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A Kinetic and Ther.odynamic Study 
of the Reversible C-H Insertion/Elimination 

of Alkanes at Iridium 

John Michael Buchanan 

Abstract 

Chapter.!.:. Thermolysis of Cp*(PMe3)Ir(Cy)(H) (1, Cp* ... "15-C5Me5; 

Cy - cyclohexyl) in benzene cleanly produces cyclohexane and 

Cp*(PMe3)Ir(Ph)(H) (2). The process is first-order in 1, zero-order 

in benzene, and inhibited by cyclohexane; its activation parameters 

are bH# • 35.6 ~ 0.5 kcal/mol, 6$# - +10 + 2 eu. An inverse isotope 

effect, kh/kd - 0.7 ~ 0.1, is calculated from rates of cyclohexane and 

cyclohexane-d12 reductive elimination at 130°C, and HID scrambling 

between the hydride and a-cyclohexyl positions is observed to occur 

competitively with reductive elimination. A mechanism is proposed in 

which cyclohexane loss from 1 produces [CP*(PMe3)Ir], which 

oxidatively adds a benzene solvent molecule to form 2. Evidence is 

also presented for the possible intermediacy of a 

cyclohexane/[Cp*(PMe3)Ir] u-complex. 

Chapter ~ Alkane exchange reactions of the type 

Cp*( PMe3)Ir(R)(H) + R'H .. Cp*( PMe3)Ir(R')(H) + RH have been studied 

and their equilibrium constants determined. These data are consistent 

with the following trend in solution phase iridium-carbon bond 

dissociation enthalpies: phenyl» ~-pentyl > 2,3-dimethylbutyl > 

cyclopentyl - cyclohexyl > neopentyl. 

Chapter ~ Cp(PMe3)IrI2 (_; Cp a "15-C5H5) may be prepared by the 

stepwise reaction of Cplr(C2H4)2 with molecular iodine and 

trimethylphosphine. Reduction of this diiodo iridium complex with 
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11 thium triethyl borohydride produces the iridium dihydride. 

CP(PMe3)IrH2 (5). Two approaches from 5 to hydridoalkyl or 

hydridoaryl iridium complexes, CP(PMe3)Ir(R)(H), are presented. 

Photochemically, dihydride 5 inserts benzene and cyclohexane to give, 

respectively, Cp(PMe3)Ir(Ph)(H) (6) and Cp(PMe3)Ir(Cy)(H) (7). The 

hydridomethyl complex, Cp(PMe3)Ir(Me)(H) (8), is prepared by 

sequential deprotonation and methylation of dihydride ~ Stepwise 

reaction of Cplr(C2H4)2 with trimethylphosphine and sodium 

cyclopentadienide produces the bis-phosphine complex, Cplr(PMe3)2 (9), 

which is shown to be photochemically and thermally unreactive toward 

carbon-hydrogen bond insertion of benzene. 
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CHAPTER 1 

Kinetics of the Thermolysis 
of a Hydridocyclohexyliridlum(III) Complex in Benzene: 

the Mechanism of Thermal C-H Insertion/Elimination 
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Introduction 

Although most of the research that has been done on reactions of 

alkanes with transition metal complexes was conducted in the last five 

years, the motivations for this effort are at least as old as the 

science of chemistry. First, there is the value of engaging in basic 

research of any kind. From a more expedient perspective, there is the 

I ure of converting something relati vely cheap and abundant (al kanes) 

into anything more valuable (functionalized chemical products and 

intermediates). Converting methane to methanol, for example, would 

increase the value of each carbon atom roughly fifty times' and permit 

4 the synthesis of numerous other chemicals via the methanol. 

Obviously, sol uble transi tion metal complexes are not the only 

avenue toward alkane functionalization. They nonetheless are 

promising candidates to effect such conversions selecti vely and under 

moderate conditions because their reactivity can be rationally 

modulated by altering the steric and electronic properties of the 

ligands as well as the metal and its oxidation state. 

Breaking a carbon-hydrogen bond is only the first step in alkane 

functionalization. Functionality5 must be introduced into the alkyl 

group, and the product must be decomplexed from the metal. The second 

two steps, however, have been much more thoroughly studied than the 

first, presumably because examples of C-H acti vation6 by soluble 

transition metal complexes were very rare just ten years ago. Despite 

the recent surge of interest in this field, the conditions which 

promote this reactivity are not well understood. 

An exhaustive review of the C-H activation literature is not in 

2 
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order here, especially because several reviews and extensi vely 

referenced articles are already in print or in press at this time. In 

his 197~ Accounts paper7 and his 1977 contribution to the Specialist 

Periodical Report, nCatalYSiS,n8 Parshall summarized the current state 

of C-H activation by homogeneous catalysts and described work at 

DuPont on HID exchange between D2 and arenes or various metal bound 

groups with sp3 and sp2 C-H bonds. In 1982, Muetterties9 published a 

selective, interpretive review of hydrocarbon reactions at metal 

centers which considered reactions of metal surfaces and metal atoms, 

as well as mononuclear and polynuclear metal complexes; particular 

attention was paid to the question of reaction intermediates in C-H 

insertion. Mechanistic and thermodynamic aspects of C-H insertion by 

transition metal atoms and complexes have recently been considered by 

Halpern.10 The most extensive review in the field is Shilov's 

monograph,ll which covers reactions of alkanes with surfaces, metal 

oxides, and high and low valent soluble transition metal complexes. 

Another valuable reference is the excellent review of the 

organometallic chemistry of alkanes by Crabtree,12 which covers C-H 

(and a few C-C) insertion reactions with low valent metal complexes, 

metal atoms and ions, and high valent complexes, including enzymes and 

enzyme model systems. 

Precedented approaches to C-H activation by organometallic 

complexes can be divided into three broad classes: (1) radical 

reactions,13 in which a metal-centered or metal-generated radical, X·, 

reacts with the alkane, R-H, to generate X-H and R·; (2) reactions 

with electrophilic metal centers1~; and (3) reactions which appear to 

invol ve what is formally15 an oxidati ve addition of a C-H bond to a 

3 
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coordinatively unsaturated metal center.16 In many of these 

reactions, the C-H acti vation step is one of several el ementary steps 

bridging reactants and products, hence it is difficult to study in 

detail. Ideally suited to mechanistic scrutiny, then, would be 

reactions in which C-H insertion and its microscopic reverse, C-H 

reductive elimination, could be examined in the absence of other 

processes (eqn.1). To date, mechanistic studies on only two such 

( I ) 

systems have been reported. Norton and co-workers17 examined methane 

reductive elimination from CP2W(CH3)(H)18 in benzene and benzene

acetonitrile mixtures.19 With several deuterium labelling studies, 

they demonstrated that methane elimination is intramolecular, but at 

high CP2W(CH3)(H) concentrations, an intermolecular scrambling of 

hydrogen atoms between the methyl group on one molecule and the 

hydride of another competes with reductive elimination. Jones and 

Feher16n studied alkane and arene Cr.H insertion in the 

CP*(PMe3)Rh(R)(H) system. Kinetics, deuterium labelling studies, and 

deuterium isotope effects suggest that the CP*(PMe3)Rh intermediate is 

involved in both alkane and arene insertion, and that an ~2-arene 

intermediate exists between Cp*(PMe3)Rh + aryl-H and 

Cp*( PMe3)(aryl)(H). 

This chapter comprises a mechanistic study on C-H insertion and 

reductive elimination in the analogous iridium system, 

Cp*( PMe3)Ir(RHH). It complements the work of Janowicz and Bergman 16k 

on the mechanism of photochemical C-H insertion reactions of 

4 
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CP*(PMe3)IrH2. This system inserts into the C-H bonds of alkanes, 

unlike the CP2W(R)(H) system, and the hydridoalkyl products thus 

formed are quite stable at room temperature, permi tt1ng rigorous 

purification and characterization that has not been possible in the 

Cp*( PMe3)Rh(R)(H) system. 

Results 

Synthesis and characterization oC Cp*(PMe3)Ir(Cy)(H) (1)~ The 

starting material for these studies has been described and partially 

characterized previously as the product of cyclohexane C-H activation 

in the photolysis of Cp*(PMe3)Ir(H)2 in cyclohexane.16k A preliminary 

report of its thermal chemistry has appeared.20 Although 1 is 

remarkably thermally robust for a cis-hydridoalkyl complex, initial 

attempts at purification were hindered by its sensitivity to 

chromatography supports and its high solubility in hydrocarbon 

solvents. We have since been able to obtain sharp-melting, 

analytically pure 1 using air-free chr.omatography on alumina III at 

-80 °C, or direct crystallization from very highly concentrated 

hexamethyldisiloxane or pentane solutions, as described in the 

experimental section. This complex has been characterized by lH NMR, 

13C NMR, 31p NMR, IR, carbon and hydrogen elemental analyses, and X-

ray diffraction (see below). All spectral data are consistent with a 

pseudonoctahedral or "three-legged piano stool" geometry for 1, in 

which the phosphine, hydride, and cyclohexyl ligands occupy three 

faCially related coordination Sites, and the 

pentamethylcyclopentadienyl ligand occupies the other three sites. 

Crystals suitable for a single crystal X-ray diffraction 

5 
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structure determination were obtained from concentrated pentane 

sol utions at -40 0 C. 21 The structure reveals two essentially 

identical, crystallographically independent molecules in the 

asymmetric unit. Peaks corresponding to most of the hydrogen atoms, 

including the two bound directly to iridium, were located directly in 

a difference fourier map calculated following refinement of all non-

hydrogen atoms with anisotropic thermal parameters. The positions of 

all hydrogen atoms were refined isotropically. The final residuals 

were R = 2.17% and wR = 2.54%. 

An ORTEP and labelling scheme for molecule 1 are given in Figure 

1. Interatomic bond distances and angles are presented in Tables 1 

and 2. An experimental write-up, a comprehensive compilation of X-ray 

structural data, and a discussion thereof has appeared. 22 ~ t is worth 

noting here that the complex has the expected pseudo-octahedral 

geometry with systematic distortions due to steric crowding in the 
o 

molecule. The iridium-hydride bond lengths of 1.55(6) and 1.62(5) A 

in the two independent molecules in the asymmetric unit are consistent 

with each other and consistent with other terminal hydride ligand 

distances as determined by X-ray and neutron diffraction.23 The 
o 

interatomic distance of 2.62 A between the hydride ligand and 

cyclohexyl a-carbon precludes any bonding interaction; insertion into 

the cyclohexane C-H bond has clearly proceeded to completion. There 

are no abnormally short intermolecular distances in the crystals. No 

interaction between the hydrogen attached to Cll and the metal is 

observed. 

6 



Figure I 

Figure 1. Molecular geometry and labelling 8cheme for Molecule 1 of 
Cp*(PHe3)Ir(Cy)(H) (1). The ellip80ids are 8caled to represent the 
50% probability surface. Hydrogen atom8 are given as arbitrarily 
8mall spheres for clarity. 

7 



8 

Table 1. Selected Intramolecular Di.tancesa and esds 
• (A) for Complex 1 

Molecule 1 Molecule 2 

ATOM 1 ATOM 2 DISTANCE ATOM 1 ATOM 2 DISTANCE 

IRI HI 1.55(6) IRl B2 1.62(5) 

IRI PI 2.215(1) IR2 P2 2.216(1) 

... IRI Cl 2.269(4) IRl C2l 2.302(4) 

IRI C2 2.237(4) IR2 C22 2 .264( 4) 

IRI C3 2.239(4) IRl C23 2 .248( 4) 

IRI C4 2.302(4) IR2 C24 2.239(4) 

'ip! IRI C5 2.301(4) IRl C25 2.299(4) 

IRI Cll 2.125(4) IR2 C31 2.14l( 4) 

IRI CPI 1.915 IRl CP2 1.920 

Cll Hll 1.02( 4) C31 H3l 1.09( 4) 

Cll C12 1.516(7) C31 C32 1.524(6) 

C12 Cl3 1.552(8) C32 C33 1.536(6) 

Cl3 C14 1.514(11) C33 C34 1.532( 8) 

C14 CIS 1.497( 10) C34 C35 1.500( 9) 

CIS C16 1.533(7) C35 C36 1.537(7) 

C16 Cll 1.513(7) C36 C31 1.522(6) 

PI Cl7 1.816(7) P2 C37 1. 811 ( 5) 

PI C18 1.811(6) P2 C38 1.827(6) 

PI C19 1.822( 8) P2 C39 1.813(5) 

Cl C2 1.423(6) C21 C22 1.432(6) 

C2 C3 1.435(6) C22 cn 1.409( 6) 

C3 C4 1.433(6) C23 C24 1.435(6) 

C4 C5 1.417(6) C24 C25 1.433(6) 

C5 Cl 1.449( 5) C25 C21 1.427(6) 

Cl C6 1.491(6) C21 C26 1.497(7) 

C2 C7 1.491(6) C22 C27 1.511(6) 

C3 C8 1.504(6) C23 C28 1.505(7) 

C4 C9 1.497(6) C24 C29 1.498(7) 

C5 CI0 1.482(6) C25 C30 1.500(7) 

Non-Bonded Distances 

C17 CI0 3.663(10) C39 C26 3.680( 9) 

C19 C6 3.749(11) C38 C27 3.652( 9) 

C18 Cll 3.209( 8) C37 C31 3.258( 8) 

C9 Cl2 3.7 54( 8) C30 C32 3.652(7) 

C9 C16 3.706( 8) C30 C36 3.715(8) 

C8 Cl2 3.658(8) C29 C36 3.649(7) 

aCPl and CP2 are the centroids of the cyclopentadiene rings. 
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Table 2. Interatomic Bond Angles a and esds (.) for 1 

Holecule 1 Holecule 2 

ATOH 1 ATOH 2 ATOH 3 ANGLE ATOH 1 ATOH 2 ATOH 3 ANGLE 

CP1 IR1 PI 131.1 CP2 tR2 P2 131.0 

CPl IRl C11 129.6 CP2 IR2 C3l 129.2 

CP1 IRI HI 118.9 CP2 IR2 H2 122.6 

PI IR1 C11 88.66(13) P2 IR2 C31 89.24(12) 

PI IR1 HI 84.7(21) P2 IR2 H2 81. SO]) 

C11 IR1 HI 89.B(20) C31 IR2 H2 87.9(16) 

• 
lJU C11 H11 112.5( 23) IR2 C31 H31 101.5(22) 

IR1 C11 C12 113.1(3) IR2 C31 C32 113.4(3) 

lJU C11 C16 114.5(3) IR2 C31 C36 113.1(3) 

C12 C11 C16 110.H 4) C32 C31 C36 109.B( 4) 

lJU PI C17 115.90) IR2 P2 C37 120.25(21) 

IR1 PI C18 120.40) IR2 P2 C38 114.44(20) 

IR1 PI C19 114.70) IR2 P2 C39 116.59(21) 

C16 Cll H11 103.4(23) C32 C3l H3l 107 .5( 22) 

C12 C11 H11 102.2(23) C36 C3l H31 111.2(22) 

C16 Cll C12 110.1( 4) C36 C3l C32 109.8(4) 

C11 C12 CD 112.7(5) C3l C32 C33 112 .4( 4) 

C12 C13 C14 110.4(6) C32 C33 C34 111.0( 4) 

CD C14 CIS 112.5(6) C33 C34 C35 111.3(5) 

C14 CIS C16 112.2(5) C34 C35 C36 111.6( 5) 

C15 C16 Cll 113.3(6) C35 C36 C31 112.6(4) 

C5 Cl C2 107.7(3) C25 C21 C22 106. 8( 4) 

C1 C2 C3 108.5(3) C21 C22 C23 109.2(4) 

C2 C3 c4 107.3(3) C22 C23 C24 10B.1(4) 

C3 C4 C5 108.9(3) C23 C24 C25 107 .H 4) 

C4 C5 C1 107 .6( 3) C24 C25 C21 108.7( 4) 

C2 C1 C6 126.1(4) C22 C21 C26 128.0( 4) 

C5 Cl C6 125.7(4) C25 C21 C26 124.7(4) 

C1 C2 C7 124.3(4) C21 C22 C27 124.6( 4) 

C3 C2 C7 126.8(4) C23 C22 C27 125.6(4) 

C2 C3 C8 125.8(4) C22 C23 C28 125.3(5) 

C4 C3 c8 125.6(4) C24 C23 C28 126 .3( 5) 

C3 C4 C9 124.8(4) C23 C24 C29 127.2(5) 

C5 C4 C9 125.8(4) C25 C24 C29 124.6( 5) 

C1 C5 C10 125.4(4) C21 C25 C30 125.5(4) 

C4 C5 C10 126.1(4) C24 C25 C30 125.3( 4) 

aCPl and CP2 are the centroids of the cyclopentadiene rings. 



• 

Thenaolysis of cp*(PHe3)Ir(Cy)(H) in benzene and benzene-d6. 

When heated at 130°C, a 0.024 M solution of the cyclohexyl complex 1 

in benzene decomposed cleanly and quantitatively to form free 

cyclohexane and cp*(PMe3Hr(Ph){H) (2) at a rate which was 

conveniently followed by 1 H NMR spectroscopy (Eq. 2). Cyclohexane was 

~ 
Cp *(PMe 3)Ir (Cy)(H) + PhH PhH'" 

I 

Cp*(PMe 3)IdPh)(H) + CyH 

2 

identified on the basis of its characteristic chemical shift in 

(2 ) 

benzene and by GC/MS (see below). Both the phenyl complex 2 and 

cyclohexane were quantified by 1H NMR integration versus internal 

hexamethyldisiloxane standard. The reaction is cleanly first order 

(data taken to > 3 half-lives) in cyclohexyl complex 1 CEq. 3) with 

d1 
dt 

(3 ) 

kobs c 7.0 x 10-5 sec-1 at 130°C. Measurement of the reaction rate 

at five temperatures between 100 °c and 140°C (Table 3, expt. nos 1 -

5) yielded the following acti vation parameters: Ea = 36.4 .: 0.5 

kcal/mol, log1 OA .. 16 .: 3, t.H" = 35.6 + 0.5 kcal/mol, and t.S" = 1 0 + 2 

cal/molK (Fig. 2). 

Decomposition of the cyclohexyl complex 1 in benzene-d6
24 

produced the phenyl complex 2-d6 with no protons detected in the 

hydride or any of the aryl25 positions. Furthermore, the 

decompOSition rate in benzene-d6 (Table 3. expt. no. 6) was 

indistinguishable from that in benzene. 

10 
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Table 3. Fint-Order Rate Constants for the Disappearance of 

Cp*CPHe3)Ir(C6Xll)(X), X - H orD 

Expt. 
( -1 a No. X Solvent Temp (·C) kobs sec ) 

,.. 1 H C6~ 100 1.8 x 10-6 

2 H C6~ 110 6.5 x 10-6 

.. 3 H C6~ 120 2.2 x 1O-S 

4 H C6~ 130 7.0 x 1O-S 

5 H C6~ 140 2.1 x 10-4 

6 H C6D6 
b 130 7.1 x 10-S 

7 D C6D6 
b 130 1.0 x 10-4 

8 H C6~b 130 7.0 x 10-S 

9 H C6H6 
b 130 7.0 x 1O-S 

10 H 57 moll C6~/43 moll neo-CSH12 
b 130 7.0 x 1O-S 

11 H 16 moll C6H6/B4 moll neo-C5H12 
b 130 7.0 x 10-S 

12 H C6~b 130 6.7 x 10-S 

13 H 83 moll C6H6/17 moll C6H12 b 130 6.0 x 1O-S 

14 H 71 moll C6~/29 moll C6H12 b 130 5.7 x 10-S 

15 H 54 moll C6H6/46 moll C6H12 b 130 4.7 x 10-S 

16 H 26 mol% C6~/74 moll C6H12 b 130 3.0 x 10-S 

17 H 16 moll C6H6/B4 moll C6H12 b 130 1.7 x 10-S 

18 H 8 moll C6~/92 moll C6H12 
b 130 1.2 x 10-5 

aAII values ~ 10% 

b In the presence of PPh3 • approx. O.OS H 
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Synthesis and stability 01' cp*(PMe3)Ir(Ph)(H) (2)~ Independent 

synthesis of 2 was achieved in 39% yield by photolysis of 

CP*(PMe3)Ir{H)2 in benzene,16k followed by purification using room 

temperature chromatography on alumina III. The complex has been 

characterized by 1H NMR, 13C NMR, 31p NMR, IR, melting pOint, and 

carbon and hydrogen elemental analyses. 

The stability of 2 to the reaction conditions was established by 

heating a benzene-d6 solution of 2 in a sealed NMR tube and watching 

for a diminution in the intensity of bound aryl and hydride resonances 

relative to ferrocene internal standard. No exchange of bound benzene 

° with bulk sol vent was observed even after extended heating at 190 C, 

40 degrees above the highest temperature at which kinetic measurements 

were made. This stands in contrast to the corresponding rhodium 

system, where arene exchange is observed at 60 t.16n 

Synthesis and thermolysis 01' Cp*(PMe3)Ir(Cy)(D) (1-d1). In an 

effort to measure a primary deuterium isotope effect for the loss of 

cyclohexane from the cyclohexyl complex 1, we prepared the compound 

labelled specifically with deuterium in the hydride position. 

Treatment of CP*(PMe3)Ir(Cy)(Br) 16k with sodium borodeuteride in 

isopropanol afforded a 95% yield of Cp*(PMe3)Ir(Cy)(O), l-d1 , whose 

extent of deuteration was estimated (NMR) at greater than 95%. The 

compound was identified on the basis of its 1H NMR, 2H NMR, 31p NMR, 

and 1R spectra. ThermolysiS of a 0.02 M benzene solution of 1-d1 at 

130 °c revealed an unexpected result. In addition to the formation of 

free cyclohexane-d1 and 2, we observed a competitive process which 

exchanged deuterium between the hydride position and the a-pOSition of 

13 
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the cyclohexyl ring (Scheme I), producing some ,-a -d , • The posi tion 

of the deuterium in '-a-d, was determined by comparison of its 2H NMR 

chemical shift to the characteristic 1H NMR chemical shift of the a

cyclohexyl proton of 1.26 No significant deuterium incorporation was 

observed in any other position of 1 at any point in the reaction, 

which was followed to greater t~an 90% conversion of 1-d, and '-a-d , 

to phenyl complex G 

Furthermore, the rate constant for combined disappearance of '-d, 

and ,-a-d , appeared to decrease as the reaction progressed, suggesting 

an inverse isotope effect for the loss of cyclohexane from 1. 

Thermol ysis of 1 r.d , in cyclohexane at 130 ° C was followed by 

2H NMR; this indicated that the rates of cyclohexane-d1 loss and 

hydride to a-cyclohexyl HID exchange are qualitati vely comparable to 

rates for those processes in benzene. 

Synthesis and thermolysiS or Cp*(PHe3)Ir(Cy-d,,)(D) (~-d'2)~ 

Photolysis of CP*(PMe3)Ir(H)216k in cyclohexane-d12 followed by 

heating the same reaction mixture at 150 °c for 55 min produced 

Cp*( PMe3Hr(cy-d11 )(D), '-d,2, in 41% yield after cold chromatography. 

This complex was characteri-zed by 1 H NMR, 2H NMR, 31 P NMR, and IR. 

The kinetic isotope effect for cyclohexane loss was determined by 

heating 1 and 1-d12 under strictly comparable conditions. Side by 

side thermolyses at 130 ° C of 0.027 M solutions of 1 and ,---d ,2 in 

benzene-d6 with 0.053 M PPh/ 4 were followed by 1H NMR. Comparison of 

the observed rate constants (Table 3, expt. nos. 7. 8; Fig. 3) 

revealed an inverse isotope effect, k,/k,-d12 - ~7. + ~1. 

Thermolysis or 1 in the presence or added phosphine. When 

° cyclohexyl complex 1 was heated at 100 C in benzene-d6 in the 
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presence cf PMe3 (O~ 17 M) cr PPh3 (0.10 M) the reacticn rate remained 

first crder in 1, and the cbserved rate ccnstants were within 10% cf 

that measured in the absence cf added.phcsphine. As previcusly 

ncted,24 added dati ve 1 igand prevents any cbservable hydrcgen-

deuterium exchange between the sclvent and the hydride pcsiticn cf 1. 

Thermolysis or a mixture or 1 and 1-d12 in benzene. To. examine 

the mclecularity cf cyclchexane eliminaticn, a benzene scluticn cf 

cyclchexyl ccmplexes 1 (0~02 M) and 1-d12 (0.020 M), and PPh3 (0.025 

M) was heated at 130 °C. At intervals ccrrespcnding rcughly to. cne-

half, cne, two., and fcur reacticn half-lives, pcrticns cf the reacticn 

mixture were remcved and separated into. vclati Ie and ncn-vclati Ie 

ccmpcnents. GC/MS analysis cf the vclatile materials demcnstrated 

that greater than 90%27 cf the cyclchexane was dO or d12, indicating 

highly intramclecular mechanisms fcr cyclchexane eliminaticn and HID 

scrambling. 

Dependence of reaction. rate on benzene concentratio~ 

Determinaticn cf the reacticn rate crder at varying ccncentraticns cf 

benzene required the use cf an inert diluent which wculd nct alter the 

reacticn stcichicmetry cr the sclubility prcperties cf the medium. 

Attempts to. find a scI vent which wculd nct react with the iridium 

species in scluticn and whcse scluticns with benzene cculd be 

I iquef ied under I ess than 20 atm pressure at 130 ° C were unsuccessful. 

The iridium intermediate reacted nct cnly with all hydrccarbcns 

tested, but wi thfl ucrccarbcns (e.g., hexafl ucrcbenzene) as well. We 

then scught an alkane whcse ccrrespcnding C-H inserticn prcduct wculd 

be unstable encugh relative to. the cyclchexyl ccmplex 1 that its 

17 



formation would be rapidly reversible and its concentration would not 

build up under the reaction conditions. Neopentane (2,2-

dimethylpropane) met these criteria. 

Three samples of cyclohexyl complex 1 (0.05 M) and PPh3 (0.05 M) 

in benzene/neopentane mixtures corresponding to benzene mole fractions , 

of 1.0, 0.57, and 0.16 were heated at 130 ° C, and the reactions were 

followed by lH NMR. Special sample tubes (see Fig. 4 and 

experimental) were used to insure that the solvent composition 

remained virtually temperature independent between room temperature 

and 130°C. First order rate constants for all three samples were 

identical within experimental error (Table 1, expt. nos. 9 - 11). 

Dependence or reaction rate on cyclohexane concentration. We 

next investigated the effect of varying cyclohexane concentration on 

the rate of reductive elimination. Having demonstrated that the 

reaction rate was not dependent on benzene concentration, the 

neopentane diluent was no longer needed in these experiments. Seven 

samples of cyclohexyl complex ~ (0.05 M) and PPh3 (0~06 M) in 

cyclohexane-benzene mixtures corresponding to molar co.ncentration 

ratios of 0 (neat benzene), 0.208, 0.415, 0.856, 2.82, 5.20, and 10.84 

were heated at 130°C. The reactions were followed by lH NMR, and an 

amplitude modulated decoupling pulse was used to presaturate the 

solvent resonances. A significant inhibitory effect of cyclohexane 

was observed (Table 1, expt. nos. 12 - 18; Figs. 5,6). 

Discussion 

This work centers on the thermolysis of a hydridocyclohexyl 

iridium (III) complex in benzene, which produces a stable 
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hydridophenyl iridium (III) complex (Eq. 2). In this reaction both C-

Cp *(PMe 3 >Ir (Cy)(H) + PhH P~H'
I 

Cp*(PMe 3)IdPh)(H) + CyH 

2 

(2 ) 

H activation and reductive elimination of hydrocarbon occur at the 

same metal center.16f ,n While few thorough mechanistic investigations 

of C-H activation have been carried out, the reverse process, metal-

mediated carbon-hydrogen bond formation, has been extensively 

studied,28 especially alkane reducti ve eliminations from hydridoalkyl 

metal complexes. 29 In these studies, four modes of alkane loss from 

cis-hydridoalkyl metal complexes have been postulated. These are 

adapted for the system under consideration and illustrated, 

respecti vely, in Schemes IIa-d: (a) simple (reversible) intramolecular 

reducti ve el imination 16f ,n; 17;28;29a,b; (b) reducti ve el imination 

preceded by a phosphine dissociation preequilibrium29c and addition of 

benzene to give an Ir(V) intermediate; (c) reductive elimination 

preceded by reversible transfer of a hydrogen to a 

pentamethylcyclopentadienyl ligand;29d (d) intermolecular (binuclear) 

reductive elimination.2ge ,30 In addition to the precedented 

mechanisms, we considered three other types of mechanisms plausible: 

(e) (see Scheme lIe) an 1) 5_Cp* to 1)3_Cp* or "ring slip" 

preequilibrium,31 followed by benzene oxidative addition to form an 

iridium (V) intermediate which eliminates cyclohexane and restores the 

penta-hapticity of Cp* ligand to give phenyl complex 2; (f) any of 

several mechanisms which begin with iridium-cyclohexyl-bond homolysis 

and include hydrogen atom abstraction by a free radical (note that 

these mechanisms would predict the same products in a crossover 
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experiment as mechanism (d)); (g) catalysis of the 1 to 2 conversion 

by an impurity. 

Preliminary kinetic experiments revealed that heating the 

hydridocyclohexyl complex 1 in benzene produced cyclohexane and 

hydridophenyl complex 2 cleanly and quanti tati vely and that the 

reaction is first order in 1. This observation alone is not 

sufficient to rule out a dinuclear reductive elimination, mechanism 

(d). Okrasinski and Norton32 observed first order kinetics in 

dinuclear methane elimination from Os(CO) lj(CH3)(H), and such behavior 

is expected for any dinuclear elimination in which the rate

determining step is first order in the organometallic complex and 

precedes the association of two metal centers. The activation 

parameters, t.H~ .. 35.6 ~ 0.5 kcal/mol and t.S~ = 1 0 ~ 2 cal/molK, while 

insufficient to conclusi vely rule out any of the proposed mechanisms, 

suggest that the rate determining step is not associati ve (e.g., 

reaction of a benzene solvent molecule with an unsaturated iridium 

intermediate, as in mechanisms (b), (c), and (e)). The acti vation 

enthalpy is among the highest measured for reductive elimination from 

a hydridoalkyl complex33 and attests to the remarkable thermal 

stability of the hydridocyclohexyl complex 1. 

Thermolysis of 1 in benzene-d6 produced phenyl complex 2-d6' with 

no detectable proton incorporation in either the hydride or aryl 

positions. This result is inconsistent with mechanism (c), which 

predicts that the product would have a proton in the hydride position, 

i.e., the hydride in the product would be the same atom as the hydride 

in the starting material. We therefore discount mechanism (c). Note 
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also that for this result to be consistent with mechanisms (b) and 

(e), the intermediates in those mechanisms with both hydrocarbons 

simultaneously bound must retain a stereochemistry in which the 

cyclohexyl ligand can only eliminate with the original hydride in 1, 

and not with the hydride derived from benzene addition. That the 

observed rate constant is identical in benzene and benzene-d6 strongly 

suggests that the benzene C-H (C-D) bond is not being broken in the 

rate determining step--a further constraint on mechanisms (b) and (e). 

The phosphine dissociation mechanism (b) can be ruled out by the 

failure of added PMe3 to significantly perturb the reaction rate. 

(Note that the lack of phosphine inhibition also rules out mechanisms 

in which phosphine dissociation is followed by cyclohexane reductive 

elimination to form the 14 electron fragment, Cp*Ir, which would then 

be trapped, in either order, by benzene and phosphine to form the 

hydridophenyl complex 2.) The lack of phosphine inhibition, taken 

with the high reproducibility of rate constants from batch to batch of 

cyclohexyl complex 1, suggests that the 1 to 2 conversion is not being 

catalyzed by a trace impurity (mechanism (g». 

Mechanism (d), dinuclear reductive elimination, and mechanism 

(f), iridium-cyclohexyl bond homolysis, were tested with a crossover 

experiment. When a mixture of 1 and 1-d12 was heated in benzene, the 

cyclohexane formed was >90% dO and d12, implying that cyclohexane 

formation is a highly intramolecula~ process. Hence mechanisms (d) 

and (f) may be ruled out as major reaction pathways. 

The fe~sibility Of the remaining mechanisms, (a) and (e), can be 

distinguished by considering the dependence of kobs on cyclohexane 

concentration. Thermolysis of 1 in cyclohexane-benzene mixtures 
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revealed that the reaction rate is inhibited by cyclohexane (Figs. 

5,6; Table 3, expt. nos. 12 - 18). We believe this is the first 

instance in which alkane reductive elimination from LnM(R)(H) has been 

inhibited by added alkane. Reconciliation of this result with the 

ring-slip mechanism (e) requires that k14 be rate determining. Thus, 

oxidative addition of cyclohexane to (~3HCP*)(PMe3)Ir(Ph)(H) must be 

faster than resymmetrization of the Cp* ring in that intermediate, 

even at the lowest studied concentration (approx. 2 M) of added 

cyclohexane. We consider this very unlikely. Note that cyclohexane 

inhibition is expected for mechanism (a) as long as the kinetic 

selecti vity of CP*(PMe3)Ir for benzene over cyclohexane (i.e., k2/k_l) 

is not very large. As shown in fig. 6, a plot of 1/kobs versus 

[cyclohexane]/[benzene] is linear, so cyclohexane inhibition is 

consonant with the rate expression for mechanism (a) (Eq. 4, derived 

by applying the steady state assumption to Cp*(PMe3)Ir). 

k_1 [CyH] 
= + 

kobS kl k2 [PhH] k I 
(4) 

The thermolyses of labeled cyclohexy 1 complexes l-d1 and l-d12 in 

benzene provide the only mechanistic observations which are not easily 

accommodated by mechanism (a). In particular, the inverse isotope 

effect, kl/k, ... d12 - 0.7 ~ 0.1, is hard to reconcile with a simple 

reducti ve- el-imination mechanism.34 Theoretically, an inverse kinetiC 

isotope effect as low as 0.7 can arise from a single, very 

endothermic, elementary step if that step proceeds from a starting 
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material with hydrogen weakly bound to a product with hydrogen 

strongly bound via a very product-like transition state.35 It is 

conceivable that these criteria could be met by reductive elimination 

from 1 to form Cp*(PMe3)Ir and free cyclohexane. Such an 

interpretation, however, would contrast sharply with the normal 

isotope effects in the range 2.2 - 3.3 measured for mononuclear, rate

determining alkane reductive elimination from other hydridoalkyl metal 

complexes.29a ,b;33 The only inverse isotope effects reported for 

reductive eliminations from LnM(R)(H)36 systems are for cases in which 

R = aryl.37 In these cases, an inverse effect has been explained not 

as a kinetic isotope effect, but as an equilibrium isotope effect 

arising from an equilitirium between the hydridoaryl complex and an ~2_ 

arene complex prior to complete dissociation of arene. To rationalize 

our inverse effect as an equilibrium effect requires an intermediate 

between cyclohexyl complex ~ and Cp*PMe3Ir plus cyclohexane. We 

propose that a u-complex (Scheme III) might be such an intermediate. 

We envision a nearly fully formed C-H bond in this intermediate, and 

an M-C-H interaction of the type found in agostic M-C-H 

interactions.38 Such a structure may be considered a C-H analogue of 

known non~dissociatively bound dihydrogen complexes.39 Although this 

type of interaction has been substantiated in the chelated ligands of 

isolated, structurally characterized species, we believe that the 

observations described here constitute the first empirical evidence 

for the intermediacy of a u-complex in an alkane reductive 

elimination.10,40 In short, the rate acceleration observed for l-d12 

relative to 1 can be thought to arise from a higher steady state 

concentration of the u-complex. 
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A u-complex intermediate could also provide an explanation for 

the hydride-to~-cyclohexyl scrambling observed on thermolysis of 

l-d1. As illustrated in Scheme IV, the iridium center in the sigma 

complex could migrate from complexation with the a-C-D bond to 

complexation with the a-C-H bond; this isomerization could be followed 

by a chair-chair flip and insertion into the (now equatorial) C-H bond 

to give l-a-d 1•41 This is one explanation for the scrambl ing process. 

We acknowledge that the scramQling need not invol ve intermediates 

along the reaction coordinate for the conversion of 1 to 2, and one 

can imagine side reactions (notably a-elimination42 and reinsertion, 

or a concerted dyatropic rearrangement 43) which could also effect the 

scrambling. In any case, it is interesting that scrambling appears to 

be confined to the a-pOSition, so the iridium center does not migrate 

around the cyclohexyl ring. 

In conclusion, the experimental data are consistent with 

mechanism (a), or a variant thereof with a sigma complex intermediate 

on the pathway to reductive elimination of cyclohexane (Fig. 7). We 

cannot kinetically distinguish between these possibilities, but either 

one allows us to further interpret two aspects of our kinetic data: 

inhibition of the reaction by cyclohexane and the value of AH~. From 

the slope and intercept of the plot in fig. 6, the quantity k2/k_1 

2.5 may be calculated. This represents the kinetic selectivity of the 

Cp*(PMe3)Ir intermediate, and implies that there is a 2.5-fold kinetic 

preference of the intermediate for reaction with benzene compared to 

cyclohexane. Considering the much greater thermodynamic stability of 

the benzene oxidative addition product, the kinetic selectivity is 
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remarkably low, and presumably reflects the high reacti vi ty of 

CP*(PMe3)Ir. Note also that the 2.5-fold kinetic selectivity at 

130°C is consistent with the 4.0-fold selectivity observed in 

photolyses of CP*(PMe3)Ir(H)2 in benzene-cyclohexane mixtures at 

8 °c16k , the discrepancy being attributable to the difference in 

temperatures. These values suggest that the same intermediate is 

involved in the thermal and photochemical C-H activation reactions. 

The val ue of .AHF provides information about the combined 

strengths of the iridium-cyclohexyl and iridium-hydride bonds in 1. 

As illustrated in Fig. 8, the sum of these energies must be equal to 

the cyclohexane C-H bond dissociation enthalpy (95.5 kcal/mol),44 plus 

the enthalpy of activation for cyclohexane elimination (35 kcal/mol) 

less the enthalpy of activation for cyclohexane oxidative addition to 

CP*(PMe3)Ir~ On the basis of the low kinetic selectivity of the 

intermediate and preliminary laser flash photolysis experiments,45 we 

estimate that the latter quantity is less than or equal to 5 kcal/mol, 

suggesting that the sum of the Ir-H and Ir-C bond energies is 

approximately 135 kcal/mol. This requires that if- the M-H bond energy 

is the roughly 60-65 kcal/mol normally estimated,'O the M-C bond 

energy must be unusually high, perhaps as large as 75 kcal/mol. 46 In 

any case, it is certain that either or both the M-C and M-H bond 

energies must exceed previous estimates for late transition metal 

systems. These bond energies emphasize the special thermodynamic 

driving force for C-H activation in this system. 
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Experimental Section 

General. All reactions were carried out under nitrogen or argon 

atmosphere using Schlenk techniques or a drybox. Drybox manipulations 

were performed in a nitrogen filled Vacuum Atmospheres 553-2 drybox 

with attached M6-40-1H Dri-train. 1H NMR spectra were recorded on a 

Bruker AM 500 or the 200 MHz, 250 MHz, 300 MHz spectrometers 

constructed at the University of California at Berkeley (UCB) NMR 

faci I i ty. 2H NMR, 13C NMR, and 31 P NMR spectra were recorded on a 

Bruker AM 500 or the UCB 300 MHz spectrometer. 1 H NMR, 2H NMR, and 

13C NMR chemical shifts are reported in parts per million downfield of 

tetramethylsllane (tetramethylsllane-d12). 31 P NMR chemical shifts 

are reported in ppm downfield of 85% H3P04• All coupling constants 

are reported in Hz. Infrared spectra were recorded on a Perkin-Elmer 

283 grating spectrometer or a Perkin-Elmer 1550 Fourier transform 

spectrometer. Melting points (uncorrected) were determined with a 

Thomas-Hoover capillary mel ting pOint apparatus. Elemental analyses 

were conducted by the UCB microanalytical laboratory, and mass spectra 

were recorded by the UCB mass spectrometry laboratory. 

Unless otherwise noted, reagents and solvents were used as 

received from commercial suppliers. Sodium borodeuteride (98% D) was 

purchased from Aldrich; neopentane (2,2-dimethylpropane) was obtained 

from Pfaltz and Bauer or Phillips Petroleum Company; cyclohexane 

(spec. grade) and cyclohexane-d12 were purchased from Mallinckrodt and 

Chemical Dynamics, respectively. Benzene, benzene-d6' and diethyl 

ether were distilled under nitrogen from sodium-benzophenone. 

Cyclohexane and cyclohexane-d12 were washed first wi th concentrated 

H2S04' then with water and aqueous Na2C03 before predrying over MgS04 

35 



and distillation under nitrogen from CaH2• Trimethylphosphine and 

triphenylphosphine were purchased from Strem; the former was vacuum 

transferred from Na/K alloy, and the latter was recrystallized from 

hexane prior to use. CP*(PMe3)Ir(H)2 was prepared by the literature 

method. 16k 

"Pyrex bomb" denotes a 50 mL cylindrical vessel of medium-wall 

Pyrex glass sealed to a high vacuum Teflon stopcock. 

Preparatl ve Photolyses. The photolysis apparatus consisted of a 

450 W Canrad~anovia mercury immersion lamp with an Ace 7830-60 power 

supply and an Ace 78748-38 immersion well. The immersion well was 

secured in a stainless steel beaker filled with water cooled to 

5-10 °c by a Lauda K-4/RD refrigerated bath circulator. In a typical 

photolysis, Cp*(PMe3)Ir(H)2 (200-500 mg) was dissolved in 

approximately 25-50 ml of the appropriate hydrocarbon in a Pyrex bomb. 

The solution was irradiated for about 12 h during which time the color 

of the solution turned from clear to yellow-brown. Sol vent was 

removed under vacuum and the brown oily residue was purified by cold 

chromatography (alumina III, 15 cm x 3 cm diam.; 6% diethyl 

ether/hexane) to yield analytically pure material. Cold 

chromatography was performed under nitrogen outside the dry box with a 

double jacketed glass col umn. Nitrogen was bubbled through liquid 

nitrogen and then circulated through the inner jacket to maintain the 

column temperature at about -80 0 C, as independently verified by a 

thermocouple inserted into the alumina III support under 

chromatography conditions. 

Kinetics. Samples were flame-sealed under vacuum in 5 NMR tubes, 
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heated in the Neslab high temperature bath described above, and cooled 

quickly to 0 °c in ice water after being removed from the bath. The 

reactions were typically monitored to greater than three half-Ii ves by 

1 H NMR at room temperature by integratingei ther the hydride 

resonances or the trimethylphosphine resonances of cyclohexyl complex 

1 and phenyl complex 2 versus an external standard 

«C5H5)Ir(PMe3)(H)247 provided a convenient standard in the hydride 

region, while hexamethyldisiloxane was used for the alkyl region of 

the spectrum). Delays between pulses of at least ten times the 

longest proton T1 were used. 

Cp*(PHe3)Ir(cyHH). ~~48 Photolysis of Cp*(PMe3)Ir(H)2 in 

cyclohexane, followed by cold chromatography, as described above, gave 

a 52% yield of product: mp 74.5-75.5 0 C; IR (C 6 D6 ) 2098 (s) cm- 1 , 

vlr-H; 1H NMR (C6D6) 02.32 (m, 1H, a-CH), 2.20-1.53 (m, /3, /3', "Y, "Y', 

o-CHH'), 1.87 (dd, J = 1.8, 0.7, C5 (CH3 )5)' 1~24 (d, J= 9.5, P(CH 3 )3)' 

-18.68 (d, J = 37.0, Ir-H); 13 C{1H} NMR (C6D6) 092.36 (d, J = 3.4, 

f5Me5)' 44.58 (d, J = 4, ~-CHH'), 43.96 (d, J = 2, ~'-CHH'), 32.92 (s, 

"Y-CHH'), 32.85 (s, "Y'-CHH'), 28.33 (s, o-CHH'), 19.69 (d, J = 35.7, 

P(CH 3 )3)' 10.75 (s, C5(f.H3)5)' 3.26 (d, J = 7.4, a-CH); 3 1 p{1H} NMR 

(C6D6) 0 -44.9 (s); MS, mle 487/485. Anal. Calcd for C19H36IrP: C, 

4 6. 7 9; H , 7. 4 4. F 0 un d : C , 4 7. 0 5; H , 7. 65. 

CP*{PHe3)Ir{Cy)(D). l-d1• A 100 ml Schlenk flask equipped wi th 

stirbar and septum was charged with Cp*(PMe3)Ir(cy)(Br) 16k (85 mg, 

0.150 mmol) and NaBD4 (38 mg, 0.910 mmol). Argon-saturated 

isopropanol (30 ml) was added via cannula, and the resulting yellow 

solution was stirred at room temperature for 14 h, during which time 

the solution gradually turned colorless. Volatile materials were 
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removed under vacuum and the residue was extracted with toluene. On 

concentrationt the toluene extract yielded 70 mg (95%) of product: IR 

-1 2 8 4 (C6H6) 1508 (m) cm t VIr-Oj H NMR (C6H6) () -1 • 9 

31 P{ 1 H} NMR (C 6 0 6 ) {)-44.6 (tt J = 5). 

Cp*{PMe3)Ir(Cy-dll )(D), ~-d12~ A cyclohexane-d12 (40 ml) 

solution of Cp*Ir(PMe)3(H)2 (323 mgt 0.797 mmol) in a Pyrex bomb was 

irradiated for 13.7 h. then heated at 150
0 

C for 55 min.49 Col d 

chromatography afforded 165 mg (41%) of product: IR (C6H6) 1508 (m) 

cm- l t VIr-Oj 2H NMR (C6 H6) 02.20 (m. a-CD). 2.08-1.43 (m. {3t {3't I't 

l"t {)-COO'L -18.51 (d. J = 5 t Ir-O); 31 p{lH} NMR (C606) 0-44.5 (tt 

J = 5). 

Cp*{ PMe3)Ir{Ph)(H), 2~ 48 A benzene (20 ml) sol ution of 

CP*(PMe3)Ir(H)2 (480 mg, 1.18 mmol) in a Pyrex bomb was irradiated for 

28 h. The crude product was purified by room temperature 

chromatography (alumina lIlt benzene) to give 223 mg (39%) of product: 

mp 67g68 °C; IR (C6H6) 2098 (s) cm- l
t vIr-Hi lH NMR (C6D6) 07.75 (m t 

.!!!-CH)t 7.10 (m t ,£-CH), 7.08 (m, .e.-CH)t 1.81 (ddt J = 1.8, 0.8 t 

C5 (CH 3 )5)' 1.09 (d t J = 1 O~Ot P(CH 3 )3)t -17.04 (d, J = 36.8 t Ir-H); 

13 C{lH} NMR (C6D6) [) 145.47 (br s, ,£-C), 136.65 (d, J = 13.3, .!.-C)t 

127.51 (St .!!!-C)t 121.16 (St E.-C)t 92.60 (d t J = 3.0, f5Me5L 19.07 (d, 

J = 38.1, P(CH
3
)3)' 10.48 (St C5(,fH 3)5); 3 1 p {lHl NMR (C6D6) 5-41.6 

(5); MS, mle 482/480. Anal. Calcd for C19H30IrP: Ct 47.38; Ht 6.28. 

F 0 un d : C , 4 7 • 1 2; H, 6. 5 4. 

Molecularlty or cyclohexane rormation. A benzene (2.0 ml) 

sol ution of cyclohexyl complexes 1 and l-d12 (0.020 M each) and PPh3 - . 

(0.025 M) was heated at 130.0 °c in a Pyrex bomb. At intervals of 
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1.0, 2.0, 4.4, and 9.0 h, approximately 0.4 ml was removed wi th a 

syringe. From each of these portions, volatile materials were 

transferred into an ampoule which was sealed under vacuum and 

submitted for GC/MS analysis, which indicated that all cyclohexane 

formed was either dO or d12 ' with a 10% limit of detection estimated 

for d1 or d11 products. The nonvolatile residue from each portion was 

rediss.ol ved in benzene-d6 and analyzed by 1 H NMR. 

Rate dependence on benzene concentratlo~ Four sample tubes with 

volume-excluding glass rods (See Fig. 4) were prepared. Each 

contained cyclohexyl complex 1 (10 mg, 0.02 mmol) and PPh3 (5 mg, 0.02 

romol) in a mixture of benzene and neopentane and an external standard 

of (C5H5)Ir(PMe3)(H)2 in benzene. The benzene was added to each tube 

via syringe, and the neopentane was condensed into the tubes at 

-196°C on a vacuum line from a graduated 1 ml Pyrex bomb. The 

apparatus was then filled with a positive pressure of argon and the 

upper half of the Cajon fitting was loosened lorig enough to position 

the glass rod. After reevacuating the apparatus, the sample tubes 

were flame sealed under vacuum with the seal at the top of the tube 

serving to hold the glass rod in position. Sol vent compositions, as 

checked by lH NMR, corresponded to benzene mole fractions of 1.0, 

0.57, 0.26, and 0.16. Progress of the reactions was followed by 

integrating resonances in the hydride region; a frequency modulated 

presaturation pulse sequence was used to suppress the solvent signals. 

Reactions rates for each sample were first order in cyclohexyl complex 

1 with observed rate constants which were identical within 

experimental error (Table 3, expt. nos. 9 - 11). 

Rate dependence on cyclohexane concentratlo~ Seven samples were 
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prepared as above except that cyclohexane/benzene mixtures 

(corresponding to [cyclohexane]/[benzene] = 0, 0.208, 0.415, 0.856, 

2.82, 5.20, 10.84) were used and transferred into sample tubes via 

syringe. The reaction was monitored as above, and observed rate 

constants are reported in Table 3, expt. nos. 12 - 18. 

40 



Notes and references 

1. This estimate assumes (i) use of natural gas as a source of 90% 

pure methane, (11) a natural gas price of $3.00/MMBTU,2 and (iii) 

a methanol price of $O.70/gallon.3 

2. Oil and Gas Journal, 24 June 1985, p. 126. 

3. Chemical Marketing Reporter, 1 July 1985, p. 37. 

4. King, D.L.; Grate, J.H. CHE!:!TECH, 1985,~, 244-251. 

5. "Functionality" is used here to mean a chemical mOiety, such as a 

carbon-carbon double bond, a carbonyl group or a halogen atom, 

which can serve as a site for further chemical elaboration. 

6. The term "C-H acti vation" is used here, as it has come to be used 

in the literature, in a broad sense to- describe a reaction or 

series of reactions which include hydrocarbon C-H bond scission. 

We reserve the term "C-H insertion" for the specific reaction 

depicted in equation 1. 

7. Parshall, G.W. Acc. Chern. Res., 1975, ~, 113-117. 

8. Parshall, G.W. in "Catalysis", ed. C. Kemball (Specialist 

Periodical Reports), The Chemical Society, London, 1977, Vol. 1, 

p. 335. 

9. Muetterties, E.L. Chern. Soc. Re!!.., 1982, ll, 283-308. 

10. Halpern, J. Inorg. Chim. Acta, 1985, 100, 41-48. 

11. Shilov, A.E. "Activation of Saturated Hydrocarbons by Transition 

Metal Complexes," D. Riedel Publishing Co.: Dordrecht, 1984. 

12. Crabtree, R.H. Chem. Re!!.., in press. 

13. See, for example, (a) Babior, B.M. Acc. Chem. Res., 1975, ~, 376. 

(b) Abeles, R.H.; Dolphin, D. Ibid., 1976,.2" 114. (c) Breslow, 

41 



., .~ 

R.; Khanna, P.L • .:h. Am. Chem. Soc., 1976, 98, 1297. (d) Groves, 
- -

J.T.; Nemo, T.E. Ibid., 1983, 105, 6423-6428. (e) Smegal, J.A.; 

Schar-dt, B.C.; Hill, C.L. Ibid. 1983, 105, 3515-3521. (n 

Mimoun, H.; Saussine, L.; Daire, E.; Postel, M.; Fischer, J.; 

Weiss, R. Ibid. 1983, 105, 3101 -3110. (g) Traylor, T.G • .:h. Chern. 

Soc., Chem. Commun. 1984,279-280. (h) Wayland, B.B.; Del Rossi, 

K.J. ~ Organomet. Chem. 1984, 276, C27-C30. 

14. See, for example, (a) Shilov, A.E. Pure Appl. Chem. 1978, 50, 

725-733. (b) Shul'pin, G.B.; Nizova, G.V.; Shilov, A.E. J. Chem. 

Soc., Chem. Commun. 1983, 671-672. (c) Watson, P.L. Ibid. 1983, 

267-277. Cd) Watson, P.L. ~ Am. Chem. Soc. 1983, 105, 6491-

6493. (e) Fendrick, C.M.; Marks, T.J. Ibid. 1984, 106, 2414-

2216. (f) Thompson, M.E.; Bercaw, J.E. Pure Appl. Chern. 1984, 

56,1-11. 

15. While the formal oxidation state of a metal increases by two 

uni ts when new bonds are made to carbon and hydrogen (e.g., M(O) 

+ R-H --> M(II) (R)(H», such processes need not invol ve 

significant charge transfer from the metal atom to the hydride 

and alkyl ligands: (a) Low, J.J.; Goddard, W.A., submitted for 

publication. (b) Crabtree, R.H.; Hlatky, G.C. Inorg. Chem. 1980, 

19, 572-574. - . 
16. See, for example, (a) Chatt, J.; Davidson, J.M :!..!. Chem. Soc • 

1965, 843-855. (b) Rausch, M.D.; Gastinger, R.G.; Gardner, S.A.; 

Brown, R.K.; Wood, J.S • .:h. Am. Chem. Soc. 1977, 99, 7870-7876. 

(c) Tolman, C.A.; Ittel, S.D.; English, A.D.; Jesson, J.P. Ibid. 

1979, .l.Ql, 1742-1751. (d) Crabtree, R.H.; Mihelcic, J.M.; Quirk, 

42 



• 

I P 

J.M. Ibid. 1979, .!..Q2., 1738-1740. (e) Crabtree, R.H.; Demou, P.C.; 

Eden, D.; Mihelcic, J.M.; Parnell, C.A.; Quirk, J.M.; Morris, 

G.E. Ibid. 1982, 104, 6994-7001. (f) Cooper, N.J.; Green, 

M.L.H.; Mahtab, R. ~ Chem. Soc., Da,! ton Trans. 1979, 1557-1562 • 

(g) Berry, M.; Elmitt, K.; Green, M.L.H. Ibid. 1919,1950-1958. 

(h) Baudry, D.; Ephritikhine,M.; Felkin, H. ~ Chern. Soc., Chem. 

Commun. 1980, 1243-1244. (1) Werner, R.; Werner, H. Angew. Chern. 

Int. Ed. Eng!. 1981, 20, 793-794. (j) Gomez, M.; Robinson, D.J.; 

Mai tlis, P.M. ~ Chem. Soc., Chem. Commun. 1983, 825-826. (k) 

Janowicz, A.H.; Bergman, R.G. ~ Am. Chern. Soc. 1983, 105, 3929-

3939. (1) Periana, R.A.; Bergman, R.G., Organometall1cs 19811, 1, 

508-510. (m) Hoyano, J.K.; McMaster, A.D.; Graham, W.A.G. ~ Am. 

Chem. Soc. 1983,. 105, 7190-7191. (n) Jones, W.D.; Feher, F.J. 

Ibid. 1984, 106,1650-1663. (0) Morris, R.H.; Shiralian, M. J. 

Organomet. Chem. 19811, 260, C41-C51. (p) Nemeh, S.; Jensen, C.; 

Binamira-Soriaga, E.; Kaska, W.C. Organometall iCs, 1 983, ~.' 1442-

1441. 

17. Bullock, R.M.; Headford, D.E.L.; Kegley, S.E.; Norton, J.R. J. 

Am. Chern. Soc., 1985, 107, 727-729. 

18. Abbreviations used throughout this chapter: Cp = 715-C5H5 = 'T/5-

cyclopentadienyl; Cp* = 71 5-C5(CH3)5 = 71 5-

. pentamethylcyclopentadienyl; Cy = cyclo-C6Hl1 = cyclohexylj Ph = 

-C6H5 = phenyl; Me = -CH3 = methyl~ 

19. In thermolyses of low concentrations of CP2W(CH3)(H) in benzene, 

benzene is an efficient trap for the tungstenocene intermediate 

and CP2W(Ph)(H) is formed cleanly. At higher concentrations of 

the organometallic, many products are formed. Use of a 10% 

43 



'. 

acetoni trile-90% benzene sol vent mixture resul ted in clean 

formation of CP2W(CH3DN) over a wide range of CP2W(CH3)(H) 

concentrations, and it was demonstrated that the added 

acetonitrile did not perturb the rate of methane reductive 

elimination. 18 

20. Wax, M.J.; Stryker, J.M.; Buchanan. J.M.; Kovac. C.A.; Bergman, 

R.G. !!.=..Am. Chem. Soc. 1984. 106. 1121-1122. 

21. Dr. Jeffrey M. Stryker, a former postdoctoral fellow in these 

laboratories, is acknowledged for growing the crystal used in the 

X-ray structure determination. The structure determination 

itself was conducted by Dr. Frederick M. Hollander, staff 

crystallographer at the UC Berkeley X-ray crystallographic 

facility (CHEXRAY). 

22. Buchanan, J.M.; Stryker, J.M.; Bergman, R.G., submi tted for 

publication. 

23. (a) Tellet, R.G.; Bau. R., "Crystallographic Studies of 

Transi tion Metal Hydride Complexes." Structure and Bonding 1981, 

~, 1. and references therein; (b) Moore, D.S.; Robinson, S.D. 

Chem. Soc. Rev. 1983. g, 415, and references therein. 

24. At extended reaction time, integration of the hydride resonance 

of 1 versus the Cp* and PMe3 resonances suggested a small amount 

of deuterium incorporation into the hydride pOSition, but the 

extent of this scrambling was insufficient to affect the 

kinetics. We suspect that the HID scrambling is catalyzed by a 

coordinati vely unsaturated trace impurity. as >the addi tion of 

PMe3 or PPh3 to the reaction medium appears to prevent it. 

44 



) ~ 

25. Jones and Feher 1n found that the deuterium label in 

Cp*(PMe3)Ir(Ph)(D) was scrambled into the phenyl ring by a 

process involving ~2-benzene complex intermediates. 

26. The a-hydrogen in unlabelled 1 was identified by lH_13C 

correlated two-dimensional NMR spectroscopy. 

27. This figure is based on a conservatively estimated 10% limit of 

detection. No direct evidence for d1- or d11 -cyclohexane was 

observed. 

28. For a recent rev i ew, see Hal pern, J. Acc. Chem. Res. 1982, .!2, 

332-338. 

29. See references 16f ,n; 17; 28 and (a) Abis, L.; Sen, A.; Halpern, 

J • .!!:..Am. Chem. Soc., 1978, 100, 2915-2916. (b) Michelin, R.A. 

Inorg. Chem., 1983, 22, 1831-1834. (c) Milstein, D. Acc. Chem. 

Res., 1984, !.I, 221-226. (d) McAlister, R.R.; Erwin, D.K.; 

Bercaw, J.E • .!!:.. Am. Chem. Soc., 1978, 100, 5966-5968. (e) 

Norton, J. Acc. Chem. Res., 1979, ~ 139-145. 

30. To our knowledge, ref. 2ge describes the only established example 

of binuclear reductive elimination of R-H from a mononuclear cis-

hydridoalkyl complex. This type of elimination is much more 

common in reactions of metal alkyls with metal hydrides. See, 

for example, (a) Breslow, D.S.; Heck, R.F. Chem. Ind. (London) 

1960, 467. (b) Schwartz, J.; Cannon, J.B. .!!:.. Am. Chem. Soc., 

1974, ~, 2276-2278. (c) Bergman, R.G. Acc. Chem. Res. 1980, li, 

113-120. (d) Nappa, M.J; Santi, R.; Diefenbach, S.P.; Halpern, 

J • .!!:.. Am. Chem. Soc. 1982, 104, 619-621. (e) Tam. W.; Wong, 

W.K.; Gladysz, J.A. Ibid. 1979, !.Q.l, 1589-1591. 

31. See, for example, (a) Berry, M.; Elmitt, K.; Green, M.L.H. J. 

45 



Chem. Soc., Dalton Trans. 1979,1950-1958. (b) Rest, A.J.; 

Whi twell J I.; Graham, W.A.G.; Hoyano, J.K.; McMaster, A.D. J. 

Chem. Soc., Chem. Commun. 1984, 624-625. 

32. Okrasinski, S.J.; Norton, J.R. ~ Am. Chem. Soc., 1977, 99, 295-

297. 

'33. McCarthy, T.J.; Nuzzo, R.G.; Whitesides, G.M. Ibid. 1981, 103, 

3396-3403. Whitesides and co-workers have determined activation 

parameters, AH'" = 45 ~ 3 kcal/mol and AS'" = 35 ~ 5 eu, for the 

thermolysis of (Et3P)2Pt(CH2CH3)2 in the presence of 0.3 M PEt3, 

which produces (Et3P)Pt(C2H4)' ethane, and PEt3• Although the 

rate determining step is postulated to be ethane reductive 

el imination from the intermediate (Et3P)(C 2H4) Pt(CH2CH3)(H), the 

activation parameters are probably best considered an energetic 

composite of the reductive elimination and the phosphine 

dissociation and a-elimination which precede it. 

34. The isotope effect measured is admittedly a composite of primary 

and secondary effects, but the contribution of the secondary 

effect is expected to be negligible because the a-carbon 

hybridization is sp3 in both 1 and free cyclohexane. 

35. While theoretical treatments, such as Bigeleisen's, predict the 

possibility of inverse kinetic isotope effects, Melander and 

Saunders have argued that there is no experimental evidence for 

such effects. (a) Bigeleisen, ~. Pure Appl. Chern. ~ 983, ~, 217-

223. (b) Melander, L.; Saunders, W.H., "Reaction rates of 

IsotopiC Molecules," 1980, New York: Wiley Interscience; 157-

158. 

46 



'. 

36. Significant inverse isotope effects have been observed for 

reductive elimination of dihydrogen from LnMH2 complexes. See 

Howarth, O.W.; Mcateer, C.H.; Moore, P.; Morris, G.E. :!..!. Chem. 

Soc., Dalton Trans., 1984, 1171-1180, and references therein. 

37. (a) Jones, W.O.; Feher, F.J.:!..!. Am. Chem. Soc. 1985, 107,620-

631. (b) Feher, F.J., Ph.D. Thesis, Uni versi ty of Rochester 

(NY), 1984. 

38. Brookhart, M.; Green, M.L.H. ~ Organomet. Chem. 1983, 250, 395-

408. For interactions in which a ligand is bound to the metal by 

only an M-C-H interaction, the term "agostic" (from the Greek 

, 1\ 
a~OifTw, to clasp or hold oneself) seems inappropriate. By 

4.-

analogy to a ~~complex of an olefin, we prefer u-complex as a 

general term to describe a three center, two electron bonding 

interaction between a metal, a carbon, and a hydrogen atom. This 

term would also apply to nondissociatively bound H2 complexes of 

transition metals.39 

39. (a) Kubas, G.J.; Ryan, R.R.; Swanson, B.I.; Vergamini, P.J.; 

Wasserman, H.J. ~ Am. Chem. Soc., 1984, 106, 451-452. (b) 

Upmacis, R.K.; Gadd, G.E,; Poliakoff, M.; Simpson, M.B.; Turner, 

J.J.; Whyman, R.; Simpson, A.F. ~ Chem. Soc., Chem. Commun., 

1985, 27-30. (c) Church, S.P.; Grevels, F.-W.; Hermann, H.; 

Schaffner, K. Ibid., 1985,30-32. (d) Crabtree, R.H.; Lavin, M. 

Ibid., 1985,794-795. 

40. In ab initio calculations on the M(CH3 )(H) --) M + CH4 (M = Pd, 

Pt) reaction surface, Low and Goddard identify energy minima 

corresponding to methane u-complexes in which more than one C-H 

bond simultaneously interacts with the metal. However, the 

47 



.. 

binding energy of methane in these species is estimated to be 

only a few kcal/mol. See ref. 4(a). 

41. Scheme IV is based on the assumption that insertion of the 

iridium center into the equatorial C-H bond is much faster than 

insertion intQ the axial C-H bond. This need not be true. If 

these two insertions were competitive, the a-scrambling could 

occur from the first u-complex intermediate by sequential axial 

insertion and ring inversion. 

42. (a) Schrock, R.R • .::!!.. Am. Chem. Soc. 1975, 21, 6577-6578. (b) 

Cooper, J.J.; Green, M.L.H • .::!!.. Chem. Soc., Chem. Commun. 1974, 

761-762. (c) Thorn, D.L. Organometall1cs 1985, ~, 192-194. 

43. Erker, G. Acc. Chem. Res. 1984, .!.I, 1 03;t1 09. 

44. McMillen, D.F.; Golden, D.M. Ann. Re~Phys. Chem., 1982 33, 

493-532. 

45. Nazran, 0.; Griller, D., unpublished results. 

46. In soluble transi tion metal complexes, metal-hydride bonds are 

usually much stronger than metal-alkyl bonds (for an apparent 

exception, see ref. 13h). However, most accurate data on BDEs 

(as opposed to average bond enthalpies) is available for first

row metals, and third-row M-C bonds are undoubtedly much 

stronger. The opposite (D M- C > DM- H) has been found for hydrogen 

and carbon bonds to naked metal ions. See Simoes, J.A.M.; 

Beauchamp, J.L. Chem. Rev., in press, and references therein. 

47. 
o 

This complex is stable to extended heating in benzene at 150 C. 

Its synthesis and characterization are described in chapter .three 

of this thesis. 
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~8. Previously reported (Ref. 16k) and characterized 

spectroscopically; fully characterized after conversion to the 

corresponding bromide, CP*(PMe3)Ir(R)(Br). 

~9. The initial photolysis product is the desired l-d12 , .but extended 

irradiation, required for moderate conversion of starting 

material, leads to significant incorporation of hydrogen atoms in 

the hydride position of the product. Heating the photolysis 

mixture exchanges bound cyclohexane with solvent and restores the 

label in the hydride position. 
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CHAPTER 2 

An Equilibrium Study of 
Reversible Alkane C-H Insertion/Elimination 
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Introduction 

Organometallic chemists are rapidly amassing data on the 

strengths of transition metal-carbon bonds. This research will 

provide a powerful predictive tool for synthetic and mechanistic 

organometallic chemists as well as a fertile research area unto 

itself. The topic has been extensively reviewed: in '977, Connor' 

summarized and discussed data for metal-carbon, -hydrogen, -halogen, 

and -metal bonds, and a similarly structured, updated review has 

recently appeared;2 Halpern3 has briefly reviewed the common 

experimental methods in the field and discussed the implications of 

the data thus deri ved; a valuable comprehensi ve and critical review of 

transition metal-hydrogen and metal-carbon bond strengths by Simoes 

and Beauchamp 4 is in press. 

Information about the absolute or relative strengths of metal

carbon bonds in organotransition metal complexes typically has been 

derived from three methods: 3 thermochemical, kinetic, and 

thermodynamic. Each method represents a different approach to the 

determination of AH'O for a reaction in which the bond of interest is 

formed or broken; absolute or relative bond dissociation enthalpies 

(BDEs) are then deduced from values of 6Ho and knowledge of the 

strengths of the other bonds that are broken or formed in the 

reaction. The method described here is a variation of the 

thermodynamic approach described by Halpern.3 Equilibrium constants 

have been determined for several reactions, each of which is an 

equilibrium between two hydridoalkyl iridium complexes and their 

corresponding alkanes (eqn. 1). Using a few assumptions, the relative 
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cp*(PMe3 )IdCy)(H) + pentane 

I 

( I ) 

Cp*(PMe3)Ir(n-pentyl)(H) + CyH 

:3 

(Z) 

strengths of the iridium-alkyl bonds are deduced from the BDEs of the 

o 
alkane C-H bonds which are broken and 6H for the reaction, which in 

turn follows from Keq. This method is qualItati vely similar to the 

approaches of Applequist and O'Brien to the study of halogen-lithium 

interconversions5 and of Marcomini and Poe to the determination of 

metal-metal bond strengths in M2(CO),0 dimers (M • Mn, Re). 6 

Results 

The equilibrium method and the derivation of thermodynamic data 

for the cyclohexane~pentane system will be described in detail. 

Resul ts for other sol vent pairs were obtained similarly and are 

summarized in Table 1. The synthesis and characterization of 

CP*(PMe3)Ir(CY)(H)7 (~) are described in reference 8 and Chapter 1 of 

this thesis. 

Synthesis and characterization of Cp*(PMe3)Ir(n-pentyl)(H) (3). 

This compound was reported previously as one of the products in the 

photolysis of Cp*(PMe3)Ir(H)2 in n-pentane and characterized after 

conversion to CP*(PMe3)Ir(n-pentYl)(Br)~8 We have now found that 

analytically pure 3 can be obtained in 41% yield from photolysis of 

the dihydride in n-pentane followed by thermolysis of the crude 

products for 21 h at 110 °c in n-pentane (to effect isomerization of 

secondary pentyl products to the n-pentyl product 3)8 and air-free 

chromatography on alumina III at -80 °C. The complex, which is an oil 

at room temperature, has been characterized by 'H NMR, 13C NMR, 
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Table I. 

Equilibrium Con.tant. for Alkane Exchange Reaction. «(Ir) • (Cp*(PKe3)Ir) 

Equi 1 ibrium keq (140 • C) loCo (140 ·C) 

1. (Ir~a + ~ ~ (Ir~ + >-< 3.5 -1.0 ked/mol --
H H 

(Ir~ 
a 

2. + >-< --->0. 
(Ir(0 + 0 1.5 -0.3 ~ 

H H 

3. (Ir~ + 0 -""" [Ir~ + 0 2.0 -0.6 ~ 

H H 

4. (Ir~ ~ --:... (Ir~ + 0 10.8 (l0.5)b -2.0 (_1.9)b + -.c--

H H 

5. (Ir~ ---:. (Ir~ ~ 20 i -2.5 ~ 

H H 

aTwo dia.tereomer. of coincidentally equivalent energie •• 

bvalue. in parenthe.e. calculated from data for firlt three equilibria. 
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31 p NMR, IR, and carbon and hydrogen analyses. 

Equilibration of' Cp*(PHe3)Ir(Cy)(H) and Cp*(PHe3)Ir(n-pentYl)(H) 

in cyclohexane/n-pentane mixtures. The equilibrium constant for the 

reaction illustrated in Eq. 2 was measured by heating either the n

pentyl complex 3 or the cyclohexyl complex 1 in a sol vent mixture 

containing 91.5 mol % cyclohexane and 8.5 mol % n-pentane. After 50 h 

at 140 °c an equilibrium was reached in which the ratio of 3 to 1 was 

1.0 ~ 0.1, as determined by 31 P NMR. 9 This allows calculation of an 

equilibrium constant of 10.8, which corresponds to I1Go 
= -2.0 + 0.2 

kcal/mol at 140 °C. 

Two questions about the validity of the method come to mind: (a) 

is the system reaching a true equilibrium? and (b) are we. accurately 

evaluating the equilibrium ratios of alkanes and hydridoalkyl iridium 

complexes? We believe the answer to both questions is yes. Our 

measured equilibrium constant is the same starting from either 1 or 3. 

and the same value is obtained in different cyclohexane/n-pentane 

mixtures. With respect to the second question we note the precautions 

taken to eval uate ratios of hydrocarbons and hydridoalkyl iridium 

complexes. Solvent mixtures were prepared in approximately 25 ml 

batches by weighing each component of the mixture and calculating the 

molar ratio of alkanes from the ratio of masses. Also, each alkane 

was present in at leaSt a laO-fold excess compared to the iridium 

species, and thermolyses were carried out in special NMR tubes (see 

Chapter 1, Fig. 4) to insure that the solvent composi tionat 

equilibrium was the same (to within one or two percent) as the 

composition at the time of preparation. The ratio of hydridoalkyl 

complexes at equilibrium was determined by 3l p{lHlNMR at room 
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temperature, using parameters optimized.for accurate integration. The 

combination of a slow approach to equilibrium at 140
0 

C and quick 

cooling of samples after heating insured that the ratio of 

hydridoalkyl iridium complexes was the same under equilibrium 

conditions as it was when we evaluated it. Overall, we estimate that 

the uncertainty in evaluating the equilibrium values is ~5 - 10%, the 

largest component being the uncertainty associated with the 31p NMR 

integrations. 

Estimation of relative iridium-carbon bond dissociation 

enthalpies. Deri vat ion of relati ve iridium carbon bond dissociation 

enthalpies (BDEs), which are relati ve enthalpy val ues, from 

equilibrium constants requires separation of enthalpic and entropic 

components of AG~xn' Because the energy differences here are small, 

the temperature dependence of Keq is very slight, and a plot of lnKeq 

vs. T-1 is not sufficiently precise to permit accurate determinations 

of AHo and ASo• Instead, we think it is reasonable to make the 

assumption that.TASo is close to zero.10 

From this we estimate that AH~xn ~ -2.0 kcal/mol in sol ution. 

Estimation of BDEs for the solution phase11 requires only the further 

assumption that solution phase BDEs for the alkane carbon-hydrogen 

bonds do not differ significantly from tabulated gas phase values. 

Employing val ues of 95.5 kcal/mol and 98 kcal/mol respecti vely 

for the C-H BDEs of the secondary C-H bond in cyclohexane and the 

primary CflH bond in n-pentane,1 2 we calcul ate that the iridi um-n-

pentyl bond is 5 ~ 2 kcal/mol stronger than the iridium-cyclohexyl 

bond. Equil i bri um constants for this and other al kane exchange 
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equilibria are presented in Table 1. Note that the fourth equilibrium 

is the sum of the first three. The product of the first three 

equilibrium constants is approximately equal to the experimentally 

measured fourth equilibrium constant; this serves as a check on the 

validity of the data. 

The last equilibrium tabulated represents the thermodynamic 

preference for two types of C-H bonds in the'~ molecule, 2,2-

dimethyl butane (Scheme I). The limit for the equilibrium constant was 

determined by heating a 1:1 mixture of the two isomers (obtained as a 

purified mixture following photolysis of Cp*(PMe3)Ir(H)2 in 2,2-

dimethylbutane) at 140°C for 20 h in 2,2-dimethylbutane and reflects 

our 1 imi t of detection for the less stable isomer. 

Calculated relati ve iridium-carbon BDEs are presented in Table 2. 

Gi ven the uncertainties associated wi th the AD M- C values, we bel ieve 

the values are best interpreted as indicating the following 

qualitative trend in iridium-alkyl bond strengths: neopentyl < 

cyclohexyl - cyclopentyl < primary 2,3-dimethylbutyl < primary pentyl. 

The lower limit for the relative strength of the iridium-phenyl bond 

is a rough estimate based on the kinetic stability of the phenyl 

complex 2 in benzene-d6•13 This calculation implies that the iridium-

phenyl bond is well over 20 kcal/mol stronger than the iridium-

cyclohexyl bond. One can compare this to the difference of 13 

14 kcal/mol between DRh- Ph and DRh- Me calculated by Jones and Feher. 

The relati ve strength of the iridium-neopentyl bond was similarly 

estimated by comparing rate constants15 for the thermolyses of 

Cp*( PMe 3)Ir(Cy)(H) and Cp*(PMe3)Ir(neopentyl)(H) in benzene-d6 at 

130°C and assuming AAG~ ~ 0 for oxidative addition of the 
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corresponding alkanes to the unsaturated fragment Cp*(PMe3)Ir. 

Discussion 

This study comprises the estimation of relative iridium-carbon 

bond dissociation enthalpies for complexes of the type 

Cp*(PMe3)Ir(alkyl)(H) by direct measurement of equilibrium constants 

for alkane exchange reactions. That an equilibrium method could be 

applied to the study of hydrocarbon reductive eliminations and 

oxidative additions indicates the remarkable reversibility of this C-H 

activation system. Clearly, dimerization or other side reactions of 

the CP*(PMe3)Ir intermediate must be kinetically or thermodynamically 

unfavorable relative to insertion into C-H bonds. Also, reductive 

elimination of alkane from the hydridoalkyl complexes must be highly 

kinetically favorable relati ve to {3-el imination or other reactions 

which would drain iridium from the equilibria ({3-elimination may be 

responsible for the slow formation of Cp*(PMe3)Ir(H)2 under 

equilibration conditions 9). 

The equi 1 ibration method suffers from several disadvantages which 

limit its utility. There are practical problems associated with 

studying equilibria invol ving methane, ethane, and other highly 

volatile hydrocarbons. Also difficult to study are equilibria with 

highly unsymmetrical hydrocarbons (those with several different kinds 

of C-H bonds). Finally, the use of NMR integrations to determine 

relative amounts of hydridoalkyl complexes at equilibrium limits one 

to the determination of Keq values in. the range 0.005 < Keq < 200, 

corresponding to only about an eight kcallmol rang~ of IlGo values. 
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This eight kcal/mol can, however, be extended by establishing a ladder 

of hydridoalkyl complex stabilities. 

Despite the limitations of the method, a qualitative trend in the 

strengths of the iridium-alkyl bonds was discerned (Table 2): 

neopentyl < cyclohexyl ,.... cyclopentyl < primary 2, 3-dimethyl butyl < 

primary pentyl. Note that the strongest Ir-R bonds ~ formed by 

breaking strong C-H bonds. This reacti vity pattern (reflecting DM- R + 

DM- H > DR-H) is essential for any alkane activation/functionalization 

system that attempts to selectively functionalize methane or the 

primary positions of alkanes. The sample of compounds studied does 

not permit a detailed analysis of the factors determining iridium-

carbon bond strengths in this system, but it is interesting to note 

that the observed trend could be predicted on the basis of a 

combination of alkyl radical stabilities and alkyl group steric bulk 

(the importance of ionic contributions to Ir-R bonding (i.e., Ir+ R-) 

cannot be assessed for want of reliable data on the electron 

affinities of the alkyl groups studied16). The influence of steric 

factors is further emphasized by equilibration of the two methyl 

activation products of 2,2-dimethylbutane (Table 1, equilibrium 5; 

Scheme 1). Here the two types of C-H bonds are virtually 

indistinguishable except for the difference in repulsive interactions 

that result from activation of each. Yet the equilibrium favors (Keq 

> 20) acti vation of the least sterically encumbered methyl group. 

Steric effects have also been invoked by Bruno, Marks, and Morss17 and 

by Tsou, Loots, and Halpern18 to explain BDE trends in the Cp*2ThR2 

and py(saloph)CoR (py - pyridine, saloph = N,N'-bis(sal1cyl1dene)-£-
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Table 2. 

Relative Iridium-Carbon BDEa for Several Hydridoalkyl Complexes 

([Ir} • [Cp*(PHeJ)Ir]) 

Compound 

lIre->< 
H 

-4 kcal/mol 

[IrcQ 
H 

o 

lIr~ 
H 

o 

b 

lIr(l-Z 4 

H 

(Ir~ 
H 

6 

[Ir~ 
H 

aAII values ~ 2 kcal/mol. 

bIVo diastereomers of coincidentally equivalent energy. 

cA lower limit estimated on the basis of the kinetic stability of the complex 
(see text and footnote 18). 
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phenylenediamine) systems, respectively. 

The iridium phenyl bond appears to be over 20 kcal/mol stronger 

than the iridium-cyclohexyl bond, and the stability of the 

hydridophenyl complex 2 precluded its equilibration with any of the 

hydridoalkyl complexes. This trend (OM-Ph» OM-alkyl) has also been 

observed for the CP*2ThR217 and Cl(I)(CO)(PMe3)2IrR19 systems as well 

as for a variety of main group metal phenyl and alkyl compounds.20 

The origin of this stabili ty is not clear, although it is consistent 

with differences in radical stabilities12 and electron affinities16 

between the phenyl radical and alkyl radicals. Crabtree and Lavin21 

have suggested that the relatively high strength of transition metal-

phenyl bonds may derive in part from electron donation from a metal d 

orbital into the aryl ~* orbital. This metal-phenyl back bonding 

appears to have been substantiated in the X-ray crystal structure of 

(PhEt2P)2RePh3,22 but X-ray structural data for other transition metal 

phenyl complexes suggests that this type of bonding is by no means 

general.23 Although late transition metal alkyls and phenyls are not 

usually thought of as M+R- polarized species, it is interesting that 

this simple electrostatic model predicts that bonds to sp2 hybridized 

carbon centers will be ca. 30% stronger than those to sp3 carbon 

centers because of the difference in carbon bonding radii. Whatever 

the origin of the high Ir-Ph bond strength, the figures 0Ir-Ph -

0Ir-Cy ~ 20 kcal/mol and 0Ir-cy + 0Ir-H ~ 135 kcal/mol suggest that 

0Ir-Ph + 0Ir-H ~ 155 kcal/mol. Note that' knowledge of the absolute 

value of 0Ir-Ph or the difference (OIr-H - 0Ir-Cy) would permit 

estimation of the lower limits for 0Ir-cy and 0Ir-Ph. Collaborative 

efforts are currently under way to determine 0Ir-H in Cp*(PMe3)IrH2 by 
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photoacoustic spectroscopy24 and to determine the difference (DIr-H -

D1r- Cy) by solution calorimetry.25 

Experimental Section 

General. All reactions were carried out under nitrogen or argon 

atmosphere using Schlenk techniques or a dry box. Drybox manipulations 

were performed in a nitrogen filled Vacuum Atmospheres 55352 drybox 

with attached M6-40-1H Dri-train. 1H NMR spectra were recorded on a 

Bruker AM 500 or the 200 MHz, 250 MHz, 300 MHz spectrometers 

constructed at the Uni versity of California at Berkeley (UCB) NMR 

facility. 13C NMR and 31p NMR spectra were recorded on a Bruker AM 

500 or the UCB 300 MHz spectrometer. 1 H NMR and 13c NMR chemical 

shifts are reported in parts per million downfield of 

tetramethylsilane. 31p NMR chemical shirts are reported in ppm 

downfield of 85% H3P04• All coupling constants are reported in Hz. 

Infrared spectra were recorded on a Perkin-Elmer 283 grating 

spectrometer or a Perkin-Elmer 1550 fourier transform spectrometer. 

Melting points (uncorrected) were determined with a Thomas-Hoover 

capillary mel ting point apparatus. Elemental analyses were conducted 

by the UCB microanalytical laboratory, and mass spectra were recorded 

by the UCB mass spectrometry laboratory. 

Unless otherwise noted, reagents and solvents were used as 

received from commercial suppliers. Pentane and cyclopentane (HPLC 

grade) were purchased from Burdick and Jackson; cyclohexane (Gold 

Label), 2, 2-dimethyl butane, and 2,3-dimethylbutane were purchased from 

Aldrich; neopentane (research grade) was purchased from Pfaltz and 

Bauer or Phillips Petroleum Company. Benzene, benzene-d6' and diethyl 
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ether were distilled under nitrogen from sodium-benzophenone. 

Cyclohexane and was washed first with concentrated H2S04, then with 

water and aqueous Na2C03 before predrying over MgS04 and distillation 

under nitrogen from CaH2• Pentane, hexane, 2,3-dimethylbutane, and 

2,2-dimethylbutane were distilled from CaH2 under nitrogen. 

Trimethylphosphine and triphenylphosphine were purchased from Strem; 

the former was vacuum transferred from Na/K alloy, and the latter was 

recrystallized from hexane prior to use. CP*(PMe3)IrCI 2
26 and 

CP*(PMe3)Ir(H)28 were prepared by literature methods. 

"Pyrex bomb" denotes a 50 mL cylindrical vessel of medium-wall 

Pyrex glass sealed to a high vacuum Teflon stopcock. 

Preparative Photolyses. The photolysis apparatus consisted of a 

450 W Canrad-Hanovia mercury immersion lamp with an Ace 7830-60 power 

supply and an Ace 7874B-38 immersion well. The immersion well was 

secured in a stainless steel beaker filled with water cooled to 

5-10 °C by a Lauda K-4/RD refrigerated bath circulator. In a typical 

photolysis, Cp*(PMe3)Ir(H)2 (200-500 mg) was dissolved in 

approximately 25-50 ml of the appropriate hydrocarbon in a Pyrex bomb. 

The solution was irradiated for about 12 h during which time the color 

of the solution turned from clear to brown. Solvent was removed under 

vacuum and the brown oily residue was purified by cold chromatography 

(alumina III, 15 cm x 3 cm diam.; 6% diethyl ether/hexane) to yield 

analytically pure material. Cold chromatography was performed under 

nitrogen or argon outside the dry box with a double-jacketed glass 

column. Nitrogen was bubbled through liquid nitrogen and then 

circulated through the inner jacket to maintain the column temperature 
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at about -80 °c, as independently verified by a thermocouple inserted 

into the alumina III support under chromatography conditions. , 

Equilibrations. Equilibrations were conducted in a factory 

calibrated Neslab Exacal EX-250HT high temperature bath filled with 

Dow Corning 210H silicone fl uid, whose temperature was checked with a 

calibrated Omega DSS-199-P2-0C platinum resistance digital 

thermometer. Hydrocarbon mixtures were prepared in about 25 ml 

portions by weighing each component after it was added to a stoppered 

vol umetric flask. NMR sample tubes with a minimum gas phase vol ume 

were used to maintain the solvent composition nearly constant between 

room temperature and 140 0 C (see Chapter 1, Fig. 4). Sarnp~es were 

prepared by dissol ving approximately 10 mg of hydridoal kyl complex in 

a hydrocarbon mixture in a medium wall Wilmad 504PP NMR tube. The 

tube was flame-sealed under vacuum after positioning the 3 mm glass 

rod so as to displace all but about 0.3 mL of room temperature gas 

phase volume (this allowed for liquid phase expansion on heating to 

140 °C). Samples were excluded from room light. Progress of the 

'equilibration was monitored by 31p{1HINMR, and when a stable ratio of 

hydridoalkyl complexes was obtained, that ratio was evaluated by 

31p NMR, using a delay of at least ten times the longest spin-lattice 

relaxation time (T1) between pulses. 

CP*(PMe3)Ir(~-pentYl)(H> (3).27,28 An n-pentane (50 ml) solution 

of CP*(PMe3)Ir(H)2 (424 mg, 1~05 mmol) in a Pyrex bomb was irradiated 

for 36 h. The same solution was heated at 115 0 C for 21 h (Caution: 

pentane generates a pressure of about 8 atmospheres at this 

temperature. This procedure should be carried out behind a blast 

shield or the sashes of a hood.) 31p{lHINMR indicated a 3:7 mixture 
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of dihydride and primary pentyl complex 3. Purification by cold 

chromatography gave 3 as a golden oil in 41% yield: IR (C6H6) 2096 

(5) cm- 1 , VIr-Hi lH NMR (C6D6) 01.88 (d, J = 2.0, C5 (CH 3 )5)' 1.7-1.3 

(m, a, /3,1', 0, CHH'), 1.24 (d, J = 9.6, P(CH3)3)' 1~07 (5, CH3), 

-17.81 (d, J = 37.3, Ir-H); ~3C{lH} NMR (C6D6) 091.72 (d, J = 3.3, 

.f5Me5)' 4~~23 (d, J = 1.7, {j-CHH'), 39~53 and 23.15 (5, 1', o-CHH'), 

19~23 (d, J = 36.2, P(CH 3 )3)' 14.75 (d, CH 3 ), 10.32 (s, C5(fH3)5)' 

-12.10 (d, J-= 7.1, a-CHH'); 31p{~H} NMR (C6D6) 0-43.0 (5); MS, mle 

476/474. Anal. Calcd for C18H36IrP: C, 45.45; H, 7.63. Found: C, 

45.62; H, 7.64. 

Cp*(PMe3)Ir(2.3-dlmethylbutyl)(H). Prepared by photolysis and 

purified by cold chromatography, as above, to give a 60% yield of a 

one-to-one mixture of two diastereomers which was an oil at room 

temperature: IR (C6H6) 2115 (s) cm -1, vIr- H' both diastereomersj 

lH NMR (C 6 D6 ) 0 1.854 (d, J = ~.5, C5 (CH 3 )5)' 1.848 (d, J = 1.8, 

C5 (CH3)5)' 1~8-1~3 (m, CH 2 &CH), 1.25-1.10 (d, J = 6-7, CH3 'S), 

-17.45 (d, J = 36.7, Ir-H), -17.75 (d, J = 37.7, Ir-H)j 13C{lH} NMR 

(C6D6) 091.65 and 91.54 (d, J = 3.6, .f5Me5)' 48.17 (br 5, {j-CH), 
. . . -

46.37 (d, J = 2.2, {j-CH), 35.43 and 34.87 (5, I'-CH), 21.88 and 21.79 

(5, -CH3), 18.87 (d, J = 36~5, P(CH 3 )3 both isomers), 18.32 and 17~94 

and 17.75 and 17.64 (5, o-CH 3 ), 10.35 (5, C5(fH3)5 both isomers), 

-4.47 and -4.51 (d, J = 7.1, a-CH2 )j 3 1 p {lH} NMR (C6D6) 0-43.0 (5), 

-43.6 (s); MS, mle 490/488. Anal. Calcd for C19H38IrP: C,46.60;H, 

7.82. Found: C, 46.24; H, 7.93. 

Cp*(PMe
3

)Ir(neopentylHH). 27 ,28 This compound was prepared by an 

analogous route to give a 40% yield of a golden oil: IR (C6H12) 2106 
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(s) cm- 1 , "Ir-H; lH NMR (C6D6): 01.82 (d, J .. 1.2, C5 (CH 3 )5)' 1.12 

(d, J ... 11.9, a-C,!!H'), 1.53 (dd, J .. 11.9,13.1, a-CH,!!'), 1.29 (s, 

C(CH
3
)3)' 1.21 (d, J .. 9.6, P(CH 3)3)' -11.18 (d, J = 36.5, Ir-H); 

1 3 1 . . C{ H} NMR (C6D6) 092.05 (d, J = 3~9, C5 Me 5), 35.11 (s, f(CH 3)3)' 

33.83 (s, C(fH 3)3)' 19.64 (d, J = 31.0, P(CH 3 )3' 10.60 (s, C5(fH3)5)' 

6.21 (d t J .. 6.1, Ir-CHH'); 31 p {lH} NMR (C6D6) 0-43.0 (s); MS, mle 

416/414. Anal. Calcd for C18H36IrP: C, 45.45; H, 1.63. Found: C, 

4 5. 4 4; H, 1. 1 0 • 

CP*(PHe3)Ir{CYClopentYl)(H)~21 To our knowledge, this compound 

is only the second example of an isolated, monomeric secondary-alkyl 

transition metal hydride29 (the firs~ example being the corresponding 

cyclohexyl complex described in reference 8 and chapter one of this 

thesis). It was prepared and purified as above to give a 41% yield of 

) ) -1 1 ) r golden oil: IR (C6H6 2095 (5 cm , "Ir-H; . H NMR (C6D6 u 2.2-1~5 

(m, cyclopentyl CH and CH 2 ), 1.86 (ddt J = 1.8, 0.6, C5 (CH 3)5)' 1.22 

Cd, J = 9.6, P(CH 3)3)' -18.18 (d,.J .. 35:9, Ir-H); 13C{'H} NMR (C6D6) 

~ 92.31 (d, J .. 3~6, f5Me5)' 42.42 (d, J = 3.5, (3-C), 41~31 (5, (3'-C), 

21.90 (5, 'Y-C), 21~66 (5, 'Y'-C), 19~81 (d, J ... 35.9, P(CH 3)3)' 0~22 

(d, J = 8.0, a-C); 31 P{ 1 H} NMR (C 6 D6 ) 0 -44.83; MS, mle 474/412. 

Anal. Calcd for C'8H34IrP: C, 45.65; H, 7.23. Found: C, 45.56; H, 

7.04. 

Equilibration or Cp*(PMe3)Ir{2.2t$dimethYlbutyl)(H) and 

CP*{PHe3)Ir(3.3-dimethYlbutYl){H): An otherwise pure binary mixture 

of products from C-H activation at the two chemically distinct methyl 

groups of 2,2-dimethylbutane was isolated in 58% yield from photolysis 

and cold chromatography as above. The mixture was characterized by lH 

NMR 13C NMR and 31 P NMR. . , . , o 
On heating the mixture for 5 h at 120 C, 
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the mixture contained >95% of the 3,3-dimethylbutyl isomer, which was 

identified by its characteristic NMR spectra: lH NMR (C6D6) 

o 1.88 (d, J == 2.0, C5 (CH 3 )5)' 1.8-1~5 (m, 4H, a, (j-CHH'), 1.25 (d, J 

= 9~6, P(CH 3)3)' 1~13 (s, C(CH 3)3)' -17~89 (d, J = 37.6, Ir-H); 

13C{lHJ NMR (C6D6) 091.50 (d, J == 2.6),56.70 (s, f(CH 3 )3)' 33.52 (s, 

fj-CHH'), 29~72 (5, C(fH3)3)' 19.04 (d, J = 36.8, P(CH 3)3)' 10.32 (s, 

C5(fH3)5)' -19.42 (d, J = 7.8, a-CHHt); 3 1 p {lHJ NMR (C6D6) 0 -43.1 

(5). 
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(~-CYClopentadlenYl)(trlmethYlPhOSPhlne)dlhYdrldolrldlum(III) 

and 1 ts Use In the Preparation or Hydrldoaryl 
and Hydrldoalkyl Complexes 
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Introduction 

This chapter describes initial efforts to prepare hydridoalkyl 

complexes of the type CP(PMe3)IrCR)(H)1 and focuses on two approaches 

to such compounds from the new dihydride, Cp(PMe3)IrH2 5. The 

analogous dihydride with a pentamethylcyclopentadienyl ligand was 

first reported in 1981 by Maitlis and co-workers,2 and its concurrent 

preparation and photochemical alkane insertion reactions were 

described by Janowicz and Bergman.3 The parent cyclopentadienyl 

complex, however, has not been reported,4 and we had several 

motivations for preparing it. First, we were interested to see what 

effect substitution of Cp for Cp* would have on the propensity of the 

CP(*)Ir(PMe3) fragment to insert into hydrocarbon C-H bonds. We also 

wondered what effect ligand substitution would have on the stability 

of the insertion products. The relative stabilities of the 

hydridoal kyl complexes, Cp*(PMe3)Ir(R)(H), appear to correlate 

inversely with the steric bulk of the alkyl group R (see chapter two .. 
of this thesis), and the less sterically demanding Cp ligand might 

enhance the stability of Cp(PMe3)Ir(R)(H) complexes with respect to 

reducti ve elimination of R-H. Also, gi ven the tendency of Cp versus 

Cp* to undergo an ~5 to ~3 ring sliP,5 we hoped that the 

CP(PMe3)Ir(R)(H) complexes might associatively coordinate small 

molecules like CO, CO2, and ethylene which might then insert into the 

iridium alkyl bond. Preliminary attempts to react the 

Cp*(PMe3)Ir(R)(H) complexes with CO and CO2 resulted only in reducti ve 

elimination of the complexed alkane.6 Finally, substitution of Cp for 

Cp* might offer practical advantages in the purification and handling 
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of the hydridoalkyl complexes. In. particular, the substitution would 
I 

be expected to make the complexes less soluble in hydrocarbons and 

might permit their isolation as crystalline solids, whereas most of 

the Cp*( PMe3)Ir(R)(H) compounds were isolated as oils; 7 there was also 

an indication that the Cp complexes might be more stable to 

chromatography. 8 

This chapter describes the first steps toward studying the 

chemistry of these cyclopentadienyl complexes. i.e.. the synthesis of 

Cp(PMe3)IrH2 and its use in the chemical and photochemical synthesis 

of three hydridoaryl and hydridoalkyl complexes, CP(PMe3)Ir(R)(H). 

Results 

Synthesis or Cp{PHe3)IrH2 (5). Attempts to prepare [CplrCl 2]2 by 

the reaction of IrCl3~3H20 with cyclopentadiene in alcoholic sol vents 

(by analogy to the preparation of the versati Ie starting material 

[CP*IrCl2J2
9) were unsuccessful. We then sought a synthetic approach 

which used an iridium starting material already containing the ~5_ 

cyclopentadienyl ligand in addition to two easily displaced dative 

ligands. Hence, treatment of CPlr(C2H4)21 0 with a stoichiometric 

amount of molecular iodine gave the known" diiodo dimer, [CplrI2J2 in 

96% yield (Scheme I). Subsequent reaction of the dimer with two 

equivalents of trimethylphosphine afforded an 86% yield of the iridium 

phosphine diiodide Cp(PMe3H2 (4), after recrystallization. The 

desired dihydride CP(PMe3)IrH2 (5),was obtained as a white solid in 

44% yield from reduction of Cp(PMe3)IrI2 with a 25-50% excess of 

LiEt3BH in diethyl ether followed by sUblimation~ The dihydride has 
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been characterized by a variety of spectroscopic methods as well as by 

melting point and carbon, hydrogen, and phosphorus elemental analyses. 

Photochemistry or CP(PHe3)IrH2 (5) in benzene and cyclohexane. 

As mentioned above, dihydride 5 is completely colorless in its pure 

form, and, as expected, its UV-visible absorption spectrum in hexane 

indicates negligible absorption above 350 nm. The absorbance 

increases fairly rapidly below 270 nm, and shows a shoulder at 242 nm 

with £= 4.3 x 103 M-cm-1• It appears, then, that photolyses in Pyrex 

vessels utilize only the tail of this UV absorption. Irradiation of 

benzene or cyclohexane solutions of dihydride 5 with UV-visible light, 

as described in the experimental section, gives as the major product 

the sol vent carbon-hydrogen bond insertion products, Cp(PMe3)Ir( Ph)(H) 

(6) and CP(PMe3)Ir(Cy)(H) (1), respecti vely (Scheme II). These 

photolyses required several hours for significant conversion of 

starting material, and in the case of cyclohexane a conversion of only 

ca. 30% was achieved after 24 h irradiation, at which point products 

other than Cp(PMe3)Ir(CY)(H) began to appear. Although no attempt was 

made to quantify the production of dihydrogen in these reactions, its 

presence was observed in solution when photolyses were carried out in 

sealed NMR tubes with deuterated hydrocarbon sol vents. 

The hydridophenyl complex 6 can be obtained as an analytically 

pure, off-white crystalline solid in 43% yield following room 

temperature chromatography on alumina III with benzene eluent. 

Unreacted dihydride 5 may be recovered as a slower. eluting fraction 

with the same chromatography conditions. Full characterization for 

hydridophenyl complex 6 is given in the experimental section. 

Attempts to purify the hydridocyclohexyl complex 1 using the same 
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chromatography conditions permitted resolution of dihydride and 

hydridocyclohexyl complexes, but the desired product 7 thus obtained 

was contaminated with a few percent of hydridophenyl complex 6 (due 

presumably to reaction of 7 with the benzene eluent during 

chromatography). The analogous reaction was observed to occur during 

chromatography of Cp*( PMe3Hr(CYHH) on al umina III wi th benzene.3b 

It appears that hydridocyclohexyl complex 7 is more stable to 

chromatography than its pentamethylcyclopentadienyl analogue, yet not 

sufficiently stable to permit room temperature chromatographic 

purification in the presence of arene sol vents. Al ternati vely, 7 

could be separated from dihydride 5 using a 4% DME-cyclohexane sol vent 

system and al umina III.12 Analytically pure hydridocyclohexyl complex 

7 was obtained as a white, crystalline solid in 8% yield after a 

single recrystallization of the chromatographically separated product 

from a concentrated pentane-hexamethyldisiloxane solution. As in the 

purification of hydridophenyl complex 6, unreacted Cp(PMe3)IrH2 can be 

recovered as a slower eluting fraction from the same col umn. Full 

characterization of hydridocyclohexyl complex 7 is given in the 

experimental section. The complex has a half-life of 10 h in benzene-

o 
d6 at 140 C, which may be contrasted with a half-life of 0.9 h for 

its pentamethylcyclopentadienyl analogue under the same conditions 

(see chapter one of this thesis). 

Synthesis of' Cp(PHe3)Ir(CH3)(H) (8). Gilbert and Bergmann ha ve 

demonstrated that Cp*(PMe3)Ir(CH3)(H) and several analogous n

alkylhydrido complexes may be prepared by deprotonation of 

- + Cp*(PMe3)IrH2 with ~-BuLi, to give CP*(PMe3)IrH Li , followed by 
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alkylation wi th the appropriate alkyl tosylate or triflate. We now 

report that this deprotonation-alkylation chemistry is also accessible 

in the cyclopentadienyl system. Reaction of dihydride 5 with a slight 

excess of !-BuLi in hexane followed by addition of a benzene solution 

of methyl tosylate gave a product mixture which 1H NMR analysis 

indicated to be >98% of a single product with an iridium-bound methyl 

group and a new iridium hyride resonance (Scheme III). A single 

recrystallization from a concentrated pentane~hexamethyldisiloxane 

solution gave a 22% yield of an off-white crystalline product which 

elemental analysis and several spectroscopic methods suggest to be the 

hydridomethyl complex, Cp(PMe3)Ir(CH3)(H) (8). Note that the 13C{ 1 H}· 

NMR resonance of the methyl carbon in 8 appears at 0 -52.09 ppm, over 

14 ppm further upfield than the Ir-CH3 resonance of 

Cp*(PMe3)Ir(CH3)(H)~ 14 The complex is quite thermally stable, 

requiring 28 h at 150°C in benzene-d6 for ca. 80% decomposition.15 

Synthesis of Cplr(PHe3)2 (9)~ 16 In an effort to independently 

generate the [Cplr(PMe3)] intermediate postulated to be the active 

species in the photochemical C-H insertion insertion reactions of 

Cp(PMe3)IrH2, we sought to prepare another precursor to this 

intermediate. The bi~phosphine complex CPlr(PMe3)217 seemed a 

reasonable candidate. It was prepared by the stepwise addition of 

trimethylphosphine (9 equivalents per iridium atom) and sodium 

cyclopentadienide (5 equivalents per iridium atom) to [(COE)2IrCl]2 in 

tetrahydrofuran at 45 qc (Scheme IV). The desired product, whose 

characterization is given in the experimental section, was obtained in 

56% yield as analytically pure red-orange crystals following 

o 
recrystallization from n-hexane at -30 C. This complex, however, 
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proved to be both thermally (1.5 h at 150 C) and photochemically 

(17 h irradiation with a 450 W mercury arc lamp, as described in the 

experimental section) unreactive in benzene-d6 sOlvent.~8 

Discussion 

We have shown that the new iridium dihydride Cp(PMe3)IrH2 (5), 

may be prepared in three steps from the known bis-ethylene complex, 

CPIr(C2H4)2.10 This complex may be used to synthesize 

Cp(PMe3)Ir(Ph)(H) (6) and Cp(PMe3)Ir(Cy)(H) (1) via photochemi cal 

carbon-hydrogen bond insertion reactions and Cp(PMe3)Ir(CH3)(H) 8 by 

sequential deprotonation and methylation. Both these types of 

reactivity have been well studied for Cp*(PMe3)IrH2, and it seems 

reasonable to predict that similar mechanisms are operating here. 

That is, the C-H insertion reactions may occur by photochemical 

exci tation of the starting material and extrusion of dihydrogen to 

form a coordinati vely unsaturated intermediate, CPIr(PMe3), which then 

inserts into one of the C-H bonds of a sol vent molecule) The 

formation of hydridomethyl complex 8 is likely to proceed by proton 

- + abstraction by !-BuLi to form Cp(PMe3)IrH Li , and subsequent 

nucleophilic attack of the iridium anion on methyl tosylate to give 

the product.13 It is expected that additional hydridoalkyl and 

hydridoaryl complexes will be synthetically accessi ble from one or 

both of these approaches. In that regard, it would be interesting to 

see if secondary alkyl complexes could be synthesized by 

deprotonation-alkylation, as these reactions could not be effected 

with the more sterically demanding anion, CP*(PMe3)IrH-.13 
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It appears that the CP(PMe3)Ir(R)(H)· complexes are less sensitive 

to chromatography supports and of comparable or greater thermal. 

stability than their Cp* analogues, and it is interesting to ask what 

other reacti.vi ty differences may be expected between the two systems. 

The effect of Cp for Cp* substitution on metal complexes has been 

investigated by a variety of methods. To study the electronic effect 

of this substitution, the core and valence gas phase photoelectron 

spectra of Cp- and Cp*M(CO)3 (M = Mn, Re) were obtained and analyzed 

by Lichtenberger and coQworkers,20 who concluded that the majority of 

the >1 eV destabilization of the valence Cp e1" orbital on 

permethylation of the ring is due mostly to hyperconjugation effects 

and not simply methyl inductive effects. The observed ca. 0.5 eV 

shift to higher energy of both core and valence metal orbitals was 

attributed to charge redistribution toward the metal center. It 

should be noted that in these carbonyl complexes and especially the Re 

complexes, much of the increased electron density on the metal center 

was delocalized to the carbonyls via metal-carbonyl back'bonding. 

Brill and colleagues21 studied the 59Co nuclear quadrupole resonance 

spectra of Cp- and Cp*CoLX2 systems and concluded that the difference 

in the inductive electron donation of Cp and Cp* is not large, in 

agreement with Lichtenberger's work and the general theoretical 

treatment on methyl substituted ~systems by Libit and Hoffmann.22 

The above resul ts may be compared with the ESCA <,~lectron ~pectroscopy 

for £hemical ~nalysis) studies on metallocenes by Gassman and co

workers.23 In analyzing spectra of Cp and Cp* titanocenes, 

zirconocenes, hafnocenes, and ferrocenes, a shift of ca. 0.8 eV to 

higher electron binding energy was observed on substituting two Cp 
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ligands for two Cp* ligands. By analogy to the X-ray photoelectron 

spectroscopy studies of Feltham and Brant,24 in which it was found 

that the metal electron binding energy increases about 1 eV per unit 

increase in the formal metal oxidation state, Gassman concluded that 

substitution of two Cps for two Cp*s results in an effective one 

electron oxidation of the metal center. It appears, then, that 

Gassman's data are consistent with the studies of Lichtenberger, 

Brill, and Hoffmann, but that Gassman alone relates the changes in 

electron binding energies to a change in the oxidation state of the 

metal center. This analogy must be viewed with considerable 

skepticism in light of the recent photoelectron spectroscopy (PES) 

studies of J.C. Green and co-workers.25 They measured PES spectra for 

the Ir(I/III/V) series Cp*Ir(CO)2' Cp*IrMe2(Me2S0), and Cp*IrMe4' and 

found that the first ionization energies of these complexes (6.94, 

7.01, 7.37, respecti vely) are remarkably constant, and that the 

average d-orbital ionization energy is 0.88 eV higher for the Ir(I) 

complex than for the Ir(V) complex (by Gassman's analogy, one would 

have expected it to be about 4 eV lower). In summary, the 

spectroscopic comparisons of Cp and Cp* complexes do not permit us to 

make even a qualitative prediction about what reactivity changes will 

result when Cp is substituted for Cp*. 

The steric consequences of Cp ring permethylation are much more 

easily evaluated. Malcolm Green et al. 26 have defined cone angles 

for M-Cp and M-Cp* of 110° and 142
0 

respecti vely, although the utility 

of these figures is somewhat diminished by the authors's failure to 

explicitly state the metal-centroid distance assumed in the model. 
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There is little question that the increased steric bulk of Cp* versus 

Cp can exert a significant influence on the reactivity of its 

complexes. In an example particularly pertinent to this work, Rerek 

and Basolo5 found that rates of associative ligand substitution at 

Cp*M(CO)2 (M = Co, Rh) complexes were much slower than those at 

CpM(CO)2 (e.g., 102 times slower for P(.!!-Bu)3 substitution at 

Cp*Rh(CO)2 versus CpRh(CO)2). The rates of these associati ve 

reactions were also highly dependent on the bulk of the incoming 

ligand, which led the authors to propose that the bulk of the Cp* 

ligand was largely responsible for the slower substitution rates of 

those complexes. They acknowledge, however, that the rate retardation 

may also be due in part to the difficulty of "slipping" a Cp* ring 

compared to a Cp ring to form the suspected (173-CP(*»M(CO)2L 

intermediates in these reactions. Regardless of the origin of this 

effect, is is clear that associative reactions requiring a ring slip 

are more facile for the Cp complexes. Perhaps this difference will 

permit the Cp(PMe3)Ir(R)(H) complexes to coordinate and alkyl-insert 

small molecules (e.g., CO, CO2, ethylene), thus effecting the net 

alkane functionalization which has been elusive in the Cp* system. 

Experimental Section 

General. All reactions were carried out under nitrogen or argon 

atmosphere using Schlenk techniques or a drybox. Drybox manipulations 

were performed in a nitrogen-filled Vacuum Atmospheres 553-2 drybox 

with attached M6~40-1H Dri-train. 

NMR spectra were recorded on the 300 MHz spectrometer constructed at 

the Uni versi ty of California at Berkeley (UCB) NMR facillty. 1 H NMR 
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and 13C NMR chemical shifts are reported in parts per million 

downfield of tetramethylsllane. 31 P NMR chemical shifts are reported 

in ppm downfleld of 85% H3P04. All coupling constants are reported in 

Hz. Infrared spectra were recorded on a Perkin-Elmer 283 grating 

spectrometer. Mel ting points (uncorrected) were determined with a 

Thomas-Hoover capillary melting point apparatus. Elemental analyses 

were conducted by the UCB microanalytical laboratory, and mass spectra 

were recorded by the UCB mass spectrometry laboratory. 

Unless otherwise noted, reagents and solvents were used as 

received from commercial suppliers. Ethylene (technical grade) was 

purchased from Matheson; iodine (crystals, sublimed), tetrahydrofuran, 

methylene chloride, and benzene were purchased from Mallinckrodt; 

LiEt3BH ("super hydride," as a 1 M THF solution), tBuLi (as a 1.7 M 

pentane sol utlon), and methyl tosylate were purchased from Aldrich; DME 

(spectrophotometric grade), cyclohexane (spectrophotometric grade), 

and hexamethyldislloxane were purchased from Aldrich; diethyl ether 

(anhydrous), hexane (HPLC grade), and pentane (HPLC grade) were 

purchased from Fisher; benzene-d6 and acetone-d6 were purchased from 

Chemical Dynamics Corporation. Benzene, benzene-d6, THF, and diethyl 

ether were distilled under nitrogen from sodium-benzophenone. 

Cyclohexane was washed first with concentrated H2S04' then with water 

and aqueous Na2C03 before predrying over MgS04 and distillation under 

nitrogen from CaH2• DME, hexane, and pentane were distilled under 

nitrogen from lithium aluminum hydride. Methylene chloride and 

hexamethyldlsiloxane were distilled under nitrogen from calcium 

hydride. Trimethylphosphine was purchased from Strem Chemicals and 

vacuum transferred from Na/K alloy before use. 
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were prepared according to published procedures. 

"Pyrex bomb" denotes a 50 ml cylindrical vessel of medium-wall 

Pyrex glass sealed to a high vacuum Teflon stopcock. 

The photolysis apparatus consisted of a 450 W Canrad-Hanovia 

mercury immersion lamp with an Ace 7830-60 power supply and an Ace 

78748-38 immersion well. The immersion well was secured in a large 

vacuum Dewar flask filled water and cooled to 5-10 °c by a Lauda K4-RD 

refrigerated bath circulator. 

Cp(PHe3)IrI2 (11). A CH2Cl2 (40 ml) solution of iodine (170 mg, 

7.70 x 10-4 mol) was added via cannula to a stirred CH2Cl 2 (10 ml) 

solution of Cplr(C2H4)2 (191 mg, 6.09 x 10-4 mol) under argon in a 100 

ml three neck roundbottom flask equipped with stirbar, stopper, vacuum 

stopcock and serum cap. An immediate precipitation of dark red brown 

solid accompanied the addition. This solid, presumably [CplrI2], 

could either be isolated (96%) by filtration in air or reacted further 

as a suspension. In the latter case, trimethylphosphine (7.35 x 10-4 

o mol) was condensed into the reaction flask at -196 C from a known 

volume bulb, and the reaction mixture was allowed to warm to room 

temperature, where it was stirred for 2.5 h to produce a red solution. 

Volatile materials were removed under vacuum and the crude product was 

crystallized by dissol ution in hot CH2Cl2 and cooling slowly to 

-80°C. The resulting dark red crystals were filtered in air, washed 

with cold diethyl ether, and exposed to high vacuum for 2 h to give 

306 mg (86%) of product: mp 200-205 °c (decomp.); IR (CHCI3) 3058 

(m), 2994 (m), 2238 (m), 1421 (m), 1290 (m), 1268 (s), 957 (m)cm- 1; 
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lH NMR(CDC1 3 ) 05.52 (d, 5H, J=1.3, Cp), 2.06 (d, 9H, J=11.1, PMe3); 

13C{lH} NMR(CD 2 C1 2) 0 82.77 (d, J=2.9, Cp), 20.21 (d, J .. 43.6, PMe
3

); 

31 P{~ H} NMR(CD2C1 2) 0 -43.5 (s); MS, mle 586/588. Anal. Calcd. f·or 

C8H1412IrP: C, 16.36; H, 2.40; I, 43.23; P, 5.28. Found: C, 16.56; 

H, 2.52; I, 43.18; P, 5.13 • 

CP(PMe3)IrH2 (5)~ LiEt3BH (2~65 ml of a 1.0 M THF solution, 2.65 

ml) was added via syringe to a stirred diethyl ether (150 ml) 

suspension of Cp(PMe3)IrI2 (600 mg, 1~02 x 10-3 mol) in a 300 ml three 

neck round bottom flask equipped with a magnetic stirbar, vacuum 

stopcock, stopper, and serum cap. The reaction mixture was stirred 

for 3 h before being quenched by passage through a pad of celite. The 

eluate was concentrated under vacuum to give a golden oil from which a 

white crystalline solid (150 mg, 44%) was sublimed (40 ° C, 1 x 10-3 

torr): mp 121-122 °C;IR(C6H6) 2139 cm- 1, "Ir- H; 1H NMR(C6D6) 0 5.02 

(d, 5H, J .. 0.8,. Cp), 1.38 (d, 9H, J=l 0~5, PMe3)' -17.54 (d, 2H, J=31.3, 

Ir-H); 13C{ 1 H} NMR(C6D6) 0 78.94 Cd, J=2.8, Cp), 27.11 (d, J=39.3, 

PMe3); 31 P{~ H} NMR(C6D6) 0 -42.3 (s); MS, mle 334/336; UV-vis(n

hexane) Amax= 242 nm, E= 4.3 x 103 M-1cm-1• Anal. Calcd. for 

C8H16IrP: C, 28.65; H, 4.81; P, 9.24. Found: C, 28.91; H, 4.89; P, 

9.44. 

Cp(PMe3)Ir{Ph)(H) (6). A degassed benzene (30 ml) solution of 

dihydride 5 (36 mg, 1.1 x 10-4 mol) in a Pyrex bomb was irradiated for 

8 h in the photolysis apparatus described above. Removal of the 

volatiles under vacuum gave a tan residue which was purified by 

chromatography (alumina III, benzene eluent) to gi ve 19 mg (43%) of a 

tan, analytically pure solid, which could be obtained in crystalline 

o 
form by cooling pentane-hexamethyldisiloxane solutions to -30 C: mp 
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103-105 ° C; IR(C6H6) 2146 cm -1, "Ir-H; 1 H NMR(acetonei1d6) () 7.49 
. . 

(m, 2H, £-CH), 6.62 (m, 5H, !!!-,l?-CH), 5.18 (s, 5H, Cp), 1.49 (d, 9H, 
. . 

J-l0.8, PMe3)' -17.49 (d, lH, J=34.4, Ir-H); 13C{lH} NMR(acetone-d6) 

() 148.26 (s, £-CH), 127.63 (d, J=123.8, ,!-C), 127.17 (s, !!!-CH), 120.88 

(s, .E.-CH), 82.73 (d, J .. 2.0, Cp), 22.03 (d, J=40~6, PMe3); 3~ p{l H} 

NMR(acetone-d6) () -35.3 (s); MS, mle 410/412. Anal. Cal cd. for 

C14H20IrP: C, 40.86 H, 4.90 Found: C, 40.71 H, 5.00. 

Cp(PHe3)Ir(Cy)(H) (1). A cyclohexane (40 ml) solution of 

dihydride 5 (183 mg, 5.46 x 10-4 mol) was irradiated for 11 h, after 

which time 31p{lH} NMR analysis of the solution indicated a 2.7:1 

ratio of starting material to a new product. Chromatography (alumina 

III, 3J DME-cyclohexane) permitted separation of unreacted starting 

material and gave a crude product which could be further .purified by 

crystal 1 ization from concentrated pentane-hexamethyldisiloxane 

solutions at -30 °c to afford 18 mg (8J overall, 29J based on 27J 

conversion of starting material) of white crystalline solid: 

Cp), 2.57 (m, lH, a-CH), 2.20, 2.11,2.00, 1,83, 1.80, 1.7-1.4 

(se veral mul tipl ets, 10H, (j,fj', ,)" ,),', ()-CHH'), 1.22 (d, 9H, J=10.0, 

PMe3)' -18~29 (d, 1H, J=35.4, Ir-H); 13C{lH} NMR(C6D6) () 82.13 (d, 

J=3.5, Cp), 50.52 (d, J=3.3, (j-CHH'), ~8.20 (s, (j'-CHH'), 33.02 (s, ')'-

CHH'), 32.85-(s, ')"-CHH'), 28.30 (s, ()-CHH'), 22~32 (d, J=37.9, PMe3)' 

4~73 (d, J-7.0, a-CH); 31 p {1H} NMR(C6D6) () -39.5 (8); MS, mle 416/418. 

Anal. Calcd. for C14H26IrP: C, 40.27; H, 6.28. Found: C, 39.95; H, 

6.45. 

Cp(PHe
3

)Ir(CH
3

)(H) (8)~ tBuL i (0.142 ml of a 1.7 M pentane· 
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solution, 2.~1 x 10-~ mol) was added via syringe to a stirred hexane 

(5 ml) solution of dihydride 5 (70.3 mg, 2.2~ x 10-~ mol) at -30 °c. 

Within a few seconds of the addition, the originally colorless 

sol ution turned sl ightly yellow green. The reaction mixture was 

allowed to warm to room temperature and was stirred for 30 m before 

methyl tosylate (52 mg, 2.8 x 10-~ mol) was added as a benzene (1 ml) 

sol ution. This addition was accompanied by the precipitation of a 

white solid. The mixture was stirred an additional 20 m before 

concentration under vacuum, which left a white solid. The solid was 

extracted with C6D6 (0.7 ml) and filtered through a cotton plug. 1H 

NMR analysis of the resul ting sol ution indicated a new product with 

iridium-bou"nd methyl and hydride ligands in addition to a very small 

amount of dihydride 5 «2% relative to the new product) and residual 

methyl tosylate. Off-white crystals (17 mg, 22%) were obtained by 

crystallization from a concentrated pentane-hexamethyldisiloxane 

sol ution at -30 ° C: 

NMR(C6D6) a ~.93 (d, 5H, J=0~8, Cp), 1~26 (d, 9H, Jz;l 0~2, PMe3)' 1.1 ~ 

(d, 3H, J=5~7, Ir-CH 3 ), -17.21 (d, lH, J"35.5, Ir-H); 13C{lH} 

NMR(C6D6) a 81.17 (d, J=3.5, Cp), 22.12 (d, J=38.2, PMe3)' -52~09 (d, 

J=9.0, Ir-CH
3

); 31 p{l H} "NMR(C6D6) a -39.6 (s); MS, mle 3~8/350. Anal. 

Calcd~ for C9H18IrP: C, 30.9~; H, 5.19. Found: C, 30.60; H, 5.37. 

Cplr(PMe3)2 (9). [(COE)2IrCl]2 (552 mg, 6.16 x 10-~ mol) and 

NaCp (125 mg, 1.~2 x 10-3 mol) were combined in a 100 ml roundbottom 

flask equipped with stirbar and vacuum stopcock. Into this flask, THF 

(50 ml) and PMe3 (2~ 6 mg, 2~8~ x ~ 0-3 mol) were condensed at -196 ° C. 

This mixture turned pale yellow on warming to room temperature, and 

heating to 45 °c for 5 h produced a deep orange solution. Removal of 
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volatile materials under vacuum left a chalky orange residue, which 

was extracted with pentane (3 x 10 ml). The pentane extract was 

fil tered through cel ite to remove an insol uble purple material, and 

the ·filtrate was concentrated to ca. 8 mI. Cooling this solution to 

-30 ° C produced orange crystals, which were fil tered and exposed to 

high vacuum for 2 h to give 281 mg (56%) of the extremely air

sensiti ve product: mp 96-98 °C; IR(C6H6) 2965 (m), 2901 (m), 1472 

(m), 1420 (m), 1295 (m), 1278 (m), 958 (s), 946 (s), 848 (m), 772 (m), 

662 (m) cm- 1 ; lH NMR(C6D6) 05.15 (t, J .. 0.5, Cp), 1.43 (vt, 18H, 

N=9.1, PMe3); 13C{1H} NMR(C6D6) 0 78~4 (t, J=2.4, Cp), 27~9 (vt, 

N=35.6, PMe3); 31p{lH} NMR(C6D6) 0 -51.1 (s); MS, m/e 408/410~ Anal. 

Calcd. for C11 H23 IrP2 : C, 32.27; H, 5.66. Found: C, 31.96; H, 5.80. 
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