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Oxidative Addition of Rhodiwa to Alkane C-H Bonds: Enhanceaent in 

Selectivity and Alkyl Group Functionalization, and the First Structurally 

Characterized Derivative of a C-H Insertion Product 

Roy A. Periana-Pillai and Robert G. Bergman 

Contribution from the Department ~ Chemistry. University of California 
and Materials and Molecular Research Division 

Lawrence Berkeley Laboratory 
Berkeley. Calfornia 94720 

Abstract. UV irradiation of (n5-c5Me5)RhPMe3n2 (2) in alkanes below 

-30°C results in the formation of (n 5-c5Me5)RhPMe3(R)(R) (4) with 

significantly greater selectivity toward different C-R bonds than the iridium 

analogue. The mechanism is proposed to be a concerted oxidative process 

proceeding via the unsaturated intermediate [(n5-c5Me5)RhPMe3] (3). 

Conversion of the thermally labile complexes 4 to (n 5-c5Me5)RhPMe3 (R)(B~) (5) 

by treatment with CHBr3 allowed characterization of these derivatised C-R 

activation products by both spectrometric and-analytical methods. In the 

case where R is cyclopropyl (5c) the molecular structure was determined by 

X-ray crystallography. Treatment of 5 with Br2 at 25°C results in the 

formation of (n5-c5Me5)RhPMe3Br2 (7) and bromoalkane. 
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Oziclative Addition of Rhodium to Alkane C-H Bonds: Enhancement in 

Selectivity and Alkyl Group Functionalization, and the First Structurally 

Characterized Derivative of a C-H Insertion Product 

Roy A. Periana-Pillai and Robert G. Bergman 

Contribution from the Department of Chemistry. University of California 
~ Materials ~ Molecular Research Department 

Lawrence Berkeley Laboratory 
Berkeley, California 94720 

Recently several examples of homogeneous oxidative addition of alkane 

C-H bonds to iridium centers have been discovered~! Both Jones' group2 and 

our own have been independently examining the related rhodium system (n5-

c5Mes)Rh(PMe3)H2 (complex 2 in Scheme 1) because of the possibility that 

selectivity and alkyl group functionalization will be enhanced with rhodium. 

We now wish to report our results in this area, which do in fact demonstrate 

that the selectivity of the Rh system is greater than that of the Ir system, 

and that at least one alkane functionalization method is more effective. In 

addition, we have obtained several haloalkylrhodium derivatives of the C-H 

activation products in analytically pure form, and have succeeded in 

determining the structure of one of these by X-ray diffraction. 

Dihydride 2 was prepared by treating the corresponding dichloride3 1 

with a toluene solution of Na(CH3ocn2cn2o)2AlH2 ("RED-AL") in diethyl ether. 

The dihydride was isolated in 85% yield and analytical purity as large, pale 

yellow plates which melt sharply at 37°C after recrystallization from 

hexane.4 Irradiation of 2 at roam temperature resulted in loss of H2 and 

formation of a dark, as yet unidentified product (presumably a cluster 

complex), but no new hydrides. However, when irradiation was carried out 

below -30°, the formation of new alkyl hydrides 4 (Scheme 1) was observed by 
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1H NMR. These resonances appear in the usual upfield region, and are 

typically seen as doublets of doublets due to coupling to rhodium and 

phosphorus. As with the iridium system,lc the chemical shift of the hydride 

resonance seems to depend quite strongly on the n~ture of the alkyl group 

attached to rhodium. In addition, it once again appears that this is a 

completely general reaction, occurring with all substrates we have tried 
/{"j' 

' ' which remain liquid at the temperatures required to maintain the stability of 
I 

\./ the hydridoalkyl complexes. Cyclopropane is an especially efficient 

substrate despite the very high dissociation energy (106 kcal/mole) 5 of its 

C-H bonds. The C-H insertion product is formed,quantitatively on irradiation: 

of 2 in this solvent, with no sign of any products formed by C-C insertion. 

Warming the irradiated solutions of hydridoalkylrhodium complexes to 

temperatures near -20° caused rapid reductive elimination and probable 

formation of the cluster complex mentioned above. 

We have been able to characterize several of the hydridoalkyl complexes 

4 by 1H NMR6 , but all attempts at isolation have failed. However, treatment 

of the hydrides with a twofold excess of CHBr3 at -60° converted them to the 

corresponding bromoalkylrhodium complexes 5. These, too, are sensitive 

materials, decomposing slowly in solution at room temperature or on attempted 

chromatography. However, in at least certain cases they can be isolated by 

rapid evaporation of solvent, extraction into n-hexane, and recrystallization 

from Et20/hexane. In this way pure samples of the bromoethyl (Sa), -propyl 

(Sb), and -cyclopropyl (Se) complexes have been obtained and characterized by 

elemental analysis and 1H and 13c NMR spectroscopy.7 

A number of haloaryl and -alkyl derivatives have now been obtained from 

C-H insertion reactions in the Ir and Rh systems.1 ' 2 The aryl derivatives 

are in general quite stable and easy to handle. The related alkyl complexes 
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are almost always less tractable, and before the work reported here was 

completed, none had been characterized by X-ray diffraction. For this 

. reason, we made a particular effort to obtain X-ray quality crystals of one 

of the haloakylrhodium complexes. After numerous attempts this was finally 

achieved in the case of the cyclopropyl complex Sc by slow recrystallization 

from a 25% mixture of TRF in hexanee8 An ORTEP diagram is reproduced in Fig. 

1; it shows clearly the intact cyclopropyl ring and its a-bonding to the 

metal. The configuration around the Rh is the usual 3-legged piano-stool 

arrangement typical of (n5-c5Me5)Rh(III) complexes. The cyclopropyl ring 

points away from the phosphine ligand and is slightly compressed along the 

Cl2-Cl3 bond. Some important bond distances and angles are given in the 

figure caption; additional structural data are supplied as supplementary 

material. 

The most straightforward mechanism for the reaction of 2 with C-H bonds 

involves formation of the reactive, coordinatively unsaturated intermediate 

3, as outlined in Scheme 1. Support for this mechanism is provided by the 

following experiments: (1) irradiation of 2 in a mixture of cyclopropane and 

perdeuterated methylcyclohexane resulted only in the formation of 

( n 5-c5Me5)(PMe3)Rh(C3H5)H and ( n5-c5Me5)(PMe3)Rh(c7n13)D after 30% conversion 

of starting material; (2) Low-temperature irradiation of 2 in solutions 

containing CO gave (n5-c5Mes)Rh(CO)(PMe3)9 (6); (3) when a mixture of 2 and 

complex 4b was warmed to -20° in liquid cyclopropane, conversion of 4b to the 

corresponding hydridocyclopropyl complex 4c was observed. These results are 

consistent with the formation of coordinatively unsaturated intermediate 3 on 

irradiation of 2, and demonstrate that the same intermediate (i.e., one which 

is reactive toward saturated C-H bonds) is regenerated on reductive 

elimination of the hydridoalkyl complexes at -20°. It is of some interest 
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that reductive elimination of the corresponding iridium complexes occurs only 

at 110° or higher.1c The higher temperatures required for reductive 

elimination in the iridium case supports the idea that the C-H oxidative 

addition is significantly less exothermic for Rh than for Ir. 

We next sought to obtain a better idea of the relativ~ reactivity of 

intermediate 3 toward different hydrocarbons, and compare these with the 

iridium rates. Irradiation of 2 in mixtures of hydrocarbons, as well as in 

hydrocarbons containing more than one type of C~H bond, was carried out. 

Although isolation and characterization of all products could not be 

performed in these experiments, a good correlation between 1H NMR chemical 

shifts and the type of alkyl group attached to the metal (analogous to that 

observed in the Ir system1c), established with irradiation experiments on 

pure hydrocarbons, allowed us to make reasonable assignments of the 

structures of the products formed. Knowing the relative amounts ~f each 

hydrocarbon in the solvent and the number of hydrogens in each molecule, 

integration of signals due to each hydride in the NMR spectra of the 

photolysis mixtures allowed us to estimate the relative reactivities 

summarized in Table 1. 

In order to make a careful comparison of selectivities, competition 

experiments done earlierlc at 0° - 10° with (CsMe5)(PMe3)IrH2 were re-done at 

-60~, the temperature used for the Rh experiments. These data reveal that 

the Rh and Ir complexes exhibit parallel trends in selectivity, providing 

strong evidence that they undergo C-H oxidative addition by similar 

mechanisms. However, the two reactive intermediates differ strikingly in 

their degree of selectivity. In all cases, the rhodium complex is 

significantly more discriminating, particularly between C-H bonds in the same 

molecule. Indeed, with acyclic alkanes the Rh complex apparently inserts 
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only into primary C-H bonds, while the Ir complex favors primary insertion 

over secondary relatively weakly. In no instance has insertion into tertiary 

C-H bonds been observed for either system. The greater selectivity of the 

rhodium system correlates nicely with the significantly lower exothermicity 

of its C-H insertion reactions. 

Finally, we have obtained some promising preliminary results on 

conversion of the alkyl groups in these rhodium complexes to organic 

molecules. In the iridium system, we were not able to convert the haloalkyl

metal complexes to alkyl bromides by direct treatment with Br2; it was 

necessary to first effect alkyl transfer to mercury. In contrast, treatment 

of bromoalkylrhodium complexes 5 with Br2 results in conversion to 

<n 5-CsMes)(PMe3)Br2 (7) and R-Br {8) in high yiel~ We are continuing to 

search for other differences in functionalization behavior between rhodium 

and iridium, with a special eye toward finding reagents which will produce 

oxygenated derivatives. 
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Supplementary Material Availabl~ Experimental writeup by Dr. 

Hollander, datacollection and refinement parameters, positional parameters 

and their esd1s, general temperature factor expressions and their esd's, raw 

interatomic distances and angles for Sc, listing of F0 and Fe and packing 

diagrams for the crystal (25 pages). Supplied with the archival edition of 

the journal, available in many libraries; alternatively, ordering information 

is given on any current masthead page. 
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Found: C, 42.57; H, 7.01; P, 7.12. 

For Sb: 1H NMR (CDC1 3): o 1.67 (d; 5=2.6 Hz, lSH), 1.81 (M, 2H)', 1.45 

(dd, J=10.0, 0.6 Hz, 9H), 1.25 (M, 2H), 0.94 (t, J=7.2 Hz, 3H). 13 c NMR 

(250 MHz, CDC1 3 ): 698.63 (t, J=4 Hz, C5Me 5), 29.65 (M, CH 2-cH2-cH3), 

23.73 (s, CH2-cH2-cH3), 15.24 (d, J=31 Hz, PMe 3), 9.45 (s, c5Me 5), 9.35 

(s, CH2-cH2-CH3). Mass Spectrum: 393, 395 (M+~c3H7 ). Anal. Calcd for 

C15H31PRhBr: C, 43.95; H, 7.17; P, 7.08. Found: C, 44.22; H, 7.21; P, 
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For Sc: 1H NMR (CDC1 3): o 1.67 (d, J=2.7 Hz, 15H), 1.48 (dd, J=10.2, 0.6 

Hz, 9H), 0.76 (M, 2H), 0.32 (M, 3H); 13c NMR (250 MHz, CDC1 3): o 98.63 

(t, J:i:4 Hz, c 5Me 5), 16.14 (d, J=31 Hz, PMe 3), 9.41 (s, c 5Me 5), 8.89 (s, 

c 3H5), 7.93 (s, c 3H5), 2.58 (M, c 3H5). Mass Spectrum: 434, 436 (M+). 

Anal. Calcd for c 16H29PRhBr: C, 44.16; H, 6.72; P, 7.12. Found: C, 

43.99; H, 6.50, P, 6.95. 

8. Crystal data for 5c: Monoclinic crystals; space group P21/C, a = 

8.1119(13), b = 16.2018(17}, c = 14.4864(12), 8 = 104.685(10), v = 

1841.7(7), d(calc) .. 1.569 g cm 3 , ~(calc) .. 31.37 cm-1 • The structure 

was solved by Patterson methods and refined via standard least squares 

and Fourier techniques; the final residuals for 172 variables refined 

against the 203 5 data for which F2 > 3cr (F 2) were R = 2.3 2%, wR = 3.57% 

and GOF '"'2.847. The R value for all 2404 data was 5.16%. 

ts 9. Werner, H.; Klingert, B.~Organomet. Chem.l981, 218,395. 
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Figure Caption 

Figure l· ORTEP diagram illustrating the structure of Cn 5-c5Me 5)(PMe.J)Rh(C3H5}Br 
(5c)~ Selected bond distances and angles: Rh-C11: 2o077; 
Rh-Cp: 1.870; Rh-P: 2e249; Cll-C12: 1.515; C12-Cl3: 1.472; 
Br-Rh-Cp: 122.1; P-Rh-Cp: 131.3; C12-Cll-C13: 58.1; 
Cll-C12-C13: 61.0; Rh-Cll-Cl2: 128.2; Rh-Cll-Cl3: 120.0o 
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Figure I 
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Table 1. Relative Rate Constantsa ~or Attack at a Single C-H Bond in 
Different Molecules by (n -c5Me5)(PMe3)M, M =. Rh and Ir at -60°Ce 

krel 

C-H Bond M • Rh M = Ir 

Benzene 19.5 3.9 

Cyclopropane 10o4 2.1 

n-Hexane (1 0) 5.9 2.7 

n-Hexane ( 2o)b oc 0.2 

Propane (1 0) 2.6 1.5 

(20) I oc 0.3 Propane 

Cyclopentane 1.8 1.1 

Cyclohexane 1.0 1.0 

a Relative rate constants are determined from compet~t~on 
experiments (see text) carried out with each individual metal 
complex in mixtures of two solvents, and are normalized by 
arbitrarily settin\ the rate constant for cyclohexane equal to 
1.0 in each case. Average ~el for attack on both types of 
secondary hydrogens. c A krel larger than 0.1 could have been 
detected. 
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