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Gas-Phase Organometallic Chemistry. Mechanism and 
Energetics of Methane Formation Resulting from 
Protonation of (CO)SMnCH3 

Sir: 

Treatment of transition metal alkyl or hydrido complexes 
with acids in solution often leads to the evolution of alkanes or 
hydrogen.' -3 Pentacarbonylmethylmanganese is one com- 
p a n d  which shows this reactivity: it decomposes rapidly in 
acidic media with methane evolution.'s2 Johnson and Pearson2 
suggest a reaction mechanism involving oxidative addition of 
the undissociated acid followed by reductive elimination of 
methane. I n  many such studies the mechanism of reductive 
elimination of alkanes remains controversial; in  addition there 
is little quantitative data appropriate for describing the ther- 
mochemistry of these processes. This is due in part to the dif- 
ficulties in characterizing reactive intermediates in  solution. 
Many of the factors contributing to this situation can be 
eliminated by carrying out related studies in the gas phase, 
using the techniques of ion cyclotron resonance spectroscopy.J 
A recent gas phase study of (q5-CjHj)Fe(C0)2(CHr)+,  a 
carbene whose presence could only be inferred i n  solution, is 
a case in point.' We report here the gas phase reactions of 
(CO)SMnCH3 with proton donors, which provide interesting 
insights into both the mechanism and energetics of methane 
formation in this system. 

Reaction of a variety of proton donors BH+ with ( C 0 ) s -  
MnCH36 yields two products, as indicated by eq 1 and 2.' At 

(1) (CO),Mn+ + CH, + B -c (CO),Mn(CH,)H+ + B (2) 
(CO),MnCH3 + BH+ 

first glance the product of reaction 1 appears to involve loss of 
CH4 from the conjugate acid formed in reaction 2. The usual 
situation in proton transfer reactions, generalized in eq 3 ,  is 
for proton transfer from BI to B2 to occur when PA(B2) 2 
PA(Bl) ,  where PA(B) is the proton affinity of B.4 When the 
reaction is sufficiently exothermic, excess energy retained by 
B>H+ results in its decomposition. With this expected behavior, 
the present results are particularly surprising in that rhe con-  
jugate  acid (CO)jMn( CH3) H+ is obserced only with bases 
whose proton affinity is substantially below those which yield 
the product  (CO)SMn+ as  an  abundant  ion. 
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Figure 1. Range of  proton donors for which the products (C0)5.Mn+ (rc- 
action I ) ,  (C0)5Mn(CH3)H+ (reaction 2 ) .  and ( C O ) j l 1 n ( C H 3 ) t i t  
(reaction 4) are observed. The proton aff ini ty (kilocalories/nioic) of tach 
base examined. PA(B)  - PA(NH3) .  i s  given i n  parentheses.x 

Bi H+ + B2 B?H+ + BI (3 )  
The important features of the observed reactions. as illus- 

trated in Figure I ,  are as follows. Methane elimination takes 
place with proton donors for which P.A(B) d 203 f 3 kcal/ 
mol.x If i t  is assumed that, for PA(B) > 203 f 3 kcal/mol. 
reaction I is not observed because it is endothermic. the heat 
of formation of (CO)jMn+ is calculated to be 8 f 4 kcal/ 
mol.9,10 Onset of reaction 2 establishes a proton affinity of 
(CO)'MnCH3 as 188 f 3 kcal/mol.8 The homolytic metal 
hydride bond dissociation energy. D[(C0)5MnCHlf  - HI. 
is calculated from this to be 67 f 3 kcal/mol." I f  the proton 
transfer reaction is sufficiently exothermic, internal excitation 
of the product of reaction 2 may be sufficient for dissociation 
to occur (eq 4),  in which C O  is lost in  preference to CH,." 
Decomposition according to reaction 4 is observed with donors 
less basic than H C N .  This result indicates D[(CO)1- 
Mn(CH3)(H)+ - CO] - 7 f 2 kcal/mol.Y 

[(C0)5Mn(CH3)Hf]* - (CO)AMn(CHj)H+ t. C O  (4)  
These data are  consistent with two available reactive sites 

on (CO)sMnCH3; reactions 1 and 2 are not competitive in the 
sense of having common or readily interconverted interniedi- 
ates. We propose that protonation of the manganese-methyl 
bond leads to formation of methane with little or no activation 
barrier. Protonation at  a second site. accessible wi th  stronger 
proton donors, forms a kinetically stable protonated ~ o m p l e x . ' ~  
Solution data on protonation of similar species' 3 3  lead us to 
believe the (CO)jMn(CHj)H+ ion is a hydridomethyl species 
with the proton on the metal center.IJ The manganese-hydride 
bond dissociation energy of 67 f 3 kcal/mol is comparable 
with those of other first-row transition metal hydrides.15 The 
elimination of methane from [ (C0)5Mn(CH3)Hf]  is not 
competitive wi th  loss of CO. The above data indicate an acti- 
vation energy for reductive elimination in excess of 7 f 2 
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2Mn(C0)5 and IP[Mn(C0)5] = 8.44 f 0.1 eV: D. R. Bidinosti and N. S. 
Mclntyre, Can. J. Chem., 48, 593 (1970). 

(1 1) The homolytic bond dissociation energy, defined as the enthalpy change 
for the reaction (C0)5Mn(CH3)H+ .+ (C0)5MnCH3+ i- H, can be calculated 
from the proton affinity and adiabatic ionization potential by using the 
relation D[(CO)5MnCH3+ - H] = PA[(C0)5MnCH3] t IP[(C0)5MnCH3] 
- IP(H). The first vertical ionization Dotential of (COkMnCH- is reoorted 

I 15 f 2 kcol / rnol  

(CO),Mn+ t CH4 

Figure 2. Energetic relationships betwecn species resulting from reductive 
eliminntion of C H j  or loss of CO from protonated (CO) jMnCH3.  

kcal/mol. These results are summarized in Figure 2, where the 
:ictivation energq' E,, for elimination of methane from 
(CO)SMn(CHj)H+ is unknown. 

Comparison of the present results to previous studies is 
rendered difficult by the absence of a detailed mechanistic 
picture for reductive elimination processes in solution. The 
kinetic stability of (CO)jMn(CH3)Hf  is similar to that of 
cis-( CO)aOs( C H 3 )  H , which slowly decomposes intermolec- 
ularly a t  room temperature. '* In marked contrast is the uni- 
mol ecu I a r me t h a ne el i m i nation from cis - ( P P h 3) 2 P t ( C H 3) H 
which occurs with little activation energy.19 

Further studies with (CO)SMnH and (C0)SReCHj should 
provide interesting mcchanistic and thermochemical com- 
parisons LFith the reactions of (CO)sMnCH3. Reaction of 
( C 0 ) j R e C H ;  \kith proton donors is analogous to that of 
(C0)SMnCH'. Lvith methane elimination occurring for PA(B) 
d 206 rt 2 kcal/mol and formation of (CO)SRe(CH,)H+ 
observed for PA( B) < 19 1 i 2 kcal/mol. The question of site 
of protonation may be clarified by study of (CO)A,OS(CH~)H. 
LF her,: deuteration on the metal prior to methane formation 
would be detected. 
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Preparation of a-Allyl Metal Complexes 
by Direct Reaction of Highly Reactive 
Transition Metal Powders with Allylic Halides 

Sir: 
In 1972, we reported a general procedure for the preparation 

of highly reactive metal powders.' The basic procedure in -  
volved the reduction of a metal salt in  a h>drocarbon or ethe- 
real solvent.' l o  We have noted that the reactivities and in some 
cases products are highly dependent on the reduction condi- 
tions, ;.e., anion, reducing agent. solvent, temperature, and 
presence of added alkali salts, Lewis acids. or Lewis bases.' lo 

I n  this manuscript we report a general procedure for the 
preparation of highly reactive transition metal powders.' I For 
example, reduction of nickel salts with various alkali metals 
yields finely divided nickel powders which react rapidly w i t h  
a l lyl  halides to give the corresponding (K-allyl N i x ) ?  coni- 
pounds. Heretofore. this important organometallic interme- 
diatel2.Is was accessible from the highly toxic nickel tetra- 
carbonyl.13 the bis(cyc1oocta- 1 .S-diene)nickel," or by the 
metal ;itom vaporization techniquc.l' I n  t h i s  manuscript we 
report reactions of highly reactive nickcl. palladium. platinum, 
cobalt, and iron metal powders. 

Reduction of anhydrous nickel( I f )  halides with 2 equiv of 
potassium in ethereal solvents yields a black metal slurry which 
reacts readily with allylic ha1ides.l" Reductions of transition 
metal salts have also been shown to readily occur with lithium. 
sodium, potassium, and sodium-potassium alloy. However, 
the use of an electron carrier, such as 5-10% naphthalene or 
anthracene based on the alkali nictal, facilitates reduction 
thereby allowing reduction at room temperature or lower. 
These naphthalide reduced nickel slurries react with allylic 
halides to give deeply colored solutions which contain (r-allyl 
N i x ) ? ,  whereas no color is observed in the slurries produced 
uithout electron carriers. 

I n  the case of activated palladiuni, reduction using lithium 
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