
880 Organometal l ics  

The structure of 17 is the first to be determined in which 
a [ llferrocenophane acts as a ligand although a number 
of derivatives of la are known, e.g. Fe(C0)4L,2 Cr(C0)5L,2 
and L,PdC12.3s 
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Summary: Photolysis of 1,4,5,6-tetraphenyl-2,3-benzo- 
7-methyl-7-phenyl-7-silanorbornadiene ( I )  in benzene- 
cyclohexane solutions gave methylphenylsilylene (I  I )  that 
was efficiently scavenged by ethanol, triethylsilane, and 
2,3-dimethyl-l,3-butadiene ( I  I I) with the following relative 
rate constants kEtOHlkEt3SIH = 4.8 and k,,,/kEt3SIH = 3.0 
at 298 K. Methylphenylsilylene did not appear to react 
rapidly with oxygen. The results conflict with those of a 
recent flash photolysis study. 

siderable interest in recent 
The chemistry of silylenes has been the subject of con- 

These transient 
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species have normally been generated from cyclic2-9J1 and 
open-chaingJO polysilane precursors. However, it is known 
that polysilanes are not clean sources of silylenes, since 
radical formation and rearrangement often occur together 
with silylene e x t r u ~ i o n . ~ * ~  These underlying difficulties 
have prompted us to search out clean photochemical 
precursors of silylenes" and to use them in the measure- 
ment of the relative rate constants for silylene reactions. 
In this work, we have focused attention upon methyl- 
phenylsilylene, which has been the subject of a recent flash 
photolysis investigation.'2 

Photolysis of the silanorbornadiene, I, a t  254 and 350 
nm in solution proved to be an excellent source of me- 
thylphenylsilylene, I1 (vide infra, eq 1). The fact that I 

Me 
Dh 

phA 

I II 

can be photolyzed over a wide range of wavelengths, in 
order to generate methylphenylsilylene, gives it a unique 
advantage as a precursor, since wavelengths can be chosen 
to avoid the photolysis of coreagents. 

Photolysis of I in benzene-cyclohexane mixtures con- 
taining ethanol, triethylsilane, or 2,3-dimethyl-1,3-buta- 
diene, 111, gave the products shown in Scheme I. These 
were identified by their GC/mass spectra and were 
quantified by GC using authentic samples as calibrants 
wherever possible. The overall yields of products con- 
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Table  I. Relative Rate Constants  for  t h e  Reactions of MethylDhenylsilylene with a Variety of Substrates"  
photolysis 

wavelength, 
substrates [A]:[B], M [I], M nm conversn,* % 

EtOH (0.427):Et3SiH (0.314) 1 x 10-4 254 4Bd 
I11 (O.lO):Et$iH (0.10) 1 x 10-2 350 65d 
O2 (1.2 X 10-3)e:EtOH (5 X 5 x 10-3 254 6 (32)f 

35 (59) 
59 (59) 

O2 (1.2 X 10e3)':EtOH (0.2) 1 x 10-3 350 1 2  (26)f 
36 (32) 
37 (37) 

O2 (1.2 X 10-3)e:Et3SiH (0.2) 5 x 10-3 350 14 ii5jf 
23 (25) 
36 (44) 

kA/kBc 
yield, % kA/kB (this work) (ref 12) 

100 3.0 4.4 
96 4.8 1.9 x 103 

33 (50)f <2.28 2.7 x 103 
36 (50) 
38 (53) 
60 (57)f 

64 (59) 
62 (80)f 

62 (88) 

65 (60) Oh 2.7 x 103 

62 (84) <59h 1.2 x 104 

"In benzene-cyclohexane (1:l v/v) as solvent; 298 K. *Based on the yield of 1,2,3,4-tetraphenylnapthalene. cIncluding some revisions to 
the data originally published.'* (Gaspar, P. ., private communication). Maximum values; ratios of rate constants independent of conversion. 
'Wilhelm, E.; Battino, R. Chern. Rev. 1973, 73, 1. !Results for matched samples purged with argon rather than oxygen reported in par- 
entheses. 8 At 6% conversion. hAverage value. 

Scheme I 
Me 

I II + EtOH + EtOSiH 
I 
Ph 

Me 
I 

I 
II + Et3SiH - Et,SiSiH 

Ph 

Me Ph 

Me Me Me & + v  Me /?H 

m Me Ph 

74% 26% 

taining the methylphenylsilylene moiety depended on the 
concentrations of the substrates but were essentially 
quantitative at  ca. 0.5 M substrate concentration (Table 
I). In those cases where the yields were less than loo%, 
high molecular weight products were detected but could 
not be identified because they were present in small 
amounts. However, no products were detected in any 
experiment that could have been associated with multiple 
insertion reactions of I1 nor was any evidence found for 
chemistry involving its dimer, 1,2-dimethyl-1,2-di- 
pheny1di~ilene.l~ 

Competition experiments were carried out by taking 
pairs of the above substrates and by analyzing for the 
respective products by GC. Details of the reaction con- 
ditions are given in Table I. Ratios of product yields were 
independent of the conversion of I up to the maximum 
values reported in Table I and led to relative rate constants 
for the various reactions. However, error limits on both 
the yields and rate constant ratios are probably ca. 
10-20%. These rather high values reflect the difficulty 
in carrying out accurate GC analysis on materials that, 
because of large differences in their molecular weights, 
have widely differing retention times. 

The possibility that oxygen could act as a scavenger of 
the methylphenylsilylene was investigated by carrying out 
photolyses using matched pairs of sample tubes containing 
benzene-cyclohexane solutions of I and triethylsilane or 
ethanol and by continuously purging one tube with argon 
and the other with oxygen. No products due to the re- 

action between methylphenylsilylene and oxygen were 
detected. However, small effects due to oxygen were 
discovered. It was found that oxygen slowed the rate of 
photolysis of I presumably by acting as a quencher of its 
triplet state. This effect disappeared at ca. 50% conversion 
(Table I) at which point the overall rate of photolysis had 
slowed considerably presumably because the 1,2,3,4- 
tetraphenylnaphthalene formed in the reaction was ab- 
sorbing most of the photolyzing light. 

Product yields in the samples that had been purged with 
oxygen tended to be slightly lower than those obtained in 
the argon-purged solutions. There are two possible reasons 
for this effect. First, oxygen could have acted as a genuine 
scavenger of the silylene to give products that were not 
readily detected by GC/mass spectrometry. Second, the 
reaction products could have been partially destroyed by 
free radical oxidation initiated by the UV irradiation. To 
allow for the first possibility, we have assumed that the 
differences in yields between the oxygenated and oxy- 
gen-free samples reflected a silylene-oxygen reaction, even 
though products for such a reaction were not detected. In 
each case we have calculated an upper limit for the relative 
rate constants (Table I). 

The relative rate constants obtained in these product 
studies are at variance with data obtained by using a laser 
flash photolysis technique12 (Table I). In the flash pho- 
tolysis study, a transient absorption spectrum at  440 nm 
was obtained by photolysis of P-phenylheptamethyl- 
trisilane and was assigned to methylphenylsilylene (eq 2). 
Both ethanol and oxygen proved to be very efficient sca- 
vengers of the transient while triethylsilane and 2,3-di- 
methylbuta-1,3-diene were orders of magnitude less ef- 
fective. 

Me3SiSiMe(Ph)SiMe3 - Me,&, + MeSiPh (2) 
In sharp contrast to the laser flash photolysis results, 

the product studies described in this work show that 
ethanol is only ca. 5 times more reactive toward methyl- 
phenylsilylene than is triethylsilane, a result which has 
been confirmed independently by Gaspar and his col- 
l e a g u e ~ . ~ ~  Moreover, there was no evidence in the product 
studies which suggested that oxygen was a more effective 
scavenger than triethylsilane. This finding is supported 
by a recent gas-phase study which showed that oxygen was 
ca. 50 times less reactive than triethvlsilane toward silvlene 
(H2Si:).15 While we admit the experimental difficilties 

(14) Gaspar, P. P.; Holten, D.; Konieczny, S., submitted for publication 

(13) Sakurai, H.; Nakadaira, Y.; Kobayashi, T. J. Am. Chem. SOC. 
1979,101,486. 

in Acc. Chem. Res. 
(15) Eley, C. D.; Rowe, M. C. A.; Walsh, R. Chem. Phys. Lett. 1986, 

126, 153. 
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of using oxygen as a scavenger and the possible errors that 
may be involved, it is more difficult to imagine that the 
ethanoktriethylsilane experiments are flawed, particularly 
when they have been confirmed e1~ewhere.I~ 

There are two simple explanations for the discrepancies 
between the product and flash photolysis studies. First, 
the transient detected in the flash photolysis work may 
not have been methylphenylsilylene. In fact, product 
studies of the photolysis of 2-phenylheptamethyltri~ilane’~ 
show that formation of a silene, IV (reaction 3), is about 
as efficient as silylene formation (eq 2). I t  has also been 
established that silenes of similar structure have absorption 
spectra in the critical 440-nm region.17 

hu 
a Si (Me) Si Me3 

SiMe3 
Me3SiS iMe(Ph)S iMe3 - ( 3 )  

Ip 

A second explanation can be invoked to rationalize all 
of the data. This explanation requires that methyl- 
phenylsilylene was indeed detected in the flash photolysis 
experiments but that its rapid reactions with oxygen and 
ethanol were reversible, so that the rate constants detected 
in the flash photolysis experiments need not necessarily 
have matched those of the product studies. 

Which of these possibilities is correct remains unan- 
swered. However, a resolution of these problems is only 
likely to come from more detailed studies of the photo- 
chemistry of silylene precursors. 
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Summary: Iridium amide complexes selectively activate 
the aromatic C-H bonds of toluene while the analogous 
rhodium derivatives activate only the benzyl C-H bonds: 
a radical mechanism appears to be operative in the latter 
case. 

Strategy. Prodded by the success of certain iridium 
complexes in carbon-hydrogen bond activation,’ we ex- 
amined the  iridium(II1) dihydride IrH2[N- 
(SiMezCHzPPhz)2] (1P as a potential source of a reactive, 

Fellow of the Alfred P. Sloan Foundation (1984-1987). 
(1) (a) Janowin, A.; Bergman, R. G. J.  Am. Chem. SOC. 1982,104,352. 

(b) Bergman, R. G.; Janowicz, A. J.  Am. Chem. SOC. 1983,105, 3929. (c) 
Hoyano, J. K.; Graham, W. A. G. J. Am. Chem. SOC. 1982,104,3723. (d) 
Hoyano, J. K.; McMaster, A. D.; Graham, W. A. G. J .  Am. Chem. SOC. 
1983, 105, 7190. (e) Crabtree, R. H. Chem. Rev. 1985,85, 245 and ref- 
erences therein. 

(2) Fryzuk, M. D.; MacNeil, P. A. Organometallics 1983, 2, 682. 

coordinatively unsaturated fragment. Our rationale was 
straightforward: if the formation of the 16-electron 
“CpIrL” (L = PMe3 or CO; Cp = q5-CsH5 or q5-C5Me5) 
fragments can generate such intruiging results in C-H 
bond activation, then loss of H2 from 1, either photo- 
chemically or thermally (by addition of t-BuCH=CH,), 
would generate the 14-electron species “Ir[N- 
(SiMe2CH2PPhz)2]”, capable of both C-H activation and 
further e lab~rat ion.~ However, H2 elimination from 1 
proved futile by any technique (photolysis or dehydroge- 
nation by t-BuCH=CH,) that we tried. We also at- 
tempted the preparation of a presumed product of C-H 
activation, namely, the methyl hydride complex Ir(CH3)- 
H[N(SiMe2CH2PPh2)2], in an effort to use this derivative 
in thermal C-H bond e~change ;~  addition of a variety of 
hydride reagents to the readily available methyl iodide 
derivative Ir(CH3)I[N(SiMe2CH2PPh2)z]5 led to compli- 
cated mixtures of products, none of which corresponded 
to the desired methyl hydride species. Although we still 
had the option of replacing the phenyl sustituents on 
phosphorus with the more electron-rich and bulkier iso- 
propyl groups and reexamining the strategy outlined above, 
we decided to abandon this project. However, in unrelated 
studies, we happened onto two systems that apparently 
activate C-H bonds under quite mild but very different 
conditions. 

Serendipity. The oxidative addition of both iodo- and 
bromomethane to the iridium(1) cyclooctene complex Ir- 
(q2-C8H14)[N(SiMezCHzPPhz)2] (2) proceeds smoothly in 
toluene to generate the corresponding methyl halide com- 
plexes Ir(CH3)X[N(SiMezCH2PPhz)2] (X = I, 3a; X = Br, 
3b).5 With chloromethane no reaction is observed at  room 
temperature. If, however, a mixture of 2 and CH3C1 (ap- 
proximately 100 equiv) in toluene is heated to 80 “C for 
12 h, 2 is completely converted to a 4:l mixture of m- and 
p-tolyl chloride complexes Ir(C6H4CH3)C1[N- 
(SiMe2CHzPPh2)2] ( 4 ~ ) ; ~  the desired methyl chloride 
species is formed in only trace quantities (<5%) (eq 1). 

Me2Si, q.,@ 
N- I r  -CI 

t 
800C 
18 his 

@ Me2Si, 
Pp2 .CH3 

N- l r  -CI 
I .e*’ 

. CH, 

paraimeta 
1 4  

> 909, 

(1) 

C Y 0  

If the temperature is lowered to 60 OC and the reaction 
time extended to approximately 3 days, then the methyl 
chloride complex 3c is formed in a 3:2 ratio (by ‘H NMR) 

(3) The anticipated products of C-H activation would be the 16- 
electron species Ir(R)HIN(SiMezCHzPPh,),l capable of undergoing in- 
sertion by CO, olefins, or acetylenes. A related 14e fragment can be 
formed by dehydrohalogenation of Rh(H)C1[C6H3-o,o’-(CHzP-t-Buz)2]; 
see: Nemeh, S.; Jensen, C.; Binamira-Soriaga, E.; Kaska, W. C. Or- 
ganometallics 1983, 2, 1442. 

(4) Wax, M. J.; Stryker, J. M.; Buchanan, J. M.; Kovac, C. A.; Berg- 
man, R. G. J .  Am. Chem. SOC. 1984, 106, 1121. 

(5) Fryzuk, M. D.; MacNeil, P. A.; Rettig, S. J. Organometallics 1986, 
5, 2469. 

(6) 4c: ’H NMR (CP,, ppm): meta isomer, Si(CH&, 0.53, -0.12 (s); 
PCH2Si, 1.63 (dt, J , ,  = 14.0, Japp = 6.1 Hz), 1.53 (dt, Jap = 5.4 Hz); 
C6HICH3, 1.81 ( 8 ) ;  8$14CH3, 6.76 (d, J = 8.0 Hz, ortho), 6.t2 (s, ortho), 
6.36 (d, para), 6.31 (t, meta); PjCa5I2, 7.05, 6.94 (m, para/meta), 7.63, 
7.98 (m, ortho); para isomer; Si(CH3),, 0.54, -0.13 (6); PCHzSi, same as 
the meta isomer; C6H4CH3, 2.01 (s); C$I4CH3, 6.82 (d, J = 8.0 Hz, ortho), 
6.21 (d, meta); P (Ca&,  same as the meta isomer. C, H, and N analyses. 
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