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Hydrocarbons are relatively abundant and inexpensive. However, conventional 
processes for the conversion of C-H bonds to other functionalities are poorly understood, 
difficult to control, and exhibit poor to moderate product selectivity. Consequently, there is 
an intense amount of research devoted to devising novel strategies for selective C-H bond 
functionalization. The most promising technologies involve the use of transition metal 
complexes.I These metal based C-H activation processes can roughly be divided into two 
categories: radical processes and concerted processes.1,2 Radical processes involve the 
catalytic or initiated generation of hydrocarbon radicals by metal centers.2, 3 Concerted 
processes involve bonding between the hydrocarbon and metal center. 2,4 Concerted 
processes offer superior selectivity as well as the ability to influence product selectivity by 
engineering the steric bulk of the ligands around the metal center.4 Of the latter, the 
activation of C-H bonds by 1,2 addition across metal imido and alkylidene double bonds has 
recently been the subject of intense interest.2,5-10 The reasons for this are several: First, the 
nature of the complexes involved,2, 6-10 kinetic studies,2 and theoretical calculations5 suggest 
that the electrophillicity of the metal center plays an important role in C-H bond breakage.2 
Secondly, compounds containing isoelectronic oxo groups do not undergo this reaction and 
are known to activate C-H bonds only by radical processes_3b,c Finally, this process may 

. possess greater selectivity than other C-H activations.2, 6d 

The general features of the 1,2-eliminatiqn/addition process for amide complexes are 
given in Scheme I. 1,2 R-H elimination occurs from a precursor LnMR2 or LnM(NHR)R 
(n=2, L=Cp, tBu3SiO, tBu3SiNH, ArO) complex to give a three-coordinate imido or 
alkylidene intermediate, which then adds a second hydrocarbon, R'-H, across the metal
heteroatom bond. R'-H addition is regiospecific with the carbon apaching to the metal center 
in all known cases. In the absence of sterically unhindered hydrocarbon, reaction of the 
intermediate with ligand C-H b~nds to give metallacycles is a complicating side reaction.2,6 
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The types of complexes that exhibit the 1,2-addition/elimination reaction are shown in 
Figure 1. Note that all of the complexes except complex e are four-coordinate do early metal 
complexes. Thus, three-coordinate imido and alkylidene complexes are generated on R-H 
elimination. Such intermediates are only stable when sterically demanding, electron donating 
ligands are present to stabilize the low coordinate do metal center.2,6 The combination of low 
coordination number and high oxidation state results in the presence of empty directional 
dz2/pz hybrid orbitals on the metal center.2,5,6 It is believed that C-H activation occurs by 
donation of C-H cr-bonding electrons into these orbitals, as shown in Figure 2a. Electron 
density on the alkylidene carbon or imido nitrogen atom may also facilitate this reaction by 
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Figure 1. The major classes of compounds that activate C-H bonds through 1,2-
elimination/addition: (a) Cp2M~)R (M=Ti, Zr),9 (b) (tBu3SiNHhMR (M=Ti, 
Zr),2,6 (c) (tBu3SiNH)i VR=NSi Bu3,!0 (d) Cp2Ti(CH2CMe3h, 8 and (e) (2,6-
R2C6H30)TaMe3 (R= Bu, iPr). 7 Compounds of ~e e may exhibit 1,2 R-H 
elimination only under photochemical conditions. a-c 

electron donation into the C-H cr* orbital, as shown in Figure 2b. In an apparent exception to 
the above generalities, five coordinate (ArOhTaR3 complexes of the type shown in Figure le 
are known to undergo 1,2 R-H elimination under photochemical conditions to give four
coordinate alkylidene complexes.7a-c However, many details regarding C-H activation by 
these complexes are not yet fully understood. 7a-c 

(a) (b) 

Figure 2. Orbital interactions during C-H bond activation by 1,2-addition. (a) electrons are 
donated from a C-H O' orbital into the empty dz21Pz hybrid orbital on the metal 
center.5 (b) electrons are donated from the heteroatom into an empty C-H cr* 
orbital. 

A number of mechanistic investigations of 1,2-elimination/addition of C-H bonds 
across metal-heteroatom bonds hewe been undertak.en.2,6a-f,7a,b,d,10 Kinetic studies on 
hydrocarbon exchange reactions (i.e. R'H + MR-XH --+ MR'-XH +RH X = CR2 or NR) show 
that the elimination/addition reaction is first order in metal complex and zero order in 
hydrocarbon.2,6a-f,7a,b,d,10 Isotope labelling studies using deuterated hydrocarbons show 
incorporation of deuterium on the heteroatom in the product alkyl complex (i.e. R'D + MR
XH' .....+RH+ MR'-XD, X = CR2 or NR).2, 7a This behavior indicates that elimination of RH 
precedes addition of R'H and is the rate determining step. There has been some discussion in 
the literature regarding the nature of the metal-hydrocarbon interactions along the reaction 
coordinate and the structure of the R-H addition/elimination transition state. Ab-initio RHF 
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aaloulations indicate that metal to RH bonding precedes C-H bond cleavage and that there is 
appreciable M-CH bonding in the transition state.5 Hydrocarbon exchange studies using the 
complex (tBu3SiNH)3ZrMe show a correlation between the rate of reaction (expressed as 
AG*) and the proton affinity of the hydrocarbon C-H bond as shown in Figure 3.2 Because 
R-H elimination is the microscopic reverse of R-H addition, this correlation is consistent with 
the orbital based description of electron donation from the C-H bond to empty directed 
orbitals on the metal as discussed previously. 

30 CK,hO 

.... 0 

.... 
• CHr'I• 

c. 
... II 

Cro .. c-, 
28~__,..--..--....,....--..--..--.....---r 

120 130 14o 110 110 170 110 1110 
Proton aftlnllr (kcallmol, RH) 

Figure 3. Correlation between AG* for 1,2 R-H elimination from (Bu3SiNH)3ZrR and the 
proton affinity of R. Filled circles indicate experimental proton affinity data. 
Open circles indicate calculated proton affinity data. See Ref. 2 for details. 

Competition experiments involving reaction of the intermediate (1Bu3SiNHhZr= 
NSi1Bu3 with various hydrocarbons indicates that C-H bond acti"ation selectivity follows the 
order cyclopropyl-H - Ar-H > Me-H > PhCH2-H > cyclometallation > Et-H > 1BuCH2-H > 
Cyclohexyl-H.2 This trend is consistent with similar trends observed for C-H activation 
by a-bond metathesis (at Cp*2Sc:Me)2,4a and oxidative addition (to [HB(2,3-Me2-
pyrazoylh]Rh(CNCH2 tBu)) ,2,41 however, the selectivities for 1,2-elimination/addition are 
greater.2, 6d The origin of the greater selectivity is not presently understood but may be 
related to greater steric congestion at the Zr center. 

Functionalization of the metal alkyl complexes that result on activation of 
hydrocarbons has not been reported, presumably because the steric congestion at the metal 
hinders functionalization. Consequently, these complexes are presently more useful as model 
systems for examining the fundamental chemistry of C-H cleavage at early transition metal 
centers (including surfaces) than as practical C-H functionalizing agents. 
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