
Telrohedron Vol. 48, No. 11, pp. 2113-2126.1992 oo4o-4020/92 $3.co+.oo 
Priitcd in Great Britain 0 1992 Pcrgmnon Press plc 

CARBONYLATIVE COUPLING REACTION OF ORGANOFLUOROSILANES 

WITH ORGANIC I$ALIDES PROMOTED BY FLUORIDE ION AND 

PALLADIUM CATALYST 

Yasuo Hatanaka, Satoshi Fukushima, and Tamejiro Hiyama* 

Sagami Chemical Research Center, 4-4-l Nishiohnuma, Sagamihara, Kanagawa 229, Japan 

(Received in USA 26 October 1991) 

Key Words: carbonylative coupling; organofluorosilanes; ketone synthesis 

Abstract: Palladium-catalyzed carbonylative cross coupling reaction of organofluorosilanes with 
organic halides was achieved in the presence of ftuoride ion and an atmospheric pressure of 
carbon monoxide. Alkenyl- or arylfluorosilanes effectively underwent this reaction with 
alkenyl or aryl iodides in moderate to good yields. Thus, highly functionalized ketones are 
readily available without protection of reactive functional group such as aldehyde, ketone, ester, 
nitrile, and alcohol. For smooth ketone formation, use of organofluorosilanes is essential; 
tetraorganosilanes like aryl(trimethyl)silanes, 
fluorides instead. 

upon reaction with aryl iodides, gave aroyl 

Transition metal catalyzed carbonylative cross coupling reaction of organometallic 

compounds with electrophiles is one of the most straightforward route to unsymmetrical 
ketones. Although organometallic reagents of Sn,l B,2 Al,3 and H$ have been successfully 

utilized for this type of reaction, conditions requiring high CO pressure and/or limited 
combinations of an organometal and an electrophile have made this reaction less accessible. 
For example, no alkenyl metal has been shown to undergo carbonylative coupling with aryl 
halides to give alkenyl aryl ketones in reasonable yields.lf 

We have recently reported that cross coupling of organosilicon compounds with organic 
halides promoted by fluoride ion and a palladium catalyst provides an efficient method for 
carbon-carbon bond formation (eq 1) .s The presence of fluoride ion is essential for accelerating 
the transmetalation step in which a pentacoordinate silicate ,6 formed by reaction of fluoride ion 
with an organosilane, transfers an organic group to palladium(U) speciesPb One of striking 
features of this reaction is that a carbonyl group on either coupling partner tolerates the 
reaction conditions. This observation prompted us to extend the reaction to ketone synthesis 
through carbonylative cross coupling reaction. In a preliminary report7 we have shown that 
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R-SiF,Me,_,, + RI-X 
F/Pdcat 

* R-R’ (1) 

n = 0, 1,2,3 R = alkyl, allyl, aryl, alkenyl, alkynyl 
X = Br, I 

the desired carbonyl insertion successfully takes place between aryl(alkyl)difluorosilanes and 
aryl iodides under the influence of a palladium catalyst, fluoride ion, and an atmospheric 
pressure of carbon monoxide to give diary1 ketones in good yields. We report herein scope and 
limitations of the carbonylative cross coupling of organosilicon compounds and organic halides 

(eq 2). 

F/Pdcat 0 
R-SiF,,Me, + RI-I 

CO (1 atm) 
c R-&R’ 

n=0,1,2,3 
R, R’ = aryl, alkenyl 

(2) 

Results and Discussion 
Carbonylative Coupling of Arylfluorosilanes and Aryl and Alkenyl Iodides. In order to 

evaluate the reactivity of arylsilanes capable of the desired carbonylative coupling, a series of 
reactions using various types of arylsilanes with I-(4iodophenyl)ethanone were carried out in 

the presence of a palladium catalyst and a fluoride salt under an atmosphere of carbon 
monoxide. The results are summarized in Table I. Since the combination of the (@C3H5PdCl)z 
catalyst, KF, and N, N-dimethylformamide (DMF) solvent was effective for the direct cross 
coupling of ArSi(R)F2 with aryl iodides,sc we first applied these conditions to the reaction of (4- 
acetylphenyl)(ethyl)difluorosilane with l-(4-iodophenyl)ethanone. As shown in entry 1, 
carbonylative coupling proceeded sluggishly to afford the expected ketone in moderate yield. 

Better results were obtained by using N, N-dimethyl-2-imidazolidinone (DMI) as the solvent 
(entry 2). The reaction was complete within 3 h to give Cacetylphenyl 4-methylphenyl ketone 
in 91% yield. In contrast, use of a phosphine-based palladium catalyst like Pd(PPhs)d or 
PdC12(PPh& caused carboxylation of the aryl iodide, giving 4-acetylbenzoic acid in fair amounts 

(entries 3 and 4). 

A substituent on silicon also strongly affected the product distribution. The aryl group of 
ArSi(Et)Fz reacted in preference to the ethyl group, and the expected diary1 ketone was obtained 

as a sole product in good yield (entry 2). However, the methyl group of PhSi(Me)Fz reacted 
competitively, giving rise to a fair amount of a methyl ketone 1Pdiacetylbenzene (entry 5). 

The presence of fluorine on the silyl group is indispensable for a smooth reaction: 

PhSiMeg and Ph4Si failed to give appreciable amounts of 4-acetylphenyl phenyl ketone, 

affording instead a mixture of biphenyl and 4-acetylbenzoic acid (entries 6 and 7). The role of 

fluorine on silicon can be explained in terms of stabilization of an anionic silicate intermediate. 
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Table I. Pd-Catalyzed Carbonylative Coupling of Arylsilanes with 4-Iodoacetophenonea’ 

Entry Arylsilane Catalyst Reaction 
Time (h) 

Product&) (Yield %jb) 

1 ‘) Me 

2 Me 

3 Me 

(q3-C3H#‘dCl), 

Si(Et)F, 

(q3-C,H,PdCl), 

SicEtlF, 

PdCl,UT’h3)2 

Si(EtlF, 

4 Me 

Si(Et)F, 

PdU’Ph3), 

5 Me (q3-C,H,PdCl), 

Si(MelF, 

6 PhSiMe, ($-C,H,PdCl), 

7 Ph,Si (q3-C$H$‘dC1), 

8 PhSiF, (q3-C,H,PdCl), 

9& Me (d-C3H$dC1& 

10e' Me 
Si(Et)Fz 

(q3-C3H,l’dCl), 

Si(EtlF, 

48 

COMe 

12 
w*iZOMe 

I 
HOC0 

(43) 

(72) 

(20) 

(14) 

(52) 

12 
COMe (23) 

(49) 

10 

12 

1 

no reaction 

COMe 
I 64 

HOC0 JZ 

Me WCOMe (73) 

a) All the reactions were carried out at 100 “C in the presence of KF and 1 atm of carbon monoxide 
in DMI unless otherwise noted. b) Isolated yields. c) The reaction was carried out in DMF. d) This 

reaction was carried out in the presence of 10 atm of carbon monoxide. e) Reaction carried out at 
150 oc. 
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The reaction temperature and the carbon monoxide pressure also affected the product 

distribution significantly. When the reaction was carried out under 10 atm of carbon monoxide 

at 100 ‘C, 4-acetylbenzoic acid was formed exclusively (entry 9). At 150 ‘C under 1 atm of CO, on 

the contrary, the same reaction gave only 4-acetyl-4’-methylbiphenyl (entry 10). The selectivity 

is governed by the relative rate of CO insertion into Ar-PdIL,_2 (path a) DS transmetalation of a 

silicate [Ar’SiRF$ (path b) as shown in Scheme I. Path b is obviously preferred at higher 

temperature and lower carbon monoxide pressure. 

The benzoic acid formed in entries 3, 4, 6, 7, and 9 is apparently derived from the 

corresponding benzoyl fluoride, which was characterized by 19F NMR of the reaction mixture 

from entry 9 (6 -26.0 for Ar-CO-F, CC13F as an internal standard). The precursors of Ar-CO-F 

could be Ar-CO-PdFL,,_z and Ar-CO-PdIL,_z (path c). This path becomes competitive particularly 

when the transfer of Ar’ from [Ar’SiRF$ to ArCO-PdILn_2 (path d) is slow. 

Scheme I 

Pd4, 
or-I e Ar-E;dL,,.2 

I 

b 

Ar--co--pd&,_2 --w ArCOF 
+- ; 

I [Ar’SiRFJ 
Ar-CO-{dL,,_, 7 Ar-CO-~dL,,_2 e ArcOAr 

I A? 

Ar--qdL,,, e Ar-Ar’ 

Ar’ 

The optimum conditions (1 atm of CO, DMI solvent, KF, ($-QH5PdC1)2 catalyst, 100 “C) 

were applied to various aryl(alkyl)difluorosilanes and aryl iodides to demonstrate the synthetic 

versatility of the present method (Table II). The reaction is quite general for substrates 

possessing not only an electron-donating substituent but an electron-withdrawing one on the 

aryl ring. Thus, the silicon-based carbonylative coupling offers a short route to a wide range of 

diary1 ketones substituted by an electronegative group (entries 1,4,5, and 6). These ketones are 

hardly accessible by conventional methods like the Friedel-Crafts reaction. However, the 

reaction of ethyl(difluoro)(4+rifluoromethylphenyl)silane with I-(4-iodophenyl)ethanone gave 

a mixture of 4-acetylbenzoic acid and the desired ketone (entry 3). The strongly electron- 

withdrawing substituent CF3 should have retarded an electrophilic attack (path d in Scheme I) 

of palladium(I1) species to Ar’-Si bond of [Ar’SiRP$,s thus yielding to carboxylation of the aryl 

iodide (path c). 
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Table II PdCatalyzed Carbonylative Coupling of Aryktianesa) 

Entry Arylsilane Aryl Iodide EzetiG Product(s) (Yield%lb’ 

1 
Me0 SiWdF2 

2 
Me0 Si(nPr)F, 

3 -3 

SiWr)F, 

4 Si(Et)F, 

5 Si(Et)F2 

6 
Si(Et)F, 

7 (s3- Si(Et)F, 

So 
Me 

Si(Et)F2 

Ll I 
I CHO 

I 

CN 

I 

COOMe 

I 

I CHO 

1\I\,C61-I13 

5 

15 

18 

5 

5 

6 

19 

25 

Me0 
(80) 

CHO 

(67) 

(38) 

COMe 

CN 

(60) 

0 COOMe 
(61) 

fi U-IO v2) 

a 0’8) 

-‘& 
ffC6%3 

(58) 

0 

a) All the reactions were carried out at 100 “C using 1.0 eq of iodide and 1.5 eq of arylsilane 
under 1 atm of carbon monoxide in the presence of I.5 eq of Potassium fluoride and 2.5 mol% 
of (n3-C3H,PdC1), in DMI unless otherwise noted. b) Isolated yields. c) The reaction was carried 
out at 50 “C. 

Under similar conditions, the carbonylative coupling of (4-methylphenyl)(ethyl)- 

difluorosilane with (E)-l-iodo-1-octene was successfully achieved at 50 “C to afford l-(4- 

methylphenyl)-2-nonen-l-one in moderate yield (entry 8). 

Carbonylative Coupling of Alkenylfluorosilanes with Aryl and Alkenyl Iodides. To 

establish the generality of the carbonylative coupling of organofluorosilanes, we studied the 

reaction of (E)-l-silyl-l-octenes, choosing I-(4-iodophenyl)ethanone as another coupling partner 
(Table III). The typical conditions (2.5 mol% of (nSCSHSPdC1)2, 1.0 eq of KF, 1 atm of CO, 
DMF or DMI as the solvent) was proved to be inappropriate for the reaction of (E)-l- 
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Table III. Pd-Catalyzed Carbonylative Coupling of Octenylsilanes with 
l-(4iodophenyl)ethanonea) 

Entry Alkenylsilane F 
Reaction 

So1vent Time (h) 
Product(s) (Yield %)b 

1 nC6q3*Si(Me)F KF DMF 22 
2 

* “wn*Si(Me)F RF DMI 48 
2 

3 
nCsH13 *Si(Me)F 

TBAF THF 12 
2 

4 a%3NpsiF, KF DMI 2 no reaction 

TBAF THF 22 
COMe 85 

"c6H13 

0 

a) AU the reactions were carried out at 50 ‘T using 1 eq of I-(4-iodophenylkthanone and 1.5 eq of 

l-octenylsilane in the presence of 2.5 mol% of (q3_C3H$dClh and 3.0 eq of TBAF or KF in THF under 

an atmospheric pressure of carbon monoxide. b) Isolated yields are given. 

(methyldifluorosil yl)-l-octene: in addition to the desired enone, 4-acetylbenzoic acid and l-(4 
acetylphenyl)-l-octene were produced (entries 1 and 2). (E)-l-Trifluorosilyl-I-octene did not 
give any product (entry 4). Satisfactory results were obtained when tetrahydrofuran (THF) 

solvent, tetrabutylammonium fluoride (TBAF), and (q3-C3HsPdC1)2 catalyst were employed 
(entry 5). The efficacy of (E)-1-trifluorosilyl-l-octene is surprising, since aryltrifluorosilane did 
not show any reactivity of the carbonylative coupling (Table I, entry 8). 

The optimized conditions were applied to the reaction with various aryl and alkenyl 
iodides (Table IV). As readily seen, I-aryl-2-nonen-l-ones were obtained in moderate to good 
yields (entries l-3). The E configuration of alkenyl iodide and alkenylsilane was maintained in 
the coupled product (see entries l-4). However, partial isomerization of Z configuration of 
alkenylsilane was observed (entry 5). The loss of the stereochemistry seems to have occurred 
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after (Z)-enone was produced,lb since (Z)-l-(4-acetylphenyl)-2-undecen-l-one was shown to 

isomerize into the E isomer under the carbonylative coupling conditions (eq 3). 

Table IV. Pd-Catalyzed Carbonylative Coupling of Octenylsilane8 

Entry Alkenylsilane Aryl Iodide Reaction 
Time (h) 

Product(s) (Yield %jb 

I CHO 

I 0 OMe 

I Q, OH 

I 

COMe 

I 

17 

17 

17 

20 

0 

12 

66 

7l 

43 

45 

44 

26 

a) All the reactions were carried out at 50 T using 1.0 eq of iodide and 1.5 eq of l-octenyNrifluorosilane 

in the pmsence of 2.5 owl% of (q3C3H,PdUh and 2.0 eq of TBAF in THF under an atmospheric pressure of 

caxm monoxide. b) Isolated yields. 

TEMF, THF, 50 “C, 20 h 
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We further studied the possibility of the carbonylative coupling of alkynylsilanes. When 

I-phenyl-2-(trimethylsilyl)ethyne was allowed to react with l-(4-iodophenyl)ethanone under 

the typical conditions, direct coupling occurred to give l-(4acetylphenyl)-2-phenylethyne (cf. eq 

4). Under 30 atm of carbon monoxide, the reaction did not give yet detectable amount of a 

desired alkynyl ketone. This failure may be attributed to extremely rapid alkynyl transfer from 

silicon to palladium as compared with CO insertion (see Scheme I). 

CO (30 atm) 

COMe (q3-C3H,PdCl), (2.5 mol%) 

‘TBAF (1.0 eq) 64% 

THF, 5O=C,20h 

Conclusion 

A wide range of aryl and alkenylfluorosilanes were found to undergo carbonylative 

coupling with alkenyl and aryl iodides under 1 atm of carbon monoxide to give diaryl, 

dialkenyl, and aryl alkenyl ketones in moderate to good yields. Reaction conditions could be 

found that suppress side reactions such as competitive direct coupling and simple carboxylation 

of organic halides. High chemoselectivity of the reaction also deserves comment: reactive 

functional groups like ester, ketone, aldehyde-carbonyl, cyano, and hydroxyl were tolerated 

under the reaction conditions. Thus, the present method allows the preparation of highly 

functionalized unsymmetrical ketones in a single operation, starting with organofluorosilanes 

and various iodides. 

Experimental Section 

General. ‘H NMR spectra were recorded on a Hitachi R-90H (90 MHz) or a Brucker AM- 

400 (400 MHz) spectrometer in CD@ with tetramethylsilane as an internal standard. IR spectra 

were obtained on a JASCO A-202 spectrometer. Low-resolution mass spectra were obtained on a 

Hitachi M-80-A spectrometer. Elemental analyses were performed with a Perkin-Elmer 240 
instrument. 

Solvents DMF and DMI were distilled from calcium hydride and stored over molecular 

sieves 4 A. Diethyl ether and THF were freshly distilled from sodium benzophenone ketyl. 

Preparation of the organosilicon reagents and organic halides were carried out under nitrogen. 

Palladium Catalysts and Fluoride Salt. Tetrakis(triphenylphosphine)palladiumg and 

dichlorobis(triphenylphosphine)palladium~~ were prepared according to the published 

procedures. rt-Allylpalladium chloride dimer was purchased from Merck; THF solution of 

tetrabutylammonium fluoride (TBAF) was purchased from Aldrich. 

Organic Iodides. Prepared according to the literature were: 3-iodoquinolin,*l (E)-l-iodo-l- 
octene,lz and (E)-l-iodo-2-phenylethene. l3 3-Iodobenzaldehyde, 4-iodobenzoic acid, I - 

iodonaphthalene, I-(4-iodophenyl)ethanone, 4-iodo(methoxy)benzene, and 2-(3- 
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iodophenyl)ethanol are commercially available and used without further purification. 2-(3- 
Iod~phenyl~e~yl acetate was prepared by the reaction of 2-(~i~op~euyl)~anol with acetyl 
chloride in the presence of triethyfamlne in dichloromethane. Methyl &iodobenzoate was 
prepared by the e&e&cation of ~i~o~~ic acid with excess di~rn~~ne in diethyl ether. 

Organesilicon Reagents. ~fluoro(methyl)(4-methylphenyl)silanel4 and ethyl(di~uoro)- 
(phenyl)silane*s were prepared according to the literature procedure. @rimethyl)(phenyl)- 
silane, ~~aphenylsilane, and phenyltri~uorosilane were purchased from Sbinetsu Chem. Co. 
and used without purification. 

Ethyl~difluoro~~4-methyI~he~yl~silan~. To a solution of ~thyl~~~or~ilane (20.0 g, 120 
mmol) in THF (50 mt) was added at 0 OC with stirring ~me~hylphenylmagnesium bromide 
prepared from p-bromotoluene 00.3 g, 60 mmol) and magnesium 0.94 g, 80 mmol) in ether (30 
mL). After stirring at room tem~ra~re ove~ight, bulk of the solvent was removed under 
reduced pressure, and dry hexane was added to the reaction mixture. The resulting slurry was 
filtered, and the filtrate was concentrated to give a brown oil. distillation of this oil at 62 “C (0.5 
mmHg) afforded dichloro(ethyl)(4methylphenyl)silane as a colorless oil (7.9 g, 60%): *H NMR 
(90 MHz) 6 0.90-1.53 (m, 5 H), 2,42 (s, 3 H), 7.24 (d, J = 8.0 Hz, 2 H), 7.55 (d, J = 8.0 Hz, 2 II). This 
di~lorosilane was converted to corresponding difluor~silane according to the modified 
literature procedure.6 Thus, all of the dichlorosila~e was added to ~hydro~s SbF3 (8.6 g, 48 
mmol) at -70 “C, and the resulting reaction mixture was stirred at room temperature for 2 h. 
After exothermic reaction ceased, the mixture was heated at 100 *C for 2 h, and cooled to room 
temperature. The mixture was diluted with hexane (50 mL), and filtered. The f&rate was 
washed with water (30 mL X 3), and precipitate formed was filtered off. The solution was dried 
over MgSCQ and concentrated to give ~ethyl)(d~~o~}(4-methylphenyl)silane as a colorless oil 
(4.36 g, 65%): bp ~ul~t~bulb) 110 “C (63 mmHg); IR (neat) 1615,1130,900,860,805,725 cm-l; *H 
NMR (90 MHz) 6 0.90-1.25 (m, 5 II), 2.40 (s, 3 II), 7.24 (d, J = 8.0 Hz, 2 H), 7.56 (d, J = 8.0 Hz, 2 H). 
Anal. Calcd for CgH&W2: C, 58.03; H, 6.49. Found: C, 57.89; H, 6.52. 

~i~noro~3-methoxyphenyl~~propyl)s~lane. To a solution of 1-(~~blorosilyl)propane (21.3 
g, 120 mmol) in THF (50 mL) was added at 0 “C with stirring 3-methoxyphenylmagnesium 
bromide prepared from 3-me~ox~henyl bromide 01.2 g, 60 mmol) and ma~esium (I.94 g, 80 
mmol) in diethyl ether (30 mL). After stirring at room tem~ra~re overnight, bulk of the 
solvent was removed under reduced pressure, and dry hexane was added to the reaction 
mixture. The resulting slurry was filtered, and the filtrate was concentrated to give a brown oil. 
distillation at 120 “C (2.0 mmHg) afforded dichloro~3-methoxylp~e~yl)(propyl~silane as a 
colorless oi1 (9.5 g, 64%): IH NMR (90 MHz) S 1.0 0, J = 6.2 Hz, 3 H), 1.15-1.80 (m, 4 H), 3.80 (s, 3 
H), 6.92-7.12 (m, 1 I-I), 7.10 (m, 3 II). Treatment of this dichlorosilane with SbF3 (9.0 g, 50 mmol) 
as befor& gave di~uor~(3~methox~h~nyi)(~ropyl)silane as a colorless oil (5.9 g, 72%> bp (bulb- 
to-bulb) 110 ‘C (63 mmHg); IR (neat) 3050,2980,1575,1410,t240,1120,1040,890,790,695 cm-l; 



2122 Y. HATANAKA et al. 

*I-l NMR (90 MHz) 6 0.80-1.93 (m, 7 H), 3.90 (s, 3 I-I), 6.887.60 (m, 4 I-0. Anal. Calcd for 
Cn$I14SiFfl: C, 55.53; H, 6.52. Found: C, 55.47; I-I, 6.58. 

Difluoro[(4-trifluoromethyl)phenyllfpropyl)siIane. Reaction of I-(trichlorosiIyl)propane 
(21.3 g, 120 mmol) with (4-trifluoromethyl)phenylmagnesium bromide, prepared from (4- 
trifluoromethyl)phenyl bromide (13.5 g, 120 mmol) and magnesium (1.94 g, 80 mmol) in a way 

similar to the above , gave dichIoro(propyl)[Wrifluoromethyl)phenyllsilane (9.2 g, 53%): bp 64 
“C (0.1 mmHg); 1H NMR (90 MHz) 6 1.05 (t, J = 6.2 Hz, 3 I-I), 1.10-1.85 (m, 4 I-I), 7.54-8.00 (m, 4 I-I). 
Fluorination of the dichlorosilane tvith SbF3 (7.7 g, 43 mmol)6 afforded difluoro(propyl)J(4- 
trifluoromethyl)phenyllsiiane as a colorless oil (3.0 g, 37%): bp 45 “C (0.7 mmHg); IR (neat) 3050, 
2980,1310,1170,1130,1060,905,860,830,740 cm -1; 1H NMR (90 MHz) 6 0.70-1.24 (m, 5 I-I), 1.20- 
1.85 (m, 2 I-I), 7.50-7.89 (m, 4 I-I). Anal. Calcd for Cn$-IllSiF5: C, 47.24; H, 4.36. Found: C, 47.20; 
H, 4.39. 

Ethyl(difluoro)(2-thienyl)silane. 2-Thienyllithium,l6 prepared from butyllithium (160 
mmol) and thiophene (13.5 g, 160 mmol) in ether (80 mL), was added dropwise to a dry ice- 

cooled solution of ethyltrichlorosilane (81.8 g, 500 mmol) in ether (300 mL) so slowly that the 
temperature was kept at -40 “C. The resulting solution was allowed to stand at room 
temperature overnight. The solvent was removed under reduced pressure, and dry hexane was 
added to the residue. Filtration of the precipitate, followed by concentration of the filtrate, gave 
a brown oil. Distillation at 98 ‘C (13 mmHg) afforded dichloro(ethyl)(Zthienyl)silane as a 
colorless oil (31.2 g, 92%): ‘H NMR (90 MHz) 6 1.02-1.70 (m, 5 H), 7.25 (dd, J = 3.0,4.5 Hz, 1 I-I), 
7.55 (dd, J = 3.0, 1.0 Hz, 1 I-0,7.75 (dd, J = 1.0,4.5 Hz, 1 I-I). This compound was converted with 
SbF3 (39 g, 221 mmol) as before6 into ethyl(difluoro)(2-thienyl)silane (18 g, 68%): colorless oil; bp 
62 “C (26 mmHg); IR (neat) 3150,2900,1410,1220,1100,1115,900,860,720 cm-l; *H NMR (90 

MHz) 6 0.90-1.30 (m, 5 I-I), 7.10-7.35 (m, 1 I-I), 7.58 (d, J = 4.2 Hz, 1 H), 7.76 (d, J = 5.2 Hz, 1H). Anal. 
Calcd for C6HsSSiF2: C, 40.42; H, 4.52. Found: C, 40.36; H, 4.65. 

fE)-1-(Methyldifluorosilyl)-1-octene. Hydrosilylation of I-octyne (2.7 g, 27 mmol) with 
methyldichlorosilane (4.6 g, 40 mmol) was carried out using 0.1 mol% of H2PtC16 in 2-propanol 
(0.2 M, 0.15 mL) at 80 “C according to the literature,” giving (E)-l-(methyldichlorosilyl)-l-octene 
as a colorless liquid ( 5.8 g, 95%): bp 108 “C (14 mmHg); 1H NMR (90 MHz) 6 0.65-1.05 (m, 3 H), 
0.80 (s, 3 I-I), 1.07-1.70 (m, 8 H), 2.05-2.35 (m, 2 I-I), 5.77 (d, J = 18 Hz, 1 H), 6.50 (d, J = 18 Hz, 1 H). 
This was converted to the corresponding difluorosilane according to the literature procedure.17b 
Thus, a solution of the dichlorosilane in diethyl ether (10 mL) was added to suspension of CuF2. 

2H20 (3.8 g, 28 mmol) in diethyl ether (10 mL) at 0 “C. After stirring at room temperature 
overnight, the copper salt was removed by filtration. The filtrate was dried over MgS04 and 
concentrated to give (E)-1-(methyldifluorosilyl)-l-octene as a colorless oil (3.91 g, 77%): bp 66 “C 
(15 mmHg); IR (neat) 2950,1620,1268,910,870,820 cm- 1; *H NMR (90 MHz) 5 0.28 (t, J = 5.5 Hz, 
3 H), 0.60-1.10 (m, 3 I-I), 1.06-1.70 (m, 8 H), 2.00-2.30 (m, 2 H), 5.50 (d, J = 21 Hz, 1 H), 6.48 (dt, J = 
21,6.4 Hz, 1I-I). Anal. Calcd for CsHlsSiF2: C, 56.21; H, 9.43. Found: C, 56.19; H, 9.48. 
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(E)-l-(Trifluorosilyl)-1-octene. Fluorination of (E)-l-(trichlorosily1)-1-octene17a (6.0 & 24 

mmol) with CuF2 2H20 (5.0 g, 36 mmol) as beforelm gave (E)-l-(trifluorosilyl)-l-octene (3.1 g, 

67%): colorless oil; bp 71 “C (55 mmHg); IR (neat) 2950, 1620,950, 905, 730 cm-*; lH NMR (90 
MHz) 6 0.85 (t, J = 6.0 Hz, 3 I-I), 1.05-1.65 (m, 8 I-0,2.00-2.30 (m, 2 I-&5.32 (dq, J = 2L2.0 I-b 1 H), 
6.70 (dt, J = 21,6.2 Hz, 1 I-I). Anal. Calcd for C$-I15SiF$ C, 48.95; H, 7.74. Found: C, 48. 82; I-I, 

7.68. 

(Z)rl-(Trifluorosilyl)-l-decene. A solution of (Z)-iodo-l-decenel8 (3.87 g, 14.5 mmol) in 

THF (25 mL) was slowly added to a dry ice-cooled solution of butyllithium (16 mmol) in hexane 

(1.60 M). After standing at -70 “C for 30 min, the solution was added to a solution of 

tetrachlorosilane (8.5 g, 50 mmol) in diethyl ether (50 mL) at room temperature over 15 min. 

Removal of the solvent and the excess tetrachlorosilane gave crude (Z)-l-(trichlorosilyl)-l- 

decene, which was treated with CuF~2H20 (1.5 g, 8.4 mmol) in diethyl ether as before’% to 

afford (Z)-l-(trifluorosilyl)-l-decene as a colorless oil (0.91 g, 32%): bp (bulb-to-bulb) 70 “C (20 

mmHg); IR (neat) 2925,1610,1465,950,875,705 cm- 1; 1H NMR (400 MHz) 6 0.85 (t, J = 6.7 Hz, 3 

H), 1.02-1.70 (m, 12 I-0, 2.02-2.40 (m, 2 I-I), 5.33 (dtq, J = 14.2,1.5,4.4 Hz, lH), 6.86 (m, 1 I-I). Anal. 

Calcd for CloH&iF3: C, 53.54; H, 8.54. Found: C, 53.48; H, 8.60. 

General Procedure for Palladium-Catalyzed Carbonylative Coupling Reaction of 
Arylfluorosilanes with Aryl Iodides (Tables I and II). 

I-Acetylphenyl 4-methylphenyl ketone (Table I, entry 2). To a suspension of KF (190 mg, 

3.3 mmol), (r$QHsPdC& (18 mg, 2.5 mol%), and l-(4iodophenyl)ethanone (490 mg, 2.0 mmol) 

in DMI (10 mL) was added difluoro(ethyl)(4-methylphenyl)silane (560 mg, 3.0 mmol) under 1 

atm of carbon monoxide (balloon). After stirring at room temperature for 10 min, the reaction 

mixture was heated at 100 “C for 3 h. Bulk of the solvent and the catalyst were removed by 

passing the mixture through a silica gel column with ethyl acetate-hexane = 1 : 10 as an eluent 

solvent. Evaporation of the solvent under reduced pressure afforded 4-acetylphenyl 4- 

methylphenyl ketone as a colorless solid (430 mg, 91%): mp 111-112 “C (cyclohexane); IR (KBr) 

1690,1645,1605,860,760,680 cm- 1; 1H NMR (90 MHz) 6 2.45 (s, 3 I-l), 2.65 (s, 3 H), 7.20 (d, J = 7.5 

Hz, 2 H), 7.70 (d, J = 7.5 Hz, 2 I-I), 7.82 (d, J = 8.0 Hz, 2 I-0,8.04 (d, J = 8.0 Hz, 2 I-I). Anal. Calcd for 

C16H1402: C, 80.65; H, 5.92. Found: C, 80.61; H, 5.95. 

Followings were prepared according to the general procedure. 

3-Formylphenyl 3-methoxyphenyl ketone (Table II, entry 1): viscous oil; IR (neat) 3100, 

2825,1700, 1660,1290,1040,800,740 cm- 1; IH NMR (90 MHz) 6 3.92 (s, 3 H), 7.04-7.80 (m, 5 H), 
8.00-8.37 (m, 3 I-I), 10.08 (s, 1 I-I). Anal. Calcd for C15H1203: C, 74.99; H, 5.03. Found: C, 74.93; H, 
5.09. 
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3-Methoxyphenyl l-naphthyl ketone (Table 11, entry 2): viscous oil; IR (neat) 3100,2950, 
1660,1590,1585,1035,780,745 cm -1; 1H NMR (90 MHz) 6 3.80 (s, 3 II), 7.05-7.77 (m, 8 l-I), 7.80-8.25 
(m, 3 I-I). Anal. Calcd for ClgH14O2: C, 82.42; H, 5.38. Found: C, 82.38; H, 5.41. 

4-Acetylphenyl4-(trifluoromethyl)phenyl ketone (Table II, entry 3): colorless solid; mp 133-135 

OC (cyciohexane); IR (KBr) 1694,1655,1180,1135,1070,935,865,775,680 cm-l; lH NMR (200 

MHz) 6 2.67 (s, 3 I-I), 7.78 (d, J = 8.38 Hz, 2 I-I), 7.87 (d, J = 6.53 Hz, 2 I-I), 7.91 (d, J = 6.53 Hz, 2 H), 8.07 

(d, J = 8.38 Hz, 2 I-I). Anal. Caicd for Cl&IllO2F3: C, 65.76; H, 3.79. Found: C, 65.7l; H, 3.82. 4- 

Acetylbenzoic acid: colorless solid; mp 206-208 “C; IR (Nujol) 2920,1680, 1505, 1406, 1293,965, 

869,773,730,643cm_l;lHNMR(90MHz) d2.68@,3H),8.05(d, J=9.lHz,2I-I),823(d, J-9.1 Hz, 

2 I-I), 14.5 (br s, 1 H). These spectral data were identical to those of an authentic sample. 

4Cyanobenzophenone (Table II, entry 4): colorless solid; mp 106-108 “C (methanol), lit.19 

107-108 “C; IR (KBr) 2250,1650,1600,1320,1280,858,800,740,680 cm-l; lH NMR (90 MHz) 6 

7.20800 (m, 9 I-I). 

Methyl 4-benzoylbenzoate (Table II, entry 5): colorless solid; mp 108109 “C kyckhexane), 

lit.20 107-108 OC; IR (KBr) 3000,2950,1710,1640,1435,1275,1100,770,710,690 cm-‘; ‘H NMR (90 

MHZ) 53.90 (s, 3 I-I), 7.30-7.70 (m, 5 I-0,7.84 (d, J = 8.2 Hz, 2 I-0,8.15 (d, J = 8.2 Hz, 2 I-I). 

3-Formylphenyl 2-thienyl ketone (Table II, entry 6): colorless solid; mp 87-88 “C 

(cyclohexane); IR (KBr) 3100,2850,1700,1620,1410,1310,1200,1120,1055,720 cm-l; 1H NMR (90 

MHz) 6 6.58-8.63 (m, 7 H), 10.2 (s, 1 H). Anal. Calcd for C12Hs02S: C, 66.65; H, 3.73. Found: C, 

66.59; H, 3.75. 

2-Thienyl squinolinyl ketone (Table II, entry 7): colorless solid; mp 94-95 “C (cyciohexane); 

IR (KBr) 3050,1630,1590,1410,1290,1250 cm- 1; 1H NMR (90 MHz) 6 7.18 (m, 1 I-0,7.50-8.05 (m, 5 

I-I), 8.20 (m, 1 H), 8.65 (m, 1 H), 9.35 (m, 1 H). Anal. Calcd for C14HsNOS: C, 70.27; H, 3.79. 

Found: C, 70.21; H, 3.82. 

(E)-l-(4-Methylphenyl)-2-nonen-l-one (Table II, entry 8): colorless oil: IR (neat) 2950,1700, 

1670, 1650, 1620, 1290, 980, 810 cm-l; lH NMR (90 MHz) 6 0.70-1.09 (m, 3 H), 1.11-1.73 (m, 8 I-I), 

2.01-2.36 (m, 2 I-I), 2.41 (s, 3 I-Q, 6.35 (d, J = 15 Hz, 1 H), 6.95 (dt, J = 15,6.2 I-k 1 H), 7.35 (d, J = 7.5 

Hz, 2 H), 7.85 (d, J = 7.5 Hz, 1 H). Anal. Calcd for C16H22ck C, 83.43; H, 9.63. Found: C, 83.38; I-L 

9.71. 

General Procedure for Palladium-Catalyzed Carbonylative Coupling of Alkenylfluoro- 

silanes with Organic Iodides (Tables III and IV). 
(E)-1-(P-Acetylphenyl)-2-nonen-l-one (Table III, entry 5). To a THF (1.5 mL) solution of l- 

(4-iodophenyl)ethanone (49 mg, 0.20 mmol), l-(trifluorosilyl)-l-octene (59 mg, 0.30 mmol), and 

($-C3H#dC1)2 (1.8 mg, 2.5 mol%) was added a THF (0.3 mL) solution of TBAF (1.0 M, 0.30 



Reaction of organofluorosilanes with organic halides 2125 

mmol) under 1 atm of carbon monoxide (balloon). After heating at 50 “C for 10 h, the reaction 

mixture was cooled to room temperature, and an additional TBAF (0.15 mmol) was introduced. 
After further heating at 50 “C for 12 h, the solvent was removed under reduced pressure to give 
a crude product. Purification by silica gel column chromatography with hexane-diethyl ether 
(10 : 1) afforded l-(4-acetylphenyl)-2-nonen-l-one as a colorless solid (44 mg, 85%): mp 48-50 ‘C; 

IR (KBr) 2950,1680,1620,1115,1005,960,820 cm- 1; IH NMR (90 MHz) 6 0.73-1.03 (m, 3 H), 1X- 
1.80 (m, 8 I-I), 2.07-2.40 (m, 2 H), 2.64 (s, 3 I-B, 6.85 (d, J = 17 Hz, 1 I-B, 6.90-7.15 (m, 1 H), 8.00 Cbr s, 4 
I-B. Anal. Calcd for C17Hz@: C, 79.03; H, 8.58. Found: C, 78.%; H, 8.61. 

Followings were prepared according to the general procedure. 
(E)-1-(3-Fonnylphenyl)-2-nonen-l-one (Table VI, entry 1): colorless oil; IR (neat) 2950,1710, 

1680,1620, 1160,800 cm-l; 1H NMR (90 MHz) 8 0.60-1.03 (m, 3 H), 1.15-1.81 (m, 8 H), 2.12-2.55 (m, 
2 I-l), 6.92 (d, J = 18 Hz, 1 I-I), 7.00-8.53 (m, 5 H), 10.1 (s, 1 H). Anal. Calcd for C16HzoO2: C, 78.65; H, 
8.25. Found: C, 78.59; H, 8.28. 

(E)-l-(3-Methoxyphenyl)-2-nonen-l-one (Table VI, entry 2): colorless oil: IR (neat) 2875, 

1680,1625,1260,1035,780 cm- I; rH NMR (90 MHz) 6 0.70-1.09 (m, 3 I-B, 1.10-2.05 (m, 8 H), 2.20- 
2.38 (m, 2 I-Q, 3.84 (s, 3 H), 6.80 (d, J = 17 Hz, 1 I-I), 7.00-7.94 (m, 5 H). Anal. Cahd for CibHzO2: C, 
78.01; H, 9.00. Found: C, 77.98; H, 9.02. 

(E)-1-[3-(Hydroxymethyl)phenyll-2-nonen-l-one (Table VI, entry 3): colorless oil; IR (neat) 

3450,2950,1675,1620,1160,1040,780,700 cm- 1; 1H NMR (90 MHz) 6 0.67-1.05 (m, 3 H), 1.05-1.76 
(m, 8 H), 1.97 (br s, 1 H), 2.02-2.33 (m, 2 H), 4.26 (s, 2 I-I), 6.84 (d, J = 16 Hz, 1 H), 7.00-8.10 (m, 5 l-l). 
Anal. Calcd for Cr&I2202: C, 78.01; H, 9.00. Found: C, 77.99; H, 9.04. 

(lE, 4E)-1-Phenyl-1,4-undecadien+one (Table VI, entry 4): colorless oil; IR (neat) 2950,1670, 
1640,1605,1100,980, 760, 700 cm -1; 1H NMR (90 MHz) 6 0.74-1.03 (m, 3 II), 1.15-2.02 (m, 8 H), 
2.00-2.40 (m, 2 H), 6.40 (d, J = 15 Hz, 1 H), 6.73-7.20 (m, 2 I-0,7.25-7.76 (m, 6 H). Anal. Calcd for 
Cl7H22O: C, 84.25; H, 9.15. Found: C, 84.22; H, 9.19. 

(Z)-l-&Acetylphenyl)-2-undecen-l-one (Table VI, entry 5): colorless viscous oil: IR (neat) 
2875,1680,1615,1270,1000,%5,825 cm-l; rH NMR (90 MHz) 8 0.70-l.OO(m, 3 H), 1.10-1.80 (m, 12 
I-I), 2.10-2.30 (m, 2 I-D, 2.63 (s, 3 H), 6.43 (dt, J = 10.5,6.5 Hz, 1 II), 6.85 (d, J = 10.5 Hz, 1 I-Q, 8.00 (s, 4 
I-I). Anal. Calcd for C19Hx@: C, 79.68; H, 9.15. Found: C, 79.59; H, 9.17. (El-l-(4Acetylphenylk2- 

undecen-l-one: colorless solid: mp 45-52 “C; IR (KBr) 1675,1620,970,825,680 cm-l ; IH NMR (90 

MHz) 6 0.75-1.10 (m, 3 H), 1.15-2.00 (m, 12 I-I), 2.20-2.50 (m, 2 I-I), 2.65 (s, 3 I-I), 6.87 (d, J = 18 I-k 1 
I-i), 6.92-7.20 (m, 1 H), 8.00 (s, 4 H). Q-l-(4-Acetylphenylkl-decene: colorless oil: IR (neat) 2925, 
1683,1603,1265,850,590 cm- 1; rH NMR (90 MHz) 6 0.67-1.05 (m, 3 H), 1.05-1.76 (m, 12 HI, 2.10- 
2.45 (m, 2 H), 2.55 (s, 3 H), 5.75 (dt, J = 10.5,6.6 Hz, 1 HI, 6.43 (d, J = 10.5 Hz, 1 HI, 7.30 (d, J = 12 Hz, 
2 H), 7.95 (d, J = 12 Hz, 2 H). 
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1-@Acetylphenyl)-2-phenylethyne: colorless solid; mp 97-98 ‘C , lit.zl 9898.5 “C; IR (KBr) 
2950,2225,1685,1605,960,835,760,695 cm-l; *H NMR (90 MHz1 6 2.60 (s, 3 H), 7.02-8.30 (m, 9 I-0; 
MS, m/z (%I 220 @I+, 46), 205 (521,176 (37), 43 (100). 
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