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Cleavage of the C-0 bond of the compound RhBr(CH3)(CH20CH3)(PMe& (1) with trimethylailyl bromide 
provides ethylene, formed by methyl migration to a methylene entity and subsequent &elimination. 
Compound 1 also reacts with silver ion, losing bromide and providing an entry into a family of well- 
characterized cationic compounds [Rh(Me)(CH20Me)(PMe3)n(CH3CN)4-n] [SbF6] (compound 2, n = 4; 
compound 3, n = 3; compound 4, n = 2). Compounds 1,2, and 4 are relatively stable at room temperature 
in methylene chloride solution, but the tris(phosphine) compound 3 decomposes, forming equal amounts 
of methyl vinyl ether and methyl ethyl ether, together with several rhodium compounds including compound 
4 and [RhH2(PMeJ4][SbFB]. This decomposition is believed to result from an a-C-H activation of the 
methoxymethyl group. Analogous dimethylrhodium compounds 5-8 are described for comparison and 
are unreactive under identical conditions. 

Introduction 
For some time we have been studying the chemistry of 

transition-metal compounds bearing an alkoxymethyl 
group. Our initial interest in alkoxymethyl complexes 
resulted from their similarity to the more elusive hy- 
droxymethyl complexes and from the tendency of the 
alkoxymethyl group to undergo C-0 bond cleavage and 
form a reactive methylene group.'s2 Our studies of alk- 
oxymethyl complexes have concentrated on methoxy- 
methyl complexes of rhodium3 and iridium2, primarily 
because these metals support a variety of other organic 
groups in coordination sites adjacent to the methoxymethyl 
group. This provides the reactive fragment derived from 
the methoxymethyl group an opportunity to undergo 
tractible intramolecular reactions with existing organic 
groups. 

Recent studies have shown that the metal-bound alk- 
oxymethyl group can also participate in a-C-H bond ac- 
tivation reactions, as in Scheme This reaction has 
been encountered in several methoxymethyl iridium com- 
plexes,2d and preliminary findings on the reactivity of the 
rhodium methyl methoxymethyl complex l3 have been 
communicated. This paper provides complete details of 
the preparation and reactivities of the rhodium methyl 
methoxymethyl compound 1 and its derivatives 2,3,  and 
4 and elaborates on some unexpected subtleties of the 
chemistry of these compounds. For purposes of compar- 
ison, the related dimethylrhodium compounds 5-8 are also 
described. 

A critical aspect of a-C-H activation, evident from 
Scheme I, is the necessity of a vacant coordination site 
adjacent to the alkoxymethyl group. If there is no coor- 
dination vacancy, the simple a-C-H reaction of Scheme 
I cannot occur, although other a-C-H reactions, such as 
hydrogen atom transfer to another group ("sacrificial 
elimination")! are still possible. Consequently, this paper 
concentrates on processes which open or block coordination 
sites of these rhodium methoxymethyl compounds and 
discusses the variation in their subsequent reactivities. 

Results 
Preparation of the Methyl Methoxymethyl Com- 

pound 1 and Dimethyl Compound 5. Compounds 1 and 
5 are quite easily obtained from the reaction between 
commercially available alkyl halides and tris- or tetrakis- 

Contribution No. 3963. 
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thylrhodium(1) starting material is prepared by treating 

(1) For example, see the following and references cited therein: (a) 
O'Conner, E. J.; Helquist, P. J. Am. Chem. SOC. 1982,104,1864-1874. (b) 
Brookhart, M.; Tucker, J. R.; Flood, T. C.; Jensen, J. J. Am. Chem. SOC. 
1980,102,1203-1205. (c) Labinger, J. A. J. Organomet. Chem. 1980,187, 
287-296. (d) Casey, C. P.; Andrews, M. A.; McAlister, D. R.; Jones, W. 
D.; Harsey, S. G. J.  Mol. Catal. 1981,13,43-59. (e) Tam, W.; Lin, G.-Y.; 
Wong, W.-K.; Kiel, W. A.; Wong, V. K.; Gladysz, J. A. J. Am. Chem. SOC. 
1982, 104, 141-152. (f) Cutler, A. Ibid. 1979,101, 604-606. 

(2) (a) Thorn, D. L.; Tulip, T. H. J. Am. Chem. SOC. 1981, 103, 
5984-5986. (b) Thorn, D. L. Organometallics 1982, 1, 879-881. Cala- 
brae, J. C.; Roe, D. C.; Thorn, D. L.; Tulip, T. H. Ibid. 1984,3,1223-1230. 
(c) Parshall, G. W.; Thorn, D. L.; Tulip, T. H. CHEMTECH 1982, 
571-576. (d) Thorn, D. L. J. Mol. Catal. 1982,17,279-288. Thorn, D. 
L., unpublished work. (e) Thorn, D. L.; Tulip, T. H. Organometallics 
1982, 1, 1580-1586. 

(3) Thorn, D. L. Organometallics 1985,4, 192-194. 
(4) Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. SOC. 1981, 103, 

2650-2659. 
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Scheme I 
H 

a-C-H activate I OR ' (-- subsequent reactions) M-CH2-OR (4 ) M=C 

[Rh(PMe3)4]C1 with methyllithium or methyl Grignard 
reagents.' Material that has been recrystallized is re- 
portedly the tris(phosphine) complex, but crude samples 
approach the stoichiometry Rh(CH3)(PMe3),. The precise 
composition is unimportant; an excess of the alkyl halide 
reacts with the labile fourth phosphine (if any), and the 
quarternary salt is easily separated, providing the tris- 
(phosphine) Rh(II1) organometallic complexes in good 
yield. 

As obtained from this reaction, compound 1 is the mer 
isomer drawn in eq 1, with the methyl group trans to a 
phosphine and cis to the bromide, as proven by the 13C 
NMR spectrum of the I3CH3-1abeled compound 1. Al- 
ternative m e r  isomers are not observed. Whether this 
reflects a global thermodynamic preference for the isolated 
isomer, or a highly stereospecific oxidative addition reac- 
tion of the bromomethyl methyl ether substrate, is not 
known. 

Preparation of Tetrakis(phosphine), Tris(phos- 
phine) Acetonitrile, and Bis(phosphine) Bis(aceto- 
nitrile) Methyl Methoxymethyl Compounds 2,3, and 
4, Respectively. The bromide ligand of compound 1, 
being trans to a strongly donating alkyl group, is quite 
labile and is easily abstracted by using silver ion (eq 2a). 
In noncoordinating or weakly coordinating solvents no 
tractable organorhodium product has been identified, but 
if acetonitrile is used, the monosolvated compound 3 can 
be observed in solution and impure samples can be iso- 
lated. Again, only the mer isomer drawn in eq 2a has been 
identified, with the solvated coordination site trans to the 
methoxymethyl group (13C NMR). Solutions of compound 
3 are only stable in the presence of acetonitrile, and CDzClz 
solutions decompose within hours at room temperature 
(see below). 

'H 

CH3 
PMe3 I ,**' CHgCN 

Er-Rh-CH20CH3 t AQSbF6 - Agar t 
M e 3 4  I 

pMe3 
1 

3 

Adding trimethylphosphine to compound 3 immediately 
forms the tetrakis(trimethy1phosphine) compound 2 (eq 
2b). Solutions of compound 2 are stable in the presence 
of trace amounts of free PMe,, and spectroscopically pure 
samples of the SbFs salt have been obtained from CHZClz 
solution by precipitation with ether. 

I t  is not surprising that the monosolvated tris(phos- 
phine) compound 3 is an isolable material (albeit reactive; 
see below). But it was initially quite surpriFling when NMR 
spectra of decomposed solutions of compound 3 indicated 
the presence of a stable, doubly solvated bis(phosphine) 

(5) May, C. J.; Graham, W. A. G. J. Organomet. Chem. 1982,234, C49. 
(6) See: Schrock, R. R. Acc. Chem. Res. 1979,12, 98-104 and refer- 

ences therein. 
(7) Jones, R. A.; Mayor Real, F.; Wilkinson, G.; Galas, A. M. R.; 

Hursthouse, M. B.; Malik, K. M. A. J. Chem. Soc., Dalton Truns. 1980, 
511-518; 1981, 126-131. 

2 

compound. Subsequent efforts to synthesize this material 
were successful and the doubly solvated bis(phosphine) 
compound 4 has been isolated, although in poor yield, from 
the reaction of eq 3. Here the cyclooctene Rh(1) chloro 

C H3 CHJCN 

I I' . p w  + +% IRhCICgHiS21~  
CH3m-Rh- CH~OCHB SbF6- - 1,2wRhC,(PMe3); 

k 3 P '  I 
p*3 

3 

w 3  
,PMe3 + I I. 

CH3CN-Rh-CH20CH3 SbFe- (3) 
Map' I 

N 
C 
CH3 

4 
complexs has been used as a phosphine abstracting/sca- 
venging reagent. The resulting chlororhodium tri- 
methylphosphine product has not been characterized but 
does not appear to be a simple, nor a single, species. The 
cyclooctene Rh complex was used despite its obvious 
disadvantages and poor yields of desired compound 4, 
because other phosphine scavengers that were tried 
((aca~)(C~H,)~Rh,  CuCl) provided intractable mixtures. 

In the presence of acetonitrile, compound 4 is relatively 
stable, but in CD2ClZ solution compound 4 slowly decom- 
poses over a period of several days to uncharacterized 
products. 

Preparation of Tetrakis(phosphine), Tris(phos- 
phine) Acetonitrile, and Bis(phosphine) Bis(aceto- 
nitrile) Dimethyl Compounds 6,7, and 8, Respectively. 
These compounds are prepared by the identical methods 
used to prepare compounds 2-4. One significant difference 
between the dimethyl compounds 6-8 and the methyl 
methoxymethyl compounds 2-4 is that the dimethyl com- 
pounds are considerably more stable with no tendency to 
decompose at  room temperature and consequently are 
easier to prepare and purify. The similarity of the bis- 
(phosphine) bis(acet0nitrile) dimethyl compound 8 to the 
bis(phosphine)bis(solvento)dimethylplatinum(IV) com- 
pounds reported by Clark and Manzerg and to the family 
of bis(phosphine) bis(so1vento)dihydridorhodiumlO and - 
iridium(1II)'l compounds should be noted. 

Reactions of 1 and 3. Originally, compound 1 was 
prepared to study its propensity to undergo C-O bond 
cleavage with subsequent reaction between the methyl 
group and the resulting methylene group, as an extension 
of our studies of the analogous iridium compound.2a In- 
deed, compound 1 reads slowly with the silylating reagent 
BrSiMe3 to form Me3SiOCH3, ethylene, and the hydrido- 
rhodium compound 9, most likely by the mechanism of eq 
4. Compound 1 also reacts with protic acids, but these 
appear to cleave Rh-C bonds directly and Cz products have 
not been identified. 

(8) Van der Ent, A.; Onderdelinden, A. L. Inorg. Synth. 1973, 14, 

(9) Clark, H. C.; Manzer, L. E. Inorg. Chem. 1972, 11, 2749-2755. 
(10) Schrock, R. R.; Osborne, J. A. J. Am. Chem. SOC. 1971, 93, 

2397-2407. 
(11) See: Crabtree, R. H.; Demou, P. C.; Eden, D.; Mihelcic, J. M.; 

Parnell, C. A.; Quirk, J. M.; Morris, G. E. J. Am. Chem. SOC. 1982, 104, 
6994-7001 and references therein. 

92-93. 
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Syntheses and Reactions of Rhodium Complexes 

1 

r 1 ?r 

9 L J 

Perhaps more interesting is the chemistry that becomes 
accessible when the bromide ligand is removed from com- 
pound 1 in the presence of CH3CN, initially forming 
compound 3. In CD2ClZ solution compound 3 is unstable 
and decomposes over the course of a few hours by a com- 
plicated set of reactions summarized in eq 5. Two path- 

R h(CH3)(CH*OCH3 )( Phb3)3(CH3CN 1' (3) ( 5 )  

CHsCN 
O C k  \ + 

"Rh(PMe&+" + AOCH3 
c 

"RhHz(PMe3),(CH3CN)+" + 4 
I Rh(CH3)(CH*OCH3)(PMej)j(CH3CN)+ (3 )  1 CDzCl2 

RhH2(PMe3)4+ t RhtCH3)(CH20CH3)(PMez(CH3CN,2+ ~ (4) Rhlll 

ways for the decomposition have been identified: path A 
forms methyl vinyl ether as the only organic product; path 
B forms methyl ethyl ether and acetonitrile. Methyl ethyl 
ether and methyl vinyl ether are formed simultaneously 
in approximately a 1:l ratio, so paths A and B are equally 
probable. Together, methyl vinyl ether and methyl ethyl 
ether account for more than 85% of the organic products. 
Traces of unidentified organic products accumulate at long 
reaction times but appear to arise from secondary decom- 
position reactions. Further discussion of these reaction 
pathways and their probable mechanism, a-activation/ 
methyl migration, is given below. Here, three peculiar 
features of these reaction pathways are noted. 

First, the formation of methyl vinyl ether (path A) must 
be accompanied by an equivalent amount of a rhodium 
dihydride, shown in eq 5 as "RhHZ(PMe3)3(CH3CN)+". 
This material is not observed as it rapidly scavenges a 
phosphine to make the tetrakis(trimethy1phosphine) di- 
hydrido compound.10 One source of phosphine is un- 
reacted compound 3, forming the bis(acetonitri1e) bis- 
(trimethylphosphine) compound 4. Both compound 4 and 
RhHZ(PMe3)4+ accumulate in the reaction solution, al- 
though compound 4 does itself decompose at  a substan- 
tially slower rate. Thus, there are two processes that de- 
plete compound 3 actual decomposition (by paths A and 
B) and loss of phosphine to make the relatively less re- 
active compound 4. 

A second peculiar feature is that formation of methyl 
ethyl ether by path B is accompanied by net release of 
CH3CN. This accumulation of CH3CN helps stabilize 
unreacted compound 3, thus inhibiting further decompo- 
sition. The rhodium product(s) of path B have not been 
identified but are believed to involve reaction of a nascent 
Rh(1) compound with the CD2ClZ s o l ~ e n t . ~ J ~  

A third peculiar feature is that an olefin and a hydri- 
dorhodium compound are both formed in path A. Many 
hydridorhodium compounds are potent catalysts for olefin 

(12) Marder, T. B., to be submitted for publication. The author 
thanks Dr. Marder for relaying his interest in this system. 
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hydrogenation (see for instance ref lo), but this particular 
hydridorhodium compound is relatively inert, which is very 
fortunate as it allows the vinyl ether to survive in the 
reaction solution. This inertness reflects the fact that all 
four PMe3 ligands are tightly bound, thus providing no 
opportunity for olefin hydrogenation by the conventional 
mechanism. 

Discussion 
There are two different organometallic reactions ex- 

hibited by the family of methoxymethyl compounds 1-4. 
One reaction is C-0 bond cleavage by oxophilic reagents 
(eq 4), and the other is decomposition of the coordinatively 
unsaturated compounds (eq 5). 

C-0 Bond Cleavage. The probable mechanism of the 
C-0 bond cleavage reaction is summarized in eq 4. Fol- 
lowing attack at  the oxygen atom by the trimethylsilyl 
group the C-0 bond is broken, leaving a reactive or tran- 
sient methylene entity,lPZa which rapidly reacts with the 
neighboring methyl group to make an ethyl group. @- 
Elimination of ethylene and binding of bromide complete 
the reaction. None of the postulated intermediate species 
has been observed, and the best evidence for this particular 
mechanism is the very close similarity to the analogous 
iridium system,% where a trapped-methylene complex was 
detected.13 There are two additional differences between 
this rhodium chemistry and the previously reported irid- 
ium chemistry.2a First, @-elimination from the iridium 
ethyl complex does not occur at room temperature and the 
ethyl complex can be isolated, whereas the rhodium ethyl 
intermediate is not observable. And second, the C-O bond 
of the rhodium complex is more difficult to cleave than 
the C-0 bond of the iridium analogue. In a competition 
experiment where equimolar amounts of compound 1 and 
its iridium analogue were treated with BrSiMe3, the irid- 
ium compound reacted completely within 15 min, whereas 
the rhodium compound 1 required several hours for com- 
plete reaction. One possible reason for the relative diffi- 
culty in cleaving the C-0 bond of the rhodium complex 
1 is that Rh(II1) may be less effective at  stabilizing the 
(postulated) methylene intermediate than is Ir(II1). 

Mechanism of the Decomposition Reaction. De- 
composition of the solvated compound 3 is thought to 
proceed by the mechanism of eq 6. Here the key step is 

CH3 CH3 

/ I \c 

C-H activate \ 1 C H j  migrate 
-Rh-CH20CH3 I /  (-)- - ,Rh\ ,H 

H 'OCH3 

10 

I /  
-Rh-C-H (6) I \  

H OCH3 

11 

RhH2 + OCH3 5/ 
an a-C-H activation, possibly reversible, which forms a 
hydrido methyl methoxycarbene intermediate, 10. The 
reactive methoxycarbene group couples with the adjacent 
methyl group to form the hydrido methoxyethyl complex 

(13) (a) For other examples of methylene trapping see: Canestrari, M.; 
Green. M. L. H. J. Chem. SOC.. Dalton Trans. 1982.1789-1793. See also 
ref le.' (b) Fryzuk, M. D.; MacNeil, P. A.; Rettig, S.'J. J. Am. Chem. SOC. 
1985, 107,6708-6710. 
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11. Complex 11 in turn undergoes either @-elimination to 
make methyl vinyl ether and a dihydridorhodium complex 
(path A, cf. eq 5 and 6) or reductive elimination to make 
methyl ethyl ether (path B). The Rh(1) product of re- 
ductive elimination (path B) apparently reacts with the 
dichloromethane solvent, resulting in compounds to be 
described elsewhere.12 

Given the complexity of the overall reaction (eq 5) and 
the fact that no reaction intermediates can be observed, 
only indirect and circumstantial evidence supporting the 
a-C-H activation portion of this mechanism can be pro- 
vided. 

First, there is ample precedent for all the proposed steps 
of eq 6. Reversible a-C-H activation of zirconoxymethyl 
compound 12 was described by Threlkel and Bercaw; and 
other examples of a-C-H activation are very well-docu- 
mented."14 There is also a large body of literature on the 

k1 

k-  1 

Cp2Nb=CHOZrCpX2 e Cp2NbCH20ZrCp: 

I 
H 

I 
H 

I 
H 

12 

thermal decomposition of polyalkyl compounds where 
a-elimination is a probable c~mponent . '~  Alkoxy- 
carbene-hydride coupling has been described in several 
~ysterns;~J~J '  alkoxycarbene-methyl coupling has been 
proposed in reactions of related iridium corn pound^^^*^^^ 
and is closely related to the methylene-methyl reaction 
proposed for compound 1 (eq 4) and its iridium analogue,& 
as well as other alkylidene-alkyl coupling reactions.lgZ0 
The final steps, @-elimination (path A) or reductive elim- 
ination (path B), are both very common organometallic 
reactions. 

In support of the proposed a-C-H activation in this 
particular system, note first that a vacant coordination site 
is crucial, as in Scheme I. Consistent with this, the co- 
ordinatively saturated compounds 1 and 2 do not undergo 
any reaction until a ligand is removed, and the acetonitrile 
compound 3 is stabilized by free acetonitrile. A compli- 
cation is that the vacant coordination site must be cis to 
the methoxymethyl group in order to permit a-C-H ac- 
tivation, so isomerization of the trans acetonitrile meth- 
oxymethyl compound 3 is an additional requirement. 

In this context it is remarkable that the bis(phosphine) 
bis(acetonitri1e) compound 4-which has two vacant co- 
ordination sites, one already cis to the methoxymethyl 
group-is so much more stable than the tris(phosphine) 
acetonitrile compound 3. Solutions of compound 4 persist 
unchanged for hours after solutions of compound 3 have 
significantly decomposed. The rationalization of the sta- 
bility of compound 4 is that the phosphine-depleted, 
electron-poor rhodium center cannot undergo the a-C-H 

Thorn 

(14) Crocker, C.; Empsall, H. D.; Errington, R. J.; Hyde, E. M.; 
McDonald, W. S.; Markham, R.; Norton, M. C.; Shaw, B. L.; Weeks, B. 
J .  Chem. SOC., Dalton Trans.  1982, 1217-1224. 

(15) For examples see: Cooper, N. J.; Green, M. L. H. J.  Chem. SOC., 
Dalton Trans.  1979,1121-1127. Muetterties, E. L.; Watson, P. L. J.  Am. 
Chem. SOC. 1978,100,6978-6989. See also: Davidson, P. J.; Lappert, M. 
F.; Pearce, R. Chem. Reu. 1976, 76, 219-242. Schrock, R. R.; Parshall, 
G. W. Ibid. 1976. 76. 243-268. 

(16) Clark, G.'R.;~Headford, C. E. L.; Marsden, K.; Roper, W. R. J .  

(17) Thorn, D. L.; Calabrese, J. C. J .  Organornet. Chem. 1984, 272, 
Organornet. Chem. 1982,231, 335-360. 

28.7-29.7 - - - -_ -. 
(18) Sharp, P. R.; Schrock, R. R. J. Organornet. Chem. 1979, 171, 

(19) Hayes, J. C.; Pearson, G. D. N.; Cooper, N. J. J.  Am. Chem. SOC. 
Hayes, J. C.; Cooper, N. J. Ibid. 1982, 104, 

(20) Kletzin, H.; Werner, H.; Serhadli, 0.; Ziegler, M. L. Angew. Chern. 

43-51. 

1981, 103, 4648-4650. 
5570-5572. Jernakoff, P.; Cooper, N. J. Ibid. 1984, 106, 3026-3027. 

1983, 95, 49-50; Angew. Chem., Int. Ed. Engl. 1983,22, 46-47. 

activation and/or cannot support the required methoxy- 
carbene intermediate. This underscores an interesting 
conflict: While coordinative unsaturation is necessary for 
a-C-H activation, extreme unsaturation suppresses a-C-H 
activation. In this particular system, where tetrakis- 
(phosphine), tris(phosphine), and bis(phosphine) com- 
pounds 2,3, and 4 are available, it is the tris(phosphine) 
compound 3 which is the reactive compromise between the 
need for coordinative unsaturation and the need for 
phosphine ligands to provide electron density. 

Additional support for the proposed a-C-H activation 
mechanism of eq 6 is found in observations that discourage 
other apparently reasonable alternative mechanisms. 
Perhaps the most attractive alternate mechanism is given 
in eq 7 ,  where the key step is direct reductive elimination 
of methyl ethyl ether from compound 3, followed by 
dehydrogenation of some of the methyl ethyl ether. But 
a labeling experiment provided compelling evidence 
against this mechanism for vinyl ether formation. The 

CH3 PMe3 I ,-- 
CH3CN-Rh-CH20CH3 - "(CH3CN)(PMe3),Rh+" t 

MeSP' I 
PMe3 

3 

H H  

/ /  
C-H 

/ I \  
H H OCHa 

1 scavenge PMe3 

RhH2(PMe3),* 

13CH3 compound 3 was prepared and allowed to decompose 
in the presence of 1.5 equiv of unlabeled methyl ethyl 
ether. That vinyl ether which was formed in the decom- 
position was 13CH2=CH(OCH3), and no unlabeled ether 
was detected. Thus, free methyl ethyl ether is not dehy- 
drogenated under the present reaction conditions. 
Equation 7 requires that methyl ethyl ether be dehydro- 
genated to form the methyl vinyl ether, but the results of 
the labeling experiment confict with this requirement. I t  
remains possible that strong cage effects are operating and 
that reductive elimination of methyl ethyl ether is followed 
by rapid dehydrogenation prior to exchange with free 
methyl ether,21 but this seems unlikely. 

Another possibility is that two different mechanisms are 
operating; perhaps methyl ethyl ether is indeed formed by 
direct reductive elimination (see eq 7) while methyl vinyl 
ether is formed by the a-C-H activation sequence (see eq 
6). The available data do allow this interpretation, but 
with serious difficulties: The two mechanisms would have 
to operate a t  the same rate, in order to form methyl ethyl 
ether and methyl vinyl ether in the observed 1:l f 10% 
ratio. The 1:l ratio is a troublesome observation in any 
case and perhaps suggests that some binuclear species 
simultaneously provides both products.21 But the se- 
quence of eq 6, where the putative hydrido methoxyethyl 
complex 11 decomposes (possibly bimolecularlyz1) to form 
methyl ethyl ether and methyl vinyl ether in near equal 

(21) The reviewers are thanked for noting these possibilities. 
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Syntheses and Reactions of Rhodium Complexes 

amounts, is a more satisfactory explanation than fortui- 
tously equal reaction rates for two totally distinct mech- 
anisms. 

Finally, given the complete stability of all the dimethyl 
compounds 5-8 and the relative stability of the bis- 
(phosphine) bis(acetonitri1e) methyl methoxymethyl com- 
pound 4, it  appears that direct reductive elimination from 
compounds 1-8 simply is not a facile reaction. The re- 
activity that is observed for compound 3 is best ration- 
alized by the a-C-H activation mechanism of eq 6. In- 
cidentally, the stability of the dimethyl compounds dem- 
onstrates that it is only the methoxymethyl group, not the 
methyl g r ~ ~ p , ~ ~ ~ ~ , ~ ~  which undergoes the a-C-H activation 
and initiates the decomposition sequence. This in turn 
is consistent with the apparent difficulty of forming the 
rhodium-methylene intermediate in eq 4. 

Further Peculiarities of the Decomposition Reac- 
tion: Phosphine Abstraction/Redistribution Cataly- 
sis. Attempts to perform more quantitative studies of the 
decomposition of compound 3 (eq 5) were frustrated by 
the complexity of the overall reacting system (particularly 
the tendency for CH,CN to accumulate and inhibit further 
decomposition) and by the inability to obtain compound 
3 in rigorously pure form. However, it is clear that in order 
to drive the reaction rapidly to completion, it is necessary 
to (1) supply enough extra PMe3 to prevent the formation 
of "unreactive" bis(phosphine) compound 4 and (2) prevent 
the accumulation of either CH,CN (which stabilizes 3 and 
suppresses further reaction) or PMe, (which converts 3 to 
unreactive tetrakis(ph0sphine) compound 2). At first 
glance these requirements are totally incompatible. 

Yet, by starting with the tetrakis(ph0sphine) complex 
2, both requirements actually can be met. By itself, com- 
pound 2 is stable, as it lacks the vacant coordination site 
necessary for a-C-H activation. But if a phosphine is 
abstracted from compound 2, it becomes the unstable and 
reactive tris(phosphine) compound 3. All that is really 
necessary is a trace of the unstable tris(phosphine) com- 
pound 3, provided its decomposition products can also 
abstract a phosphine ligand from tetrakis(phosphine) 
starting material 2. This would permit a pseudocatalytic 
cycle to operate, as outlined in eq 8. In fact, the reaction 

OCH3 
v 
( 0 8 t h  E )  

Rh(CH3)(CH*OCH3)(PM83),' OCH3 
2 =/ 

cycle of eq 8 operates very smoothly: CD2C12 solutions of 
tetrakis(ph0sphine) compound 2, when treated with a 
small amount (less than 0.1 equiv) of either impure tris- 
(phosphine) compound 3 or pure bis(phosphine) compound 
4, decomposed completely within 4 h at room temperature, 
with methyl ethyl ether and methyl vinyl ether formed 
together in excellent yield. A solution containing only 
compound 2 was unchanged during this time, although it 
also eventually decomposed, possibly catalyzed by traces 
of phosphine-scavenging impurities. Probably, phosphine 
"abstraction" from compound 2 (and also compounds 3, 
6, and 7) is a dissociation process, that would establish a 
small but finite equilibrium concentration of free PMe, 

(22) See: Eisenstein, 0.; Jean, Y. J.  Am. Chem. SOC. 1985, 107, 
1177-1186 and references therein. 
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were it not for the presence of other species that react with 
PMe3. 

Summary and Conclusions 
This paper has described the chemistry of a family of 

methyl(methoxymethy1)rhodium compounds 1-4, with the 
greatest emphasis on those reactions which ultimately 
allow C-C bond formation. One way this occurs is by 
electrophilic cleavage of the C-0 bond of compound 1, 
whereupon ethylene is formed by the reaction of eq 4. A 
second way that new C-C bonds are formed is the a-ac- 
tivation sequence of eq 6 ,  which is initiated by bromide 
abstraction from compound 1 or by phosphine abstraction 
from compound 2. In all cases a key step is coupling of 
methyl and methylene or carbene groups bound to the 
rhodium center, which has been viewed as methyl migra- 
tion to electron-deficient ~ a r b ~ n . ~ ~ J ~ - ~ ~ , ~ ~  An alternative 
viewpoint, methylene or carbene insertion into the rho- 
dium methyl bond, cannot be disproved from the present 
data but is believed less likely. The methoxymethyl group 
is a critical component of all these reactions, as the 
analogous dimethylrhodium compounds 5-8 are unreactive 
under comparable conditions. 

While the main aspects of the chemistry of these com- 
pounds have been studied and discussed, there remain any 
number of questions that cannot be answered at  this time. 
Perhaps the major question is: what is preventing re- 
ductive elimination? None of the dialkyl compounds, and 
not even the hydrido methyl methoxycarbene intermediate 
10 proposed in eq 6 ,  appears to undergo reductive elimi- 
nation at  room temperature. Only the hypothetical re- 
action intermediate 11 of eq 6 is thought to reductively 
eliminate, and even that reaction is in competition with 
p-elimination. A number of recent studies have shown that 
reductive elimination is not a rapid nor universal nor 
simple pro~ess.~"*~ A recurring theme in reductive elim- 
ination is prior ligand dissociation or addition;25@ perhaps 
the hydrido methyl methoxycarbene intermediate 10 does 
not undergo reductive elimination owing to its coordinative 
saturation, whereas hydrido methoxyethyl intermediate 
11 is able to reductively eliminate because it is coordina- 
tively unsaturated. As both 10 and 11 are only hypo- 
thetical intermediates, however, these inferences are 
speculative. Certainly the isolated rhodium compounds 
do display ligand additionJdissociation processes, but 
under the mild conditions explored in this study these 
processes appear to facilitate a-activation rather than re- 
ductive elimination. 

Experimental Section 
All reactions were carried out at room temperature by using 

dried solvents and standard inert-atmosphere techniques. 
Reagents were obtained commercially (Aldrich Chemical Co. or 
Strem Chemicals, Inc.) and were used as supplied. Note that alkyl 
halides in general, and halomethyl ethers in particular, should 
be treated with great caution, as they are toxic and possibly 
carcinogenic. In this work they were stored and used in a drybox. 
NMR spectra ('H, I3C) were recorded at ambient probe tem- 
perature by using a Nicolet/GE QE-300 spectrometer. 'H NMR 
data for compounds 1-8 me summarized in Table I, with chemical 
shifts reported in parts per million downfield from external Me4Si. 
Coupling constants in parentheses in hertz. Elemental analyses 

(23) Berke, H.; Hoffmann, R. J.  Am. Chem. SOC. 1978,100,7224-7236, 
(24! Norton, J. R. Acc. Chem. Res. 1979, 12, 139-145; Carter, W. J.; 

Okrasinski, S. J.; Norton, J. R. Organometallics 1985,4, 1376-1386 and 
references therein. 

(25) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. K. Bull. 
Chem. SOC. Jpn. 1981,54,1857-1867. Tatsumi, K.; Nakamura, A.; Ko- 
miya, S.; Yamamoto, A.; Yamamoto, T. J .  Am. Chem. SOC. 1984, 106, 
8181-8188. 

(26) Milstein, D. Acc. Chem. Res. 1984, 17, 221-226. 
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Table I. 'H NMR Dataa for Compounds 1-8 

compd Rh-CH3 Rh-CHzOCH3 Rh-CHzOCH3 P(CH3)3 CH3CN 
1, RhBrMe(CHzOCH3)(PMe3)3 0.06, t (7.7) of d (5.8) of d (1.9) 3.50, t (5.8) of d 

(3.9) of d (2.7) 
3.13 1.39 (t, 3, of d, 

0.6), 1.40 (d, 
7.1) 

2, RhMe(CH,0CH,)(PMe3)4SbF6 -0.04, t (7.: ) of d (6.8) of d (4.6) 

3, RhMe(CH,OCH,)- 0.10, t (7.5) of d (5.4) of d (1.8) 

4, RhMe(CH20CH3)- -0.03, t (7.4) of d (2.3) 

5 ,  RhIMe,(PMe& 0.07, d (8.3) o f t  (6.0) of d (2.4); 
0.18, t (7.7) of d (5.8) of d (1.9) 

6, RhMez(PMeJ4SbF6 -0.06, m (12 lines, splitting 2 Hz) 

7, RhMez(PMe3)3(CH3CN)SbF6 -0.22, q (8.0) of d (2.2); +0.08, 
t (7.6) of d (5.6) of d (1.8) 

8, RhMe2(PMe3),(CH3CN),SbF6 -0.07, t (7.3) of d (2.3) 

3.45, q (5.9) o f t  

3.39, q (5.8) of d 

3.66, t (5.7) of d 

of d (1.8) (1.9) 

(PMe3)3(CH3CN)SbF6b (2.8) 

(PMe,)2(CH3CN)2SbF6 (2.7) 

3.18 1.41-(t, 3), 1.41 (d, 

3.13 1.35 (t, 3.1), 1.40 1.9gb 

3.21 1.34 (t, 3.1) 2.25 

7), 1.43 (d, 7) 

(d, 7.5) 

1.42 (d, 6.5), 1.48 

1.41 (t, 2.6), 1.43 

1.38 (t, 2.9), 1.40 2.28 

1.33 (t, 3) 2.24 

(t, 3.0) 

(t, 6.2) 

(d, 6.9) (br d, 0.8) 

"All compounds in CD2CIz unless otherwise noted. Chemical shifts in parts per million downfield of external Me4Si; coupling constants 
in parentheses in hertz. *Trace of CD3CN added to  suppress decomposition. 

(C, H, and [where appropriate] N) were performed by Galbraith 
Laboratories. Methylrhodium(1) x(trimethy1phosphine) was 
prepared following Jones et  al.' from Rh(PMe3)4Cl and methyl 
Grignard reagent in THF (tetrahydrofuran) and was used directly 
as the crude pentane extract with no attempt a t  recrystallization. 
While recrystallized material is reportedly the tris(phosphine) 
complex, the crude material has the approximate composition 
Rh(CH3)(PMe3),. For 13C NMR experiments the Rh-13CH3 la- 
beled material was synthesized by using the Grignard reagent 
prepared from 13CH31 (Merck Isotopes, 98%). 

Preparat ion of Bromomethyl(methoxymethyl)tris(tri- 
methylphosphine)rhodium(III) (1). In a typical preparation, 
crude methyltetrakis(trimethylphosphine)rhodium(I) (0.75 g) was 
dissolved in 20 mL of T H F  and the mixture treated with 0.49 g 
of bromomethyl methyl ether (Caution! toxic and carcinogenic 
reagent!). The suspension was stirred 30 min and filtered. The 
insoluble material, mostly PMe3(CH20CH3)Br, was discarded, 
and the solution was evaporated, leaving 0.70 g (84%) of off-white 
solid. Anal. Calcd for C12H3601P3BrlRhl: C, 30.59; H, 7.49. 
Found: C, 30.16; H, 7.36. 13C NMR (CD2C12): Rh-13CH3, 6 3.0, 

Met hyl(met hoxymethyl)tetrakis(trimet hy1phosphine)- 
rhodium(II1) Hexafluoroantimonate (2). Compound 3 [Rh- 
(CH,)(CH20CH,)(PMe3)3(CH3CN)SbF6], 0.20 g, in 10 mL of THF 
was treated with 0.10 g of PMe, and stirred 30 min. The cloudy 
solution was filtered and evaporated, leaving 0.19 g yellow-white 
solid (90%). An analytical sample was prepared by slow diffusion 
of ether into a CH2Clz (dichloromethane) solution containing a 
drop of free PMe3 Anal. Calcd for Cl5HUO1F6P4RhlSbl: C, 25.63, 
H, 6.31. Found: C, 25.17; H, 6.44. 

Methyl (methoxymet hyl) t r is  (trimet hylphosphine) (aceto- 
nitrile)rhodium(III) Hexafluoroantimonate (3). Compound 
1 (0.71 g) in 10 mL of CH3CN (acetonitrile) was treated with 
AgSbF6 (0.52 g) and stirred 30 min. The AgBr precipitate was 
discarded and the filtered solution concentrated to near dryness. 
The residue was redissolved in ca. 10 mL of CH2C12, filtered again, 
concentrated, and precipitated with ether, yield 0.72 g of off-white 
solid (71%). This could not be recrystallized successfully, but 
the crude material was 8595% pure ('H NMR). JR (Nujol): 2282, 
2318 cm-' (w). ',C NMR (CD,CN): Rh-13CH3, 6 2.1, d (85) of 
d (20) o f t  (10). 

Methyl(methoxymethyl)bis(trimethylphosphine)bis- 
(acetonitrile)rhodium(III) Hexafluoroant imonate  (4). 
Compound 1 (0.50 g) in 15 mL of CH3CN was treated with 0.37 
g of AgSbF6 and stirred 30 min. The mixture was filtered and 
the solution treated with 0.19 g of [RhC1(C8H14)2]2.8 After being 
stirred 1 h, the mixture was filtered again and the solution 
evaporated to near dryness. The residue was redissolved in 
benzene and filtered again after 30 min. Pentane was allowed 
to diffuse slowly into the resulting solution, depositing a brown 
oil and white crystalline solid. The crystalline material was 
collected, yield 0.175 g (26% from starting compound 1). (The 
brown oil contained additional amounts of compound 4.) Anal. 
Calcd for C13H3sN201F,P2RhlSb,: C, 24.67; H, 5.10; N, 4.43. 

d (91) of d (19) o f t  (9.5); J(13C-H) = 128 Hz. 

Found C, 24.39 H, 5.20; N, 4.28. 13C NMR (CD2C1,): Rh-13CH3, 

Dimethyliodotris(trimethylphosphine)rhodium( 111) (5 ) .  
Crude Rh(CH3)(PMe8)4 (0.58 g) and methyl iodide (0.40 g) were 
mixed in 10 mL of THF and stirred 10 min. The initial solution 
rapidly precipitated a white solid, mostly PMeJ (0.23 g, 77% of 
theoretical), and was evaporated to leave an off-white residue. 
This was washed with ether, leaving 0.53 g of white solid com- 
pound 5 (79%). Anal. Calcd for C11H33P3Rhl11: C, 27.07; H, 6.81. 
Found: C, 27.18; H, 6.84. 
Dimethyltetrakis(trimethylphosphine)rhodium(III) 

Hexafluoroantimonate (6). Compound 7 [RhMe2(PMe3)3- 
(CH3CN)SbF6], 0.14 g in 1 mL of CH2C12, was treated with 0.03 
g of PMe3 and the solution stirred for 5 min. Addition of ether 
precipitated 0.13 g of white solid (88%). Anal. Calcd for 
C14H42F,P4RhlSbl: C, 24.98; H, 6.29. Found: C, 24.94; H, 6.21. 
Dimethyltris(trimethy1phosphine) (acetonitri1e)rhodium- 

(111) Hexafluoroantimonate (7). Compound 5 (0.44 g) was 
dissolved in 10 mL of CH2C12, and 1 mL of CH,CN was added 
followed by 0.31 g of AgSbF,. The mixture was stirred 15 min 
and filtered. The solution was concentrated to low volume. 
Addition of ether precipitated 0.46 g of white solid (80%). IR 
(Nujol): 2290, 2320 cm-l. 
Dimethylbis(trimethylphosphine)bis(acetonitrile)rho- 

dium(II1)  Hexaf luo roan t imona te  (8). Compound 5 
[RhMe21(PMe3),], 0.22 g, and AgSbFG, 0.16 g, were dissolved in 
10 mL of CH,CN, and the mixture was filtered after being stirred 
30 min. [RhC1(C8H14)2]2,8 0.10 g, was added. After being stirred 
1 h, the mixture was evaporated, extracted into benzene, and 
filtered. Addition of pentane precipitated 0.10 g of off-white solid 
(48%). 

Reaction of Compound 1 with Bromotrimethylsilane. A 
solution of 0.04 g of compound 1 in CD2C12 was treated with 0.017 
g of BrSiMe3 Little reaction occurred within the first 30 min 
but on standing overnight, the reaction was complete, forming 
ethylene (>85%) (lH NMR b 5.42, s), the hydrido compound 
RhHBr2(PMeJ3 (9) (ca. 50%), unidentified PMe3-containing Rh 
compounds (ca. 50%), and Me3SiOCH3 ('H NMR 0.11,3.40). The 
hydridorhodium compound was not isolated in pure form. 'H 
NMR of RhHBr2(PMe3)3 (9): Rh-H, 6 -16.7, t o f t  (17.7, 13.4); 
PMe,, 1.70, d (9), 1.78, t (3.5). When the 13CH3-labeled compound 
1 was treated similarly, H$3C12CH2 was the only organic product 
detectable; 13C NMR 6 124.3. 

When a CD2C12 solution of compound 1 (0.024 g) and the 
analogous Ir compound IrBr(CH,)(CH20CH3)(PMe3)3 (0.028 g) 
was treated with 0.015 g of BrSiMe,, the Ir compound reacted 
completely within 15 min to make the ethyl compound IrBrz- 
(CZH,)(PMe3),, but only ca. 20% of the Rh compound 1 had 
reacted by this time. After an additional 4.5 h the Rh compound 
had reacted completely. 

Decomposition of Compound 3. A solution of compound 3 
(0.059 g) in 2 mL of CD2Cl2 was prepared. Half of this solution 
was placed directly in an NMR tube; the remainder of the solution 
was treated with 3 drops of CD3CN before being placed in a second 

6 -7.8, d (33) o f t  (8); J(13C-H) = 128 Hz. 
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NMR tube. The 'H NMR spectra, run within 15 min of preparing 
the solutions, were nearly identical, showing compound 3 present 
in ca. 90% purity contaminated by unidentified PMe,-containing 
material, but traces of decomposition products were present in 
the sample which had no CD,CN. Four hours later the NMR 
spectrum of the sample which had been treated with CD3CN was 
largely unchanged, with at least 75% of the initial amount of 
compound 3 remaining. But the sample which had not been 
treated with CD3CN had decomposed extensively. Only small 
amounts of compound 3 remained (ca. 9%). Approximately equal 
amounts of compound 4 and RhH2(PMeJ4+ [hydrido NMR signal, 
6 -10.6 d (137 Hz) of pseudoquartets (15 Hz), superimposable on 
the signal of an authentic  ample'^*^^] were present, each ap- 
proximately 29%, together with PMe3 signals of unidentified 
Rh(II1) compound(s). Also present was methyl vinyl ether (ca. 
29%) and methyl ethyl ether (ca. 33%). Amounts of species 
present were determined (15 percentage points) by 'H NMR 
integration and are reported as percentages of compound 3 ori- 
ginally present. 'H NMR of methyl vinyl ether (CD2C12):2s OCH,, 
6 3.54, s; =CH(OMe) 6.54, d of d (14.3, 6.8); =CH2 4.01, d of d 
(6.8, 2.2), 4.18, d of d (14.3, 2.2). 'H NMR of methyl ethyl ether 
(CD2C12): OCH,, 6 3.30, s; OCH2, 3.42, q; CH,, 1.71, t (7.0). 

For the isotope crossover studies, 13CH,-labeled compound 3 
(0.04 g) in CD2Clz was treated with methyl ethyl ether (more than 

(27) Herskovitz, T., unpublished work. 
(28) Herberhold, M.; Wiedersatz, G .  0.; Kreiter, C. G. 2. Naturforsch., 

B: Anorg. Chem., Org. Chem. 1976, 31B, 35-38. 

1.5 equiv, prepared from Me1 and NaOEt) and allowed to de- 
compose. NMR analysis of the solution revealed l3CH3CHZ0Me, 
unlabeled methyl ethyl ether, and 13CH2=CH(OMe). No 
12CH313CH20Me, 12CH2=13CH(OMe), nor 12CH2='2CH(OMe) 
could be detected (estimated detection limits 5%). 13C NMR of 

Hz. 13C NMR of 13CH312CH20Me (CD2C12): 6 16.5; J(13C-H) = 
129, 3 Hz. 

Decomposition of Compound 2 by Phosphine Redistri- 
bution Catalysis. A solution of compound 2 (0.025 g) in CD2C12 
was treated with a small amount (less than 0.002 g) of compound 
4. After 2 h the solution contained compound 2 (40% of the 
original amount), methyl vinyl ether and methyl ethyl ether (each 
28%), and compound 3 (4%). In a repeat of this experiment the 
reaction went to completion within 4 h. A solution of compound 
2 alone in CD2C12 did not measurably react during this time. 
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Cleavage of [Ptz(~-C1)zPhz(PPh,)2] with T1C5H5 produces [Pt(q5-C5H5)Ph(PPh3)], but in low yield. 
Reaction of [Pt(q1-C5H5)Ph(cod)] with PPh, in THF solution gives [Pt(q':q2-C8Hl2C5H5)Ph(PPh3)] (1) 
in which the cyclopentadienyl and cyclooctadiene moieties are coupled. In ether 1 and [Pt(q5-C5H5)Ph(PPha)] 
are both formed. Treatment of [Pt(q1-C5H5)Ph(cod)] with dppe or appe in ether solution results in 
displacement of cyclooctadiene, but the reaction with dppe in THF yields [Pt(q'-C5H5)Ph(dppe)] and a 
coupling product. The products are characterized by elemental analysis and by 'H, 13C('H], and 31P{1HJ 
NMR spectroscopy. 

Introduction 
We have recently shown that [ P Z  

(C6H4N=NPh) (q5-C5H5)] undergoes a hydrogen-deuteri- 
um exchange reaction at  the cyclopentadienyl ring when 
treated with nucleophiles such as tertiary phosphines in 
suitable deuterated solvents.' A mechanism involving 
C5H5- dissociation was suggested by us, and support for 
this proposal arises from the recent isolation and structural 
characterization2 of [Re(CH3)(NO)(PMeJ4]+C5H5-. Our 
preliminary studies indicated that these H-D exchange 
phenomena are not limited to  palladium complexes con- 
taining chelating 1igands.l In order to determine whether 
C5H5- dissociation from palladium, or platinum, indeed 
occurs, we sought to prepare complexes of the type [M- 

(1) Anderson, G. K.; Saum, S. E.; Cross, R. J.; Morris, S. A. Organo- 

(2) Casey, C. P.; OConnor, J. M.; Haller, K. J. J. Am. Chem. Soc. 1985, 
metallics 1983, 2, 780. 

107, 1241. 

0276-7333 1 86 12305- 1903$01.50/0 

(v5-C5H5)RL] (M = Pd, Pt;  L = tertiary phosphine) and 
to investigate their reactions with nucleophiles, the plat- 
inum complexes being more amenable to study by NMR 
spectroscopy. 

There are a number of compounds of this form which 
contain chelating but isolable compounds of the 
type [M(q5-C5H5)RL] are rare,7-'0 and only three such 
platinum compounds are known7 Since [Pt(q5-C,H5)XLI 
(X = halide) compounds are much more difficult to pre- 
pare than their palladium analogues, alternative precursors 

(3) Cope, A. C.; Siekman, R. W. J. Am. Chem. SOC. 1965 87, 3272. 
(4) Tune, D. J.; Werner, H. Helv.  Chim. Acta 1975, 58, 2240. 
(5) Goel, A. B.; Goel, S.; Van Der Veer, D.; Clark, H. C. Inorg. Chim. 

(6) Stille, J. K.; Morgan, R. A. J. Am. Chem. SOC. 1966, 88, 5135. 
(7) Cross, R. J.; Wardle, R. J. Chem. SOC. A 1971, 2000. 
(8) Turner, G. K.; Felkin, H. J. Organomet. Chem. 1976, 121, C29. 
(9) Suzuki, K.; Hanaki, K. Inorg. Chim. Acta 1976, 20, L15. 
(10) Majima, T.; Kurosawa, H. J. Chem. SOC., Chem. Cornrnun. 1977, 

610. Kurosawa, H.; Majima. T.: Asada. N. J.  Am. Chem. SOC. 1980.102. 
6996. 

Acta 1981,53, L117. 
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