135.19, 138.69 (Cy,,o). IR (thin
film): 3066 (w), 3028 (w), 2926 (s), 2854 (8), 2130 (s), 1454 (m),
1428 (m), 1116 (s), 939 (s), 867 (m), 839 (s), 735 (s), 699 (8) cm™’.,
LRMS (EI) m/z (relative intensity): 298 (3), 123 (70), 107 (34),
92 (42), 91 (100). Anal. Caled for C,sH,O0Si (298.50): C, 76.45;
H, 8.78. Found: C, 76.25; H, 8.72.
1-(Phenylsilyl)-6-[(tert-butyldimethylsilyl)oxylhexane
(20c). Yield: 0.800 g (83%, 99% pure by GC) of silane 20c as
a colorless liquid. For combustion analysis a sample was Kugelrohr
distilled: ot 115-120 °C/0.04 mmHg. Ry 0.20 (hexanes). ‘H
NMR: 5 0.07 (s, 6 H), 0.92 (s, 9 H), 0.92-1. 00 (m, 2 H), 1.27-1.57
(m, 8 H), 3.61 (t, J = 6.5 Hz, 2 H), 4.31 (t, J = 3.7 Hz, Jg
103 Hz, 2 H), 7.327.44 (m, 3 H), 7.66-7.63 (m, 3 H). "5C NMR
(APT): &-5.32 (SiMey), 9.92 (CH,), 18.32 (CMey), 25.02 (CH,),
25.38 (CH,), 25.95 (CMey), 32.57 (CH,), 32.69 (CH,), 63.23 (CH,),
127.97, 129.49 (C para)y 132.76 (o ), 135.22. IR (thin film): 2928
(s), 2856 (s), 2133 (s), 1255 (m), 1102 (s), 939 (m), 836 (s), 775 (m),
700 (m) cm™. HRMS: caled for (M — H)* = C,gH3,08i,, 321.2070,
found 321.2074. LRMS [CI* (i-CH,)] m/z (relative intensity):
323 (2.7), 322 (0.5), 321 (1.6), 181 (100), 43 (53). Anal. Caled for
CsHs,08iy: C, 67.01; H, 10.62. Found: C, 67.31; H, 10.59.
2-[[(6-Phenylsilyl) hexyl]oxyJoxacyclohexane (20d). Yield:
0.843 g (96%, >99% pure by GC) of silane 20d as a colorless liquid.
For combustion analysis a sample was Kugelrohr distilled: ot 150
°C/0.04 mmHg. R; 0.41 (hexanes/Et,0 = 9/1). 'H NMR: &
0.89-0.98 (m, 2 H), 1.32-1.90 (m, 14 H), 3.32-3.41 (dt, J = 9.5,
6.7 Hz, 1 H), 3.45-3.53 (m, 1 H), 3.67-3.77 (dt, J = 9.5, 6.8 Hz,
1 H), 3.81-3.91 (m, 1 H), 4.29 (t, J = 3.7 Hz, lJmm = 192 Hz,
2 H), 4.54-4.58 (m, 1 H), 7.30~7.41 (m, 3 H), 7.52-7.59 (m, 2 H).
13C NMR (APT): 49.85 (CH,), 19.58 (CH,), 24.91 (CH,), 25.41
(CHy), 25.77 (CH,), 29.52 (CH,), 30.67 (CH,), 32.55 (CH}), 62.21
(CHy), 67.51 (CH,), 98.76 (CH), 127.91, 129.44 (C,,,,), 132.66 (Ci,),
135.15. IR (thin film): 3068 (w), 2934 (s), 2854 (s), 2130 (s), 1429
(m), 1352 (m), 1200 (m), 1135 (m), 1117 (m), 1078 (m), 1034 (s),
939 (s), 839 (s), 701 (m) cm™l. HRMS: caled for C;7Hy0,8i:
292.1859, found 292.1833. LRMS (EI) m/z (relative intensity):
292 (3), 107 (39), 85 (100). Anal. Caled for C,;Hx0,8i: C, 69.81;
H, 9.65. Found: C, 69.96; H, 9.97.
1,7-Bis(phenylsilyl)heptane (22). Kugelrohr distillation
yielded 0.875 g (80%, 93% pure by GC) of silane 22 as a colorless
liquid. Impurities were 4% of an isomer (almost the same mass
spectrum by GC-MS) and <2% of 7-(phenylsilyl)hept-1-ene (by
GC-MS, M* = 204); ot ~140 °C/0.04 mmHg. Rz 0.64 (hexanes).
'H NMR: 4 0.90-1.00 (m, 4 H), 1.22-1.58 (m, 10 H), 4.31 (t, J
= 8.7 Hz, "Jogg; g = 193 Hz, 4 H), 7.33-7.45 (m, 6 H), 7.56-7.63
(m, 4 H). 3C NMR (APT): 59.93 (2 CH,), 24.99 (2 CH,), 28.77
(CH,), 32.61 (2 CHy), 127.97, 129.49 (C,,,,,), 132.79 (Cy,,), 135.23.
IR (thin film): 3068 (w), 83051 (w), 3018 (w), 2922 (s), 2852 (m),
2132 (s), 1428 (m), 1116 (m), 938 (s), 844 (s), 736 (m), 700 () cm™.
HRMS: calced for C,gHyS8i,, 312.1730, found 312.1732. LRMS
(EI) m/z (relative intensity): 312 (0.3), 156 (40), 126 (55), 107
(100), 105 (35), 98 (36). Anal. Calcd for C;gHgSiy: C, 73.00; H,
9.03. Found: C, 73.40; H, 9.38.
8-(Phenylsilyl)-3-[(ten-butyldimethylsilyl)oxy]oct-l-ene
(24a). Yield: 281.4 mg (54%, 96% pure by GC) of 24a as a
colorless liquid. For combustion analysis a sample was Kugelrohr
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distilled; ot ~125 °C/0.04 mmHg. R 0.10 (hexanes). 'H NMR:
4 0.02 (s, 3 H), 0.04 (s, 3 H), 0.89 (s, 9 H), 0.88-0.97 (m, 2 H)
1.26-1.50 (m, 8 H), 4.05 (m, 1 H), 4.27 (t, J = 3.7 Hz, o5
192 Hz, 2 H), 5.00 (d (br), J = 10.9 Hz, 1 H), 5.11 (d (br), J =
17.3 Hz, 1 H), 5.71-5.84 [ddd (not resolved), J = 6.0, 10.3, and
16.8 Hz, 1 H}, 7.30-7.42 (m, 3 H), 7.51-7.59 (m, 2 H). ¥*C NMR
(APT): 6-4.87 (SiMe), —4.43 (SiMe), 9.90 (CH,), 18.22 (CMe;),
24.72 (CH,), 24.98 (CH,), 25.86 (CMey), 32.75 (CHy), 37.90 (CH,),
73.83 (CH), 113.45 (=CH,), 127.97, 129.49 (C,,,.), 132.76 (C, peo)s
135.22, 141.90 (=CH). IR (thin film): 2928 (m 2856 (m), 2133
(s), 938 (m), 837 (s), 775 (m), 700 (m) cm™. LRMS {CI* (CH,)]
m/z (relative intensity): 347 (0.8), 181 (100). Anal. Calcd for
CxHyOSi, (348.68): C, 68.90; H, 1041. Found: C, 69.17; H, 10.54.
8-(Phenylsilyl)-3-phenyloct-1-ene (24b). Yield: 90.0 mg
(31%, 96% pure by GC) of 24b as a colorless oil. Kugelrohr
distillation gave 82.0 mg (28%, 96% pure by GC); ot ~130 °C/0.04
mmHg. R: 0.30 (hexanes). 'H NMR: § 0.87-0.97 (m, 2 H),
1.14-1.50 (m, 6 H), 1.63-1.74 (m, 2 H), 3.18-3.27 (m, 1 H), 4.29
(t,J =3.7Hz, Jm 191 Hz, 2 H), 4.97-5.06 (m, 2 H), 5.88-6.02
(m, 1 H), 7.16-7.43 (m, 8 H), 7.54-7.59 (m, 2 H). 3C NMR (APT):
5 9.92 (CH,), 24.89 (CH,), 27.06 (CH,), 32.68 (CH,), 35.23 (CH,),
49.86 (CH), 113.88 (=CH,), 126.09 (C,,,), 127.58, 127.97, 128.42,
129.49 (Cpur0), 13273 (Cip), 135,22, 142.49, 144,61 (C,pyp). IR, (thin
film): 3067 (w), 3026 (w), 2924 (s), 2854 (m), 2131 (s), 1116 (m),
937 (s), 847 (s), 737 (m), 699 (s) cm™. HRMS: caled for CopH,Si,
294.1804, found 294.1802. LRMS (EI) m/z (relative intensity):
294 (1), 118 (46), 117 (100), 107 (45). Anal. Caled for CooHoeSi:
C, 81.57; H, 8.90. Found: C, 81.76; H, 9.01.
2-Deuterio-3-phenyl-1-(phenyldideuteriosilyl)propane.
Yield: 122.6 mg (0.53 mmol, 76%, >39% pure by GC); ot ~100
°C/0.04 mmHg. Ry 0.33 (hexanes) 'HNMR: 6097(d,J =
8.3 Hz, 2 H), 1.77 [[qumt t (not resolved)], *Jy = 8.0 Hz, 2Jy
= 1.8 Hz, 1 H], 2.67 (d, J = 7.6 Hz, 2 H), 7.13-7.43 (m, 8 H),
7.53-1.59 (m, 2 H). 3C NMR (APT): § 9.42 (CH,Si), 26.52 [t,
1Jop = 19.8 Hz (CHD)], 38.82 (CH,Ph), 125.76 (C,,y,), 127.99,
128 27 128,51, 129.57 (C ), 132.37 (Clp,o) 135.23, 142 10 (C,
IR (thm film): 3065 (m) 3025 (m), 2917 (s), 1557 (s), 1495 )
1453 (m), 1428 (m), 1115 (m), 738 (8), 697 (8), 640 (m), 624 (m),
595 (m) cm™, HRMS: caled for C,sH;;D3Si, 229.1366, found
229.1363. LRMS (EI) m/z (relative intensity): 229 (1.1), 228 (1.2),
109 (100), 91 (79). Anal. Caled for C,H,;D,Si (229.41): C, 78.53;
H, 7.91 (H plus D as H). Found: C, 78.30; H, 7.94 (H plus D as
H).
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Recently, a novel method for the formation of N-sub-
stituted phthalimides via the palladium-catalyzed carbo-
nylation and condensation of aryl diiodides and primary
amines was reported.! The method was a general one and
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provided easy access to phthalimides with common elec-
tron-donating and -withdrawing substituents. The general
scope of this reaction suggested that the use of highly
deactivated amines might also give the desired phthal-
imides. Interest has been generated over polymeric ma-
terials containing fluorine, which have been shown to
possess good thermooxidative stability as well as increased
solubility and processability.? Perfluorinated aromatic
amines are poor nucleophiles and as such have found lim-
ited utility in the preparation of high-performance mate-
rials such as polyimides and aramids.®> Described herein
are the results of an investigation into the palladium-
catalyzed carbonylation and condensation of iodoaromatics
and fluorinated anilines.

A reaction was run in which a DMAc solution containing
o-diiodobenzene, pentafluoroaniline (le), 1.2 equiv of DBU,
and 3% PdCLL, (where L = PPh;) were allowed to react
under 95 psig of carbon monoxide (CO) at 115 °C (eq 1).

o -
=

After 22 h, the reaction mixture showed the presence of
a small amount of the desired N-(pentafluorophenyl)-
phthalimide 2 but also a number of other products. The
major constituent of the reaction mixture was determined
to be 2-phenyl-4,5,6,7-tetrafluorobenzoxazole (3e).

A probable route for the formation of 3e is shown in
Scheme I. In this reaction, palladium(0) oxidatively adds
to the aryl iodide and then inserts CO to give the acyl-
palladium complex 4 (ligands on Pd are omitted for
clarity). Complex 4 is attacked by pentafluoroaniline to
give iodoamide intermediate 5. The amide nitrogen in §
is relatively non-nucleophilic, and when the other aryl-
iodide bond is activated by palladium, only a small portion
undergoes CO insertion and subsequent attack by the
amide nitrogen producing the imide 2 (path a). A majority
of 5 undergoes reduction and amide 6e is formed. With
heating, and in the presence of base, 6e slowly cyclized with
displacement of fluoride to give the observed benzoxazole
3e (path b). Alternately, cyclization of the benzoxazole
may precede reduction of the aryliodide bond, although
no 2-(2’-iodophenyl)-4,5,6,7-tetrafluorobenzoxazole was
observed.

If 6e were an intermediate, then an alternate method
for making 3e would be to start with iodobenzene and

PdClal,/DBU
“DMac/co
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