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located in the same plane (mean deviation from plane 0.023 

Crystals of 3 were grown from pentane solutions at -40 
"C in several experiments. In one sample after 4 weeks 
of crystallization compound 3 decomposed to some extent. 
The 31P NMR spectrum displayed a doublet at 6 194.68 
(VPp = 94 Hz) and a doublet of quartets at 6 136.00 ('JPp 
= 94, 3JpF = 26 Hz) in addition to the resonances of 3. 
Both compounds were present in the ratio 34 = 31. The 
PP coupling constant is consistent with a PP single bond, 
whereas the size of the PF coupling suggests the presence 
of a PC(CFJ2 group. Both complexes could not be sepa- 
rated on a preparative scale. 

A red crystal of 4 was picked out of the crop and sub- 
mitted to an X-ray diffraction study (Figure 2 and Table 
11). The analysis shows the presence of an essentially 
planar l-oxa-2,3-diphosphetane (mean deviation from 
plane 0.01 A) which is linked to the (qS-CsMe )(C0)2Fe 
fragment via an Fe-P single bond (2.327 (4) 1). Com- 
pound 4 is obviously the result of a formal [2 + 21 cyclo- 
addition between 1 and hexafluoroacetone. The P-P bond 
of 2.249 (5) A reveals a bond order of unity. In the four- 
membered ring the oxygen atom of the ketone is added 
to the arylated P atom (P(2)-0(3) = 1.722 (8) A). In 
keeping with this, the (CF3I2C fragment in 4 is connected 

A) * 

(16) Crystal data for complex 4 space group C2 c, a = 46.97 (3) A, 
b = 9.316 (5) A, c = 16.611 (5)  A, 6 = 101.52 (3)O, J= 7121 (6) As, 2 = 
8, p d  = 1.344 g ~ m - ~ ,  Mo Ka (graphite monochromator, X = 0.71073 
A), o-acari data collection at  179 K (3.0 S 28 S 45.0°), 4661 unique 
reflections, 2143 unique observed reflections (F > 4.0a(F)), Siemens P21 
four-circle diffractometer, structure solved by direct methods and re- 
finement by full-matrix least sguares, with use of the Siemens SHELXTL 
PLUS software on a Micro VAXII computer. AU non-hydrogen atom were 
refined anieotropicaUy with 254 parametera (hydrogen atoms in calculated 
positions, riding on the corresponding C atoms), U(H) = 0.08 A2, R = 
0,080, R, = 0.068, w-I=  $(F), maximum rest electron density 0.50 e/A3. 

to the metalated phosphorus via a long P-C single bond 
(P(l)-C(13) = 1.927 (13) A), which is quite common for 
diphoephetane derivatives.s*6 

Due to the longer distance P(l)-P(2) the bond angles 
at the phosphorus atoms are markedly more acute (C- 

as compared to the angles at carbon and oxygen (102.2 (9) 
and 104.2 (7)O, respectively). The E configuration of 1 has 
been maintained throughout the cycloaddition. 

At room temperature solutions of 3 and 4 in benzene 
decompose within 1 week to give 1 and unidentified 
species. We suggest that the formation of 3 and 4 is ini- 
tiated by a [2 + 11 cycloaddition to the transient adduct 
2. Subsequent scission of the P-C linkage in 2 and attack 
of the carbanion at a positively polarized carbon atom of 
a terminal carbonyl ligand affords metallaheterocycle 3 
(path a), whereas P-0 bond rupture in 2 and attack of the 
oxygen at the arylated P atom yields 4. The dissociation 
of 3 into 1 and free (CFJ2CO and a subsequent [2 + 21 
cycloaddition to compound 4 cannot be excluded at the 
moment. The nature of the transformation of 3 into 4 is 
presently under investigation. 
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Organodisilanes: Remarkable Effect of a Phenyl Functionallty on a 

Summary: Organodisilanes having a phenyl functionality 
on the silicon atom smoothly react with 1,Mlenes at 130 
OC to afford the corresponding 1 ,edisilylation adducts in 
high yields in the presence of platinum catalyst. Howev- 
er, other substituents such as Me, n-Bu, t-Bu, CH2CgH5, 
CH2CH=CH2, and CI-FCH, on the silicon atom are to- 
tally ineffective. 

Activation of a silicon-silicon bond by a transition-metal 
catalyst' and subsequent insertions of 1,3-diene~,~ acety- 

(1) (a) Yamamoto, K.; Hayashi, A.; Suzuki, S.; Tsuji, J. Organo- 
metallics 1987,6,974. (b) Rich, J. D. Organometallics 1989,8, 2609. (c) 
Rich, J. D. J.  Am. Chem. SOC. 1989,111,5886. (d) Ito, Y.; Matauura, T.; 
Murakami, M. J. Am. Chem. SOC. 1988,110,3692. (e) Kraft, T. E.; Rich, 
J. D.; McDermott, P. J. J. Org. Chem. 1990,55, 5430. 

(2) (a) Tamao, K.; Okazaki, S.; Kumada, M. J. Organomet. Chem. 
1978,146,87. (b) Mataumoto, H.; Shono, K.; Wada, A.; Mataubara, I;; 
Watanabe, H.; Nagai, Y. J. Organomet. Chem. 1980,199,185. (c) Oki- 
noshima, H.; Yamamoto, K.; Kumada, M. J. Am. Chem. SOC. 1972,94, 
9263. (d) Carlson, C. W.; West, R. organometallics 1983,2, 1801. (e) 
Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. Chem. Lett. 1975, 887. (0 
Sakurai, H.; Eriyama, Y.; Kamiyama, Y.; Nakadaira, Y. J. Organomet. 
Chem. 1984,264, 229. 
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le ne^,^ and ~ l e f i n s ~ * ? ~  into silicon-silicon linkages are of 
current interest. 1,4Disilylation of 1,3-dienes is especially 
important, since it affords adductss having two versatile 
allylic silane6 moieties. Transition-metal-catalyzed 1,4- 

(3) (a) Ito, Y.; Suginome, M.; Murakami, M. J. Org. Chem. 1991,66, 
1948. (b) Yamashita, H.; Catellani, M.; Tanaka, M. Chem. Lett. 1991, 
241. (c) Watanabe, H.; Kobayahsi, M.; Higuchi, K.; Nagai, Y. J. Orga- 
nomet. Chem. 1980,186,61. (d) Mataumoto, H.; Mataubara, I.; Kato, T.; 
Shono, K.; Watanabe, H.; Nagai, Y. J.  Organomet. Chem. 1980,199,43. 
(e) Watanabe, H.; Kobayashi, M.; Saito, M.; Nagai, Y. J. Organomet. 
Chem. 1981,216,149. (0 Tamao, K.; Hayashi, T.; Kumada, M. J. Or- 
ganomet. Chem. 1976,114, C19. (g) Sakurai, H.; Kamiyama, Y.; Naka- 
daira Y. J. Am. Chem. Soc. 1975,97, 931. 

(4) (a) Murakami, M.; Anderson, P. G.; Suginome, M.; Ito, Y. J. Am. 
Chem. SOC. 1991,I13,3987. (b) Hayashi, T.; Kobayashi, T.; Kawamoto, 
A. M.; Yamashita, H.; Tanaka, M. Organometallics 1990, 9, 280. (c)  
Hayashi, T.; Kawamoto, A. M.; Kobayaahi, T.; Tnnakn, M. J. Chem. Soc., 
Chem. Commun. 1990,663. 

(6) (a) Hiyama, T.; Obayashi, M.; Mori, I.; N o d i ,  H. J. Org. Chem. 
1983,48,912. (b) Richter, W. J.; Neugebauer, B. Synthesis 1985,1059. 
(c) Dunogues, J.; Arreguy, B.; Biran, C.; C a b ,  R.; Pisciotti, F. J. Orga- 
nomet. Chem. 1973,63, 119. 

(6) (a) Bassindale, A. R.; Taylor, P. G. In The Chemistry of Organic 
Silicon Compounds; Patai, S. ,  Rappoport, Z., Eds.; Wiley: Chicheater, 
U.K., 1989; Part 2, Chapter 14, pp 893-963. (b) Colvin, E. W. Silicon 
Reagents in Organic Synthesis; Academic: London, 1988, pp 25-37. 
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disilylation of l,&dienes using organodisilanes has been 
studied, and electronegative substituents (F,2a C1,Sbyf 
OMezbv9 on the silicon atom were found indispensable to 
r& high reactivity. Similar effects of electronegative 
substituents were also evident in disilylation of acety- 
leneascfand using organodisilanes. However, it 
has been exceedingly dipficult to utilize disilanes having 
only hydrocarbon Substituents in transition-metal-cata- 
lyzed 1,Cdisilylation of 1,3-diene~.~ Strained disilacy- 
cloalkanesl and hexamethyldisilane (le)% only afforded 
a,o-diailylated products with concomitant dimerization of 
1,bdienes in the presence of palladium catalyst. 

In this communication, we wish to report the remarkable 
effect of a phenyl functionality on a silicon atom. Orga- 
nodisilanes having a phenyl functionality on the silicon 
atom smoothly react with l,&dienes to afford the corre- 
sponding 1,4disilylation adducts in high yields in the 
presence of platinum catalyst (eq 1). Quite recently, 

T 
M&iSlR%e, + CHpC-CH=CHp '(ZpPh', 

a : A H  ;:; f1yw*Me 2b : $=Me 
IC : R1&=4-CI iM 
1 d : R'&MC& 
10 : R'=+=MI 

2c : $=C& 

I t  : R'=R%+Bu 
1g : R'=R%.lgu 
l h  : R'=R%CN&& 
11 : R'=R%CH&H=C~ 
11 : R'=+=CH=C~, 

W'SlCI@=CHCWIR%q (1) 
3a : R'=C&, &Me, R3=H 
3b : R'=&C&, R%H 
3c : R ' d W ,  $ 4 0  

36 : R1=+=R3* 
30 : R ' = R b - C ~ ,  $ 4 0  

31 : R'=+=4-%, #=Me 

Ishikawa and co-workers reported 1,Cdisilylation of 1,3- 
dienea using 1,2,2,2-tetramethylphenylvinyldisilane in the 
presence of a catalytic amount of nickel(0) complex at 150 
OC.8 They claimed that the vinyl, not the phenyl, sub- 
stituent on the silicon atom was important, since penta- 
methylphenyldisilane (la) did not react at all. This report 
prompts us to publish our independent observations that 
the phenyl substituent has a distinct effect. The promi- 
nent effect of the phenyl functionality is also observed in 
didylation of an alkyne under similar reaction conditions 
(eqs 4 and 5). 

Reaction of la with 1,3-butadiene (2a) in the presence 
of a catalytic amount (5 mol % 1 of Pt(C0)2(PPh9)2 at 130 
OC gave the 1,Cdisilylation product 3a in excellent yield 
(Table I, entry l)? The platinum complex is highly active 
as the catalyst precursor, whereas palladium complexes 

(PPhSI3 do not show any catalytic activity (entry 2). 
such ~ 1 8  Pd(PPh3)*,2".b PdC12(PPh3)2,2kb'd*e and Pd(C0)- 
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(7) Quite recently, the f i t  successful example  ha^ been reported8 
(vide infra). 

(8) Lhibwa, M.; Niehimura, Y.; Sakamoto, H.; Ono, T.; Ohshita, J. 
Orgonometalkcs 1092,11,483. 

(9) A typical procedure in aa follows: A 30-mL stainleas steel autoclave 
waa charged with 1. (104 mg, 0.5 mmol), 20 (1.8 mmol, 1.1 mL of a 1.6 
M stock solution in toluene), Pt(CO)S(PPh& (19 mg, 0.025 mmol), and 
THF (1.6 mL) under an argon flow. After the aparatus waa sealed, an 
air purge w ~ l l  confiied by preasurhtion (10 kg cm-+deprese.urization 
sequencea with carbon monoxide; then the autoclave waa pmaurized to 
10 kg cm-l at mom temperature. The reactor waa heated to 130 OC and 
thermostated at thin temperature for 18 h with stirring. GLC analysis 

in QB% yield. The product WBB ieolated by Kugehhr distillation in 91 W 
yield (120 mg). 

(OV-17) With biphylBll811 internal stendard showed that 3a WBB formed 

Table I. Platinum-Complex-Catalyzed 1,4-Dinilylation of 
1.3-Dienes Using Disilanes' 

entry no. disilane diene product yield, Ib E/Zc  
1 la 2a 3a 99 (91) 4.6 
2d la 2a 0 
3 lb 2a 3b 98 3.0 
4 lb 2b 3c 91 2.1 
5e lb 2c 3d (51) 0.5 
6 I C  2b 30 (91) 1.7 
7 Id 2b 3f (70) 2.0 

'Conditions: 1 (0.5 mmol), 2 (1.8 mmol), Pt(CO),(PPh& (0.025 
mmol), THF (1.5 mL), carbon monoxide (initial 10 kg 18 h 
at  130 "C. bBy GLC; numbers in parentheses show isolated yielde. 

Catalyst: Pd(PPha),, PdClZ(PPh3),, or 
Pd(CO)(PPh,),; under carbon monoxide pressure (initial 10 kg 
cm-2) or an argon atmosphere. e2c (0.5 mmol). 

Tetramethyl-l,2-diphenyldisilane (lb) also gave the 1,4- 
disilylation products with 2a and isoprene (2b) in excellent 
yields (entries 3 and 41, and with 2-phenyl-l,8butadiene 
(24 in good isolated yield (entry 5). Furthermore, 4- 
methylphenyl and Cfluorophenyl derivatives (IC and ld) 
reacted with 2b to give the corresponding 1,4disilylation 
products 38 and 3f in high yields (entriea 6 and 7). In these 
transformations, carbon monoxide pressure (10 kg cm-2) 
is required to maintain the active catalyst species. Under 
an argon atmosphere, essentially no reactions occur.l0 

The distinct effect of the phenyl substituent on the 
silicon is demonstrated by the following observations. 
Peralkylated disilanes such as le, 1,2-dibutyltetra- 
methyldisilane (10, and 1,2-di-tert-butyltetramethyldi- 
silane (le) afforded only a trace of 1,4disilylation products 
under the same reaction conditions as in Table I. Modi- 
fication of the catalyst system for these peralkylated di- 
silanes by use of other selected catalyst precursors (Pd- 
(PPh&,2ab PdC12(PPh3)$h PdC12(PhCN)2,% Pd(dba), + 
3P(OCH2)3CEt,3b PtC12(cod), PtCl2(PhCN)d under carbon 
monoxide pressure or an argon atmosphere were totally 
unsuccessful. Furthermore, 1,2-dibenzyltetzamethyldislane 
(1 h) remains intact under the various reaction conditions, 
whereas 1,2-diallyltetramethyldisilane (li) reacted with 2b 
to afford 1:l and 1:2 (li:2b) adducts in quite low yields 
(each <lo% by GC/MS) in the presence of Pd(dba)2 or 
Pt(dba)2 as catalyst precursor (5 mol 9%) under an argon 
atmosphere. On the other hand, tetramethyl-1,2-di- 
vinyldisilane (lj) showed very high reactivity and was 
converted completely to give an intractable mixture of 
products. No l,&diene was incorporated in those products, 
and apparently homodimers and cyclic homodimers of 1 j 

By NMR and/or GLC. 

(10) After the reaction, the cooled reaction mixtures were analyzed by 
FT-IR spectroscopy at ambient pressure. Although carbon monoxide 
pressure haa a dramatic effect in the present reaction (vide supra), the 
resultant reaction mixtures obtained under carbon monoxide (10 kg cm-l) 
and argon atmospheres gave nearly identical IR spectra, showing a stro 
characteristic absorption at 1805 cm-'. A strong absorption at 1982 my 
(lit." 1983 cm-') due to Pt(C0)2(PPh3)2 e o e t  disappeared. It ia well- 
known that platinum complexes exhibit a hgh aptitude for formation of 
homopolynuclear carbonyls, especially with phaephine ligands. Chatt et 
al. reported cluster formation from Pt(C0)2(PPh3)2 involving the equi- 
libria12 

5Pt(CO),(PPh3), + Pt3(C0)3(PPh3), + 2Pt(PPh3)3 + 7CO (i) 
2Pt3(C0)3(PPh3), + 3CO + Pt,(CO),(PPh,), + 2Pt(CO)z(PPh3)2 (ii) 
The Pb cluster shows a strong absorption at 1803 cm-' due to p-CO,l2 
which is close to the absorption observed with our reaction mixtures. 
Accordingly, it is conceivable that an active catalyat species in the present 
reaction is mononuclear and carbon monoxide pressure maintaine the 
catalytically active mononuclear species (cf. eq ii). Even when the re- 
action is carried out under carbon monoxide pressure, workup p d u r e a  
involving diecharge of the carbon monoxide preasure movea the equilibria 
toward the catalytically inactive clustera, which are major species in the 
reaction under an argon atmosphere. 

(11) Chini, P.; Longoni, G. J.  Chem. SOC. A 1970, 1542. 
(12) Chatt, J.; Chini, P. J. Chem. SOC. A 1970, 1538. 
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were formed via insertion of the vinyl functionality into 
the silicon-silicon bond (GC/MS and DEPT; supplemen- 
tary material). 
The present effect of the phenyl substituents cannot be 

attributed to their electr~negativities.~~ Actually, l a 4  
remained almost unchanged in the presence of Pd- 
(PPh3)42"b and PdC12(PPh&,~bd~ which were reported2 
to be highly active toward disilanea having electronegative 
substituents. In an effort to elucidate the function of the 
phenyl substituents, kinetic measurements were carried 
out. The rate shows firsborder dependence on disilane 
concentration and also on diene concentration (eq 2). 

rate = kOb[ 11 [2] (2) 
Observed second-order rate constauts (It,,,.,,) for lb, IC, and 
Id with 2b are 2.52 x 3.07 x loe3, and 6.26 x lo-' 
mi& M-' (at 110 * 1 "C), respectively, indicating that 
lower electron densiQ on the phenyl rings decelerates the 
1,4disilylation reaction. It is well-known that essentially 
all the transition metals form u-arene c0mp1exes.l~ 
Various kinds of r-arene complexes ($, 7+, 76) have been 
isolated and structurally characterized. In the case of 
($-C6H,&)Cr(Co)3, electronegative substituenta (F and 
C1) as X weakened the r-complexation.l6 Hence, it is 
conceivable that a r-arene complex intermediate would be 
responsible for the present distinct effect of the phenyl 
substituents.l6 Coordination via a a-arene complex as 
shown in eq 3 can facilitate the succeeding oxidative-ad- 
dition reaction, which seems to be the most crucial step 
in the catalytic cyclic. 

The similar prominent effect of the phenyl subsituent 
is obeerved in the disilylation of alkyne. It is a quite recent 
finding that an even less reactive perallcylated diailane, i.e. 
le, could be utilized in the disilylation of acetylene by 
selecting a suitable ligand (1,1,3,3-tetramethylbutyl iso- 
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(13) Group electronegativities: F, 3.93; OMe, 3.M; Cl, 3.19; CHPCH2, 
2.79; C a b ,  2.72; CH2C,$iHI, 2.6$ CH, 2.47. (a) March, J. Advanced Or- 
ganic Chemurtry; Wdey-Inbrmence: New York, 1986; p 14. (b) Inamoto, 
N.; Maeuda, S. Chem. Lett. 1982,1003. (c) Reference 4b. 

(14) (a) Collman, J. P.; Hegedu, L. 8.; Norton, J. R.; Finke, R. G. 
Principles and Appkatiom of OrganotraMition Metal Chemistry; 
University Science Boob Mill Valley, CAI 1987, pp 168-166,921-940. 
(b) McGlinchey, M. J. In The Chemistry of the Metal-Carbon Bond, 
Hartley, F. R., Patai, S., Eds.; Wiley: Chichester, U.K., 1982; Vol. 1, pp 
668-666. 

(15) (a) Adedeji, F. A.; Brown, D. L.; Connor, J. A,; bung, M. L.; 
P.-Andrade, I. M.; Skinner, H. A. J. Orgmmet. Chem. 1976,97,221. (b) 
Mahaffy, C. A. L.; Pauson, P. J.  ChemAes., Synop. 1979, 126. 

(16) For wuene complexes of group 10 metah, see: (a) Browning, J.; 
Green, M.; Penfold, B. R.; Spencer, J. L.; Stone, F. G. A. J.  Chem. Soc., 
Chem. Commun. 1973,31. (b) Allegza, 0.; Cuagrande, T.; Immizi, A.; 
Pom, L.; Vitulli, G. J.  Am. Chem. SOC. 1970,92,289. (c) Bauer, D. J.; 
KrOger, C. Znorg. Chem. 1977,16,884. (d) Jonas, K. J.  Orgonomet. Chem. 
1974, 78, 273. 

Me R Y. I / 

r R '  
R '  

(3) 
cyanide% or P(OCH&CEVb) with palladium catalyst. The 
platinum complex Pt(dba)z under carbon monoxide 
pressure is highly active for the disilylation of phenyl- 
acetylene using la and lb (eqs 4 and 5)." Again, other 
disiiea such as le, lf, lg, lh, and l i  remained unchanged, 
while 1j was converted completely to afford the homo- 
dimers. 

PhCPCH t PhMq@SIM% 
la  

4b 
7 : 3  

Total yield 98% 

PhC=CH t PhMq$ISIMWh 
l b  

Ph H 
P h W I  ;c=c' 'S lMeh (5) 

5 
81% 
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NMR, I3C NMR, and MS (including some HRMS) spectral data 
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(17) T h e  aame prooedurea ae in eq 1 were u a d  phenylacetylene (0.6 
mmol), 1 (0.25 mmol), Pd(db& (0.0125 mmol), 30 kg cm-* of initial 
carbon monoxide preseure, 120 O C  (with la) or 90 OC (with lb), 16 h. The 
regie and s t e r e o c h e m  of 4 have been established unamb~oudy  by 
NOE difference spectra with irradiation at the methyl protom of the 
SiMea and SiMe8h moieties. The stereochemistry of I wan d e b m i n d  
via phenylation (with P U i )  of authentic (Z)-FM@iPhC=-€!HSiMe$.s 
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