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Abstract 

The tethered, chiral, chelating diphosphine rhodium complex (shown below), which 

catalyzes the enantioselective hydrogénation of methyl-a-acetamidocinnamate (MAC), has 

the illustrated structure as established by 31P NMR and IR studies. Spectral and catalytic 

investigations also suggest that the mechanism of action of the tethered complex is the same 

as that of the untethered complex in solution. 

The rhodium complexes, [Rh(COD)H]4, [Rh(COD)2]T3F4", [Rh(COD)Cl]2, and 

RhCl3*3H20, adsorbed on Si02 are optimally activated for toluene hydrogénation by 

pretreatment with H2 at 200 °C. The same complexes on Pd-Si02 are equally active without 

pretreatments. The active species in all cases is rhodium metal. The catalysts were 

characterized by XPS, TEM, DRIFTS, and mercury poisoning experiments. 

Rhodium on silica catalyzes the hydrogénation of fluorobenzene to produce 

predominately fluorocyclohexane in heptane and 1,2-dichloroethane solvents. In 

heptane/methanol and heptane/water solvents, hydrodefluorination to benzene and 

Pd 
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subsequent hydrogénation to cyclohexane occurs exclusively. Benzene inhibits the 

hydrodefluorination of fluorobenzene. In DCE or heptane solvents, fluorocyclohexane reacts 

with hydrogen fluoride to form cyclohexene. Reaction conditions can be chosen to 

selectively yield fluorocyclohexane, cyclohexene, benzene, or cyclohexane. 

F 

PhH CyH 

The oxorhenium(V) dithiolate catalyst [-S(CH2)3S-]Re(0)(Me)(PPh3) was modified 

by linking it to a tether that could be attached to a silica support. Spectroscopic investigation 

and catalytic oxidation reactivity showed the heterogenized catalyst's structure and reactivity 

to be similar to its homogeneous analog. However, the immobilized catalyst offered 

additional advantages of recycleability, extended stability, and increased resistance to 

deactivation. 

TBHP TBHP 

Re catalyst Re catalyst 

R=H DBT 
R=Me 4,6-Me2DBT 

(Si0rRTA)Re(0)(Me)(PPh3) 
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General Introduction 

Dissertation Organization 

This dissertation contains four papers, Chapters 2-5, in the format required for 

publication in the Journal of Molecular Catalysis A: Chemical describing the research I have 

performed at Iowa State University. The first chapter consists of an organizational overview 

and brief introduction to the topics covered. A general conclusion is included as Chapter 6 

after the final paper. In the introduction, conclusion, as well as the papers, the literature 

citations, schemes, tables, equations, and figures pertain only to the chapters in which they 

appear. 

Introduction 

Homogeneous catalysts are capable of performing a wide range of chemical 

transformations, can be rationally modified to achieve diverse selectivity, and can be easily 

characterized. However, the homogeneous nature of the catalysts makes their separation and 

recovery after a reaction challenging. One strategy for the separation and reuse of 

homogeneous catalysts is to immobilize them on supports [1-5]. This immobilization affords 

the advantages of both homogeneous and heterogeneous catalysts. The selectivity, tunability, 

and ease of characterization of the homogeneous catalyst are retained as the active sites 

remain homogeneous single sites, similar to their solution analogs. In addition, the support 

allows separation and recovery of the catalyst from the reaction medium by simple filtration. 

Thus, the immobilization of homogeneous catalysts on solid supports gives a catalyst with 

the advantages of both homogeneous (selectivity, tuneability, and homogeneous sites) and 

heterogeneous (separation, recovery, and reuse) catalysts. Furthermore, additional benefits 
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due to site-isolation of the catalyst centers may occur since immobilization isolates the 

catalyst sites and prevents bimolecular deactivation pathways. 

In previous studies of tethered catalysts in the Angelici group [6-11], it was observed 

that rhodium complexes tethered to silica that also contained supported palladium metal were 

highly active catalysts for the hydrogénation of arenes under mild conditions (1 atm, 40 °C). 

Both the tethered rhodium complex and supported palladium metal contributed to the high 

activities of the catalysts. Their activities were much greater than either the complex tethered 

to silica or palladium on silica separately. The specific roles of the tethered complex and 

supported palladium are not known, but it was suggested [6-11] that the increased activity is 

due to hydrogen activation by the palladium, hydrogen spillover [12] to the silica surface, 

and utilization of the activated hydrogen by the tethered rhodium catalyst. Another 

possibility is that the activity of the catalyst is due to rhodium metal on the silica, which is 

formed by palladium-promoted reduction of rhodium that dissociates from the tethered 

complex. 

There is currently much interest in the synthesis of chiral organic compounds using 

enantioselective transition metal catalysts for the hydrogénation of prochiral olefins [1-4]. 

Within this methodology, the use of chiral phosphine-metal complexes represents an 

effective and highly studied area [1-4]. When such enantioselective catalysts are tethered on 

solid supports, the resulting catalysts combine the advantages of both homogeneous 

(selectivity, tuneability, and homogeneous sites) and heterogeneous (recovery and 

separation) catalysts [1-3]. Therefore, the immobilization of enantioselective homogeneous 

catalysts is a highly desirable goal. 
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One of the best examples of an immobilized enantioselective hydrogénation catalyst 

is that reported by Pugin and Mûller [13] and Pugin [14], who examined the enantioselective 

hydrogénation of methyl-a-acetamidocinnamate, MAC, Eq. (1), using rhodium catalysts 

Ph^^H Rh catalyst Ph^V^H 

ÂV Hi(1aml c.) 
o MeOH o 

MAC 25 °c MACH 2 

containing the chiral chelating phosphine (2S,4S)-4-(diphenylphosphino)-2-

(diphenylphosphinomethyl)pyrrolidine, PPM, Eq. (2), 

.PPh- ° 

(EtO)3Si/X^/XN^V + Ç *" H (2) 
PPh- V _ 

RNCO 2 
PPM R-PPM 

1 

tethered on silica. The addition of [Rh(COD)2]+BF4-, where COD = 1,5 cyclooctadiene, to 

the immobilized chiral, bidentate PPM ligand produced a very active and highly 

enantioselective catalyst SiOa-R-PPM-Rh-COD, with activities and enantioselectivities 

comparable to those of the untethered [(B-PPM)Rh(COD)]+BF4- [B = COaCt-Bu)] in solution, 

with turnover frequencies (TOP) of 6.25-12.5 min"1 and enantiomeric excesses (ee's) of 89.8-

94.5% [13]. 

Given the high enantioselectivity of Pugin's SiOz-R-PPM-Rh-COD catalyst, we 

sought to determine whether this catalyst in combination with supported Pd metal would 

serve as an enantioselective catalyst for the hydrogénation of prochiral arenes. Prior to 

performing the arene hydrogénation studies, we sought to characterize the SiOz-R-PPM-Rh-

COD catalyst and to understand its stability, especially with respect to air oxidation. These 



www.manaraa.com

4 

studies, together with initial investigations of arene hydrogénation using Pd-SiOz-R-PPM-

Rh-COD, consisting of SiOz-R-PPM-Rh-COD and supported Pd metal, are described in this 

paper. These catalysts were investigated by 31P NMR spectroscopy, diffuse reflectance 

infrared Fourier transform (DRIFT) spectroscopy, reaction studies (including measurements 

of rates and enantioselectivities of hydrogénation reactions), and mercury metal poisoning 

experiments. 

In Chapter 3, we have attempted to determine whether palladium promotes the 

formation of rhodium metal in catalysts that are prepared by adsorbing Rh complexes on Pd-

SiOz- It was previously observed that rhodium complexes tethered to silica that also 

contained supported palladium metal were more active, for the hydrogénation of arenas, than 

either the complex tethered to silica or palladium on silica separately [6-11]. In the literature, 

there are reports of rhodium/palladium bimetallic catalysts on silica or alumina supports that 

are less active for arene hydrogénation than rhodium alone. Papers by del Angel et. al. [15] 

and Araya et. al. [16] show that supported bimetallic rhodium/palladium catalysts prepared 

by impregnation of RhCU and PdClz in aqueous solutions or bis(acetylacetonato)palladium in 

dichloromethane onto silica or alumina are less active for benzene hydrogénation than 

rhodium-only supported catalysts [15,16]. In contrast, tethered rhodium complexes and 

supported palladium metal are more active for arene hydrogénation than catalysts consisting 

of the tethered rhodium complexes only [6-11]. Therefore, we investigated conditions under 

which palladium increases or decreases the arene hydrogénation activity of rhodium 

catalysts. 

Silica- and alumina-supported rhodium is known to be much more active than 

supported palladium as an arene hydrogénation catalyst [15-17]. The activity of the 
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palladium-supported catalyst is known to be structure insensitive and does not depend on the 

size of the palladium particles [17]. On the other hand, the activity of supported rhodium 

catalysts is structure sensitive and depends on particle size. Rhodium metal clusters of 10 À 

or larger are needed for arene hydrogénation; smaller particles show no arene hydrogénation 

activity [17-20], 

Considering the structure sensitive nature of supported rhodium catalysts, we also 

examined variations in activities of catalysts prepared from different types of rhodium 

complexes. Thus, the following four rhodium complexes were examined: RhCl3*3H20, 

[Rh(COD)Cl]2 [21], [Rh(COD)2]+BF4- [22], and [Rh(COD)H]4 [23,24]. RhCl3*3H20 was 

chosen as a Rh catalyst precursor because it is commonly used for the preparation of 

supported rhodium metal catalysts by the incipient wetness impregnation method. It is 

reduced to metallic rhodium on silica surfaces by exposure to hydrogen gas above 200 °C 

[25]. [Rh(COD)Cl]2 is frequently used as a starting material for the synthesis of 

homogeneous rhodium hydrogénation catalysts [21], and was chosen for these studies as a 

model of surface species that may result from decomposition of rhodium halide catalysts. 

Also, Blum and coworkers [26] showed that a sol-gel-entrapped [Rh(COD)Cl]2 becomes an 

active arene hydrogénation catalyst if metallic palladium is present in the sol-gel matrix. The 

authors suggested the activity of these catalysts arose from a synergy facilitated by the close 

proximity of the rhodium and palladium in the matrix. The cationic [Rh(COD)2]+BF4" is 

frequently used to prepare homogeneous rhodium hydrogénation catalysts [22] and is a 

precursor for a number of tethered catalysts on silica [6-9,13]. In addition, the very similar 

[Rh(C0D)(PhCN)2]+C104" is reduced to metallic rhodium under hydrogénation conditions of 

25 °C-100 °C in methanol, methylene chloride, or in the solid state [27]. Finally, 
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[Rh(C0D)H]4, which catalyzes the hydrogénation of toluene at room temperature (AR = 0.11 

mol MeCy/mol Rh • min), is reduced to rhodium nanoclusters, with an average size of 2 nm, 

under the reaction conditions [24]. 

For the studies in Chapter 3, the RhChOHzO catalysts were prepared by the standard 

impregnation method, while the other catalysts were synthesized by adsorbing the rhodium 

complexes onto silica (SiOz) or palladium supported on silica (Pd-SiOz) under conditions 

(refluxing toluene for 4 h) similar to those used in the synthesis of TCSM catalysts [6-11]. 

These catalysts were examined for their activities in toluene hydrogénation, under mild 

conditions of 1 atm Hz and 40 °C (Eq. (3)). Sometimes the catalysts were studied without 

pretreatment; at other times, they were pretreated with hydrogen at 40 °C for 24 h or 200 °C 

for 4 h. The 40 °C hydrogen pretreatment was chosen to reflect conditions that would be 

present under prolonged hydrogénation reaction times (Eq. (3)). The 200 °C hydrogen 

pretreatment was chosen to simulate conditions used in the production of Rh-SiOz from 

RhCl3e3HzO. The catalysts were also characterized by DRIFTS, TEM, and XPS. 

Another reaction that is catalyzed by tethered rhodium complexes on silica containing 

supported palladium metal is the hydrodefluorination of fluorobenzene. It was shown 

previously that rhodium pyridylphosphine and bipyridyl complexes tethered to Pd-SiOz 

under 4 atm of hydrogen at 70 °C efficiently converted PhF to a mixture of CyH and CyF 

[10]. The product distribution was influenced by the solvent. In heptane, fluorocyclohexane 

(CyF) was the major product, but in heptane/ethanol, with added base (NaOAc being the 

Rh catalyst 

(3) 
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best), benzene (PhH) was formed initially but subsequently hydrogenated to cyclohexane 

(CyH). The hydrodefluorination of fluorobenzene is noteworthy since carbon-fluorine bonds 

are the strongest that carbon can form [28]. Also, although there are several examples of the 

stoichiometric cleavage of C-F bonds by organometallic complexes, few complexes have 

been reported that are capable of catalytic transformations of C-F bonds [29-38]. Even fewer 

systems are capable of catalytic hydrodefluorination to remove fluorine from non-activated 

monofluoroarenes [10,39-49]. Palladium on carbon (Pd/C), in the presence of NaOH at 82 

°C, hydrodefluorinates fluorobenzene (PhF) to benzene (PhH) by hydrogen-transfer from 

isopropanol [40,41], but palladium was unable to catalyze the same reaction by hydrogen-

transfer from HCOOK in ethanol/water (1:3) or under 4 atm of Hz at 37 °C in methanol [42]. 

The first example of hydrodefluorination of a monofluoroarene by hydrogen gas over a 

heterogeneous metal was reported in 1920 by S warts [43], who used Pt(black) in water to 

hydrodefluorinate PhF to cyclohexane (CyH) and p-fluorobenzoic acid to 

cyclohexanecarboxylic acid. Renoll utilized S warts' conditions to hydrodefluorinate 2-

fluoro-4'-acetylbiphenyl to p-cyclohexylethylbenzene [44]. Pattison and Saunders reported 

the hydrodefluorination ofp-fluorophenylacetic acid to ethyl cyclohexylphenylacetate with 

Raney Ni at 180-200 °C under 160-180 atm Hz in ethanol [45]. Tashiro et.a/, used Raney Ni-

A1 and Raney Cu-Al alloys for the hydrodefluorination ofp-fluoroacetophenone to 1-

phenylethanol at 50 °C in 10% NaOH(aq) [46]. The first reported use of rhodium metal for 

the hydrodefluorination of a monofluoroarene was by Freedman et. al. [47] who converted 

fluoroarylphosphonic acids to cyclohexylphosphonic acids under 4 atm of Hz at room 

temperature in 95% ethanol. Young and Grushin used [(Cy3P)zRh(H)Clz] to catalytically 

hydrodefluorinate 1 -fluoronapthalene to naphthalene under 80 psi hydrogen at 95 °C in the 
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presence of 40% NaOH [48]. However, [(CysP)zRh(H)Clz] was incapable of 

hydrodefluorinating PhF, 4-fluorotoluene, 3- or 4-fluoroanisole, or 4-fluoroaniline. Under 

identical conditions, metallic rhodium nanoparticles [48] catalyzed the hydrodefluorination 

of the C-F bond in l-fluoronapthalene, PhF, 4-fluorotoluene, 3- or 4-fluoroanisole, and 4-

fluoroaniline while catalyzing only trace amounts of hydrogénation of the resulting arenas. 

Blum et. al. reports that sol-gel encapsulated RhCh-Aliquat 336 catalyzes the 

hydrodefluorination and hydrogénation of fluorobenzene (PhF), 2- or 4-fluorotoluene, and 2-, 

3-, or 4-fluoroanisole in 1,2-dichloroethane (DCE) at 80 °C under 16 atm of hydrogen to the 

corresponding dehalogenated, substituted cyclohexanes [49]. 

Our examination of supported bimetallic rhodium and palladium catalysts for arene 

hydrogénation, Chapters 2 and 3, prompted us to explore their hydrodefluorination 

capabilities. In Chapter 4, Rh-SiOz catalysts have been used in the hydrodefluorination of 

PhF to CyF, PhH, and/or CyH. The effects of solvent, pH, added base, temperature, and 

hydrogen pressure on product selectivity and reaction rates have been determined. Reaction 

selectivity can be controlled by reaction conditions. When used with the proper solvent and 

pH, Rh-SiOz catalyzes the hydrodefluorination of PhF under the mildest reported conditions 

(1 atm Hz at 40°C) while still providing rates that are faster than those of other 

hydrodefluorination systems. 

The last project described in this dissertation, Chapter 5, was motivated by the current 

EPA mandate for the reduction, by 2006, in total sulfur content of gasoline to 25 ppm from 

the current allowed level of400 ppm [50]. This removal will need to come from refractory 

sulfides not currently removed by the first stages of hydrodesulfurization (HDS) [51]. 

Oxidative chemistry could be utilized for further sulfur reduction in oil as the oxides of 
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sulfides exhibit different solubility and reactivity properties [52-57]. While the oxidation of 

sulfides to sulfoxides and sulfones can be achieved by a variety of biological and laboratory 

methods [1-3, 5,57-59], the class of oxorhenium(V) dithiolate compounds stand out as highly 

effective and desirable oxygen atom transfer (OAT) catalysts from both kinetic as well as 

selectivity standpoints with many aspects of their mechanism and activities recently 

elucidated [52, 60-69], Furthermore, the homogeneous oxorhenium(V) dithiolate compounds 

have already been shown to be very effective catalysts for /erf-buty [hydroperoxide (TBHP) 

oxidation of refractory sulfides, such as dibenzothiophene (DBT) and 4,6-

dimethyldibenzothiophene (4,6-MezDBT) [52], However, the utility of the catalysts would 

be increased if they could be more easily recycled and re-utilized after reactions. Catalyst 

immobilization is a viable method to achieve the best possible combination of catalyst 

activities, rates, and lifetimes. Thus, it was decided that the immobilization of 

oxorhenium(V) dithiolate catalysts be undertaken with particular emphasis on their oxidation 

activities for HDS relevant sulfides. The first example of a tethered oxorhenium(V) 

dithiolate catalyst is described in Chapter 5. 
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31P NMR and IR Characterization of Enantioselective Olefin and 

Arene Hydrogénation Catalysts Containing a Rhodium-Chiral 

Phosphine Complex Tethered on Silica 

A paper published in the Journal of Molecular Catalysis A: Chemical 

Keith J. Stanger, Jerzy W. Wiench, Marek Pruski, and Robert J. Angelici 

Abstract 

Rhodium complexes of the chiral chelating phosphine (2S,4S)-4-

(diphenylphosphino)-2-(diphenylphosphinomethyl)pyrrolidine (X-PPM) tethered on silica 

(SiOa), tethered on silica with supported palladium (Pd-SiOa), and in solution were 

characterized by 31P NMR and IR spectroscopies. These studies show that the (X-

PPM)Rh(COD)+ complex, which is highly enantioselective for the hydrogénation of the 

prochiral olefin methyl-a-acetamidocinnamate (MAC), retains its composition in the tethered 

catalysts regardless of its mode of preparation or the presence of Pd on the silica surface. 

These investigations also show that the chiral diphosphine ligand remains coordinated to the 

rhodium during the reaction. Both the tethered and solution catalysts are moderately air 

sensitive prior to use, giving the free phosphine oxide of X-PPM, which is no longer 

coordinated to the rhodium. During and after use in catalytic reactions, the tethered rhodium 

complexes are extremely air-sensitive, but were characterized by 3IP NMR and IR spectra of 

their carbon monoxide derivatives. Finally, the catalysts were examined for their arene 

hydrogénation activity. It was established that Pd in the (X-PPM)Rh(C0D)+/Pd-Si02 

catalyst causes the reduction of any uncomplexed Rh to metallic species during the 
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hydrogénation reactions. It was these metallic Rh species that were responsible for the 

toluene hydrogénation activity of these tethered (X-PPM)Rh(C0D)+/Pd-Si02 catalysts. 

1. Introduction 

There is currently much interest in the synthesis of chiral organic compounds using 

enantioselective transition metal catalysts for the hydrogénation of prochiral olefins [1-4]. 

Within this methodology, the use of chiral phosphine-metal complexes represents an 

effective and highly studied area [1-4]. When such enantioselective catalysts are tethered on 

solid supports, the resulting catalysts combine the advantages of both homogeneous 

(selectivity, tuneability, and homogeneous sites) and heterogeneous (recovery and 

separation) catalysts [1-3]. Therefore, the immobilization of enantioselective homogeneous 

catalysts is a highly desirable goal. 

One of the best examples of an immobilized enantioselective hydrogénation catalyst 

is that reported by Pugin and Millier [5] and Pugin [6], who examined the enantioselective 

hydrogénation of methyl-a-acetamidocinnamate, MAC, Eq. (1), using rhodium catalysts 

Rh catalyst 

H2(1 atm) 

MeOH 

(1) 

MAC 25°C MACH 2 

containing the chiral chelating phosphine (2S,4S)-4-(diphenylphosphino)-2-

(diphenylphosphinomethyl)pyrrolidine, PPM, Eq. (2), 

(EtO)3Si 

(EtO)3Si 

RNCO 

(2) 

PPM R-PPM 
1 
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tethered on silica. The catalysts were prepared as shown in Scheme 1. The addition of 

[Rh(COD)2]+BF4- (4), where COD=l,5 cyclooctadiene, to the immobilized chiral, bidentate 

PPM ligand produced a very active and highly enantioselective catalyst SiOz-R-PPM-Rh-

COD (3), with activities and enantioselectivities comparable to those of the untethered [(B-

PPM)Rh(COD)]+BF4* (5) [B = -COz(t-Bu)] in solution, with turnover frequencies (TOP) of 

6.25-12.5 min"1 and enantiomeric excesses (ee's) of 89.8-94.5% [5]. 

In previous studies from our group [7-11], we observed that rhodium complexes 

immobilized on silica that also contained supported palladium metal were highly active 

catalysts for the hydrogénation of arenes. Given the high enantioselectivity of Pugin's SiOi-

R-PPM-Rh-COD (3) catalyst, we sought to determine whether this catalyst in combination 

with supported Pd metal would serve as an enantioselective catalyst for the hydrogénation of 

prochiral arenes. 

Prior to performing the arene hydrogénation studies, we sought to characterize the 

SiOi-R-PPM-Rh-COD (3) catalyst and to understand its stability especially with respect to 

air oxidation. These studies, together with initial investigations of arene hydrogénation using 

Pd-SiOa-R-PPM-Rh-COD (6), consisting of SiOa-R-PPM-Rh-COD (3) and supported Pd 

metal, are described in this paper. These catalysts were investigated by 3IP NMR 

spectroscopy, diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy, reaction 

studies (including measurements of rates and enantioselectivities of hydrogénation reactions), 

and mercury metal poisoning experiments. 
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2. Experimental 

2.1. General considerations 

The chemicals RhC^SHzO (Pressure Chemicals), PdCb (DFG), 3-

isocyanatopropyltriethoxysilane RNCO (Fluka), H2O2 (30 wt. %), PPM, and COD (Aldrich) 

were purchased from commercial sources and used as received. Silica gel Merck grade 10184 

(B.E.T. surface area, 300 m2 g"1; pore size 100 Â) (Aldrich) was dried under vacuum at 150 

°C for 12 h and kept under argon before use. Toluene and methylene chloride were dried 

prior to use by passage through an alumina column under argon [12]. Methanol was distilled 

from Mg/12 under nitrogen [13]. The preparation of MAC followed a literature procedure 

[14,15] that utilized methanolysis of Z-methyl-4-benzaloxazolone [15]. Purification of MAC 

was achieved by repeated recrystallization from MeOH. The compound [Rh(COD)2]+BF4- (4) 

was prepared by the general procedures reported by Schrock and Osbom [16]. The 

preparation of Pd-SiOz (10% Pd w/w) (7) [17,18] was described previously. All 

manipulations involving rhodium or phosphine were carried out under an argon atmosphere 

using standard Schlenk techniques. 

FTIR and DRIFT spectra were obtained on a Nicolet 560 spectrophotometer. The 

main compartment, equipped with a TGS detector and an NaCl solution cell, was used to 

take solution IR spectra. An auxiliary experiment module (AEM) containing a Harrick 

diffuse reflectance accessory with a MCT detector was used to obtain the DRIFT spectra of 

solid samples. Gas chromatographic (GC) analyses were performed on a Hewlett Packard HP 

6890 GC using a 25 m HP-1 capillary column and an FID (flame ionization detector). 

Enantiomeric excesses were determined by GC analysis of products on a Chirasil-Val 

capillary column (50 m x 250 pm) (Alltech) capable of separating the two enantiomers of the 
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hydrogénation product ^-acetyl-phenylalanine methyl ester, MACH2 (8). GC samples were 

taken from the reaction mixtures and either run as obtained or diluted with ethanol as 

necessary. 

31P NMR spectra of liquid samples were run at 161.92 MHz on a Bruker DRX 400-

MHz NMR spectrometer. 3lP solid-state NMR spectra were carried out at the same frequency 

using a Chemagnetics CMX Infinity spectrometer equipped with a 3.2 mm magic angle 

spinning (MAS) probe. The MAS rotors were loaded in a glove bag under dry nitrogen to 

reduce oxidation of samples during the experiments. The relaxation measurements yielded T1 

values of at least 300 s for 31P and 1 to 3 s for *H. Thus, cross polarization (CP) between *H 

and 3IP was applied in order to enhance the sensitivity and reduce the recycle delay between 

consecutive scans. The experiments used a cosine-modulated CP scheme synchronized with 

the rotor period [19], using a sample rotation rate of 18 kHz (unless specified otherwise), 

contact time of 0.5 ms, continuous wave *H decoupling at 70 kHz, pulse delay of 5 s and 

number of scans between 128 and 8,000. All phosphorus chemical shifts are reported using 

the 8 scale, with positive values being downfield, and are referenced to an 85% solution of 

H3PO4 in water. 

Rhodium content of the supported catalysts was determined by ICP-AES conducted 

by MPC Analytical Services of the Ames Laboratory. Samples for analysis were prepared by 

dissolving 50 mg of the supported catalyst in 5.0 ml of aqua regia at 90 °C; then 5.0 ml of 

5% aqueous HF was added and the mixture was heated to the same temperature. The 

resulting solution was diluted to 25 ml in a volumetric flask. For the catalysts prepared by 

method A, the average rhodium loadings on SiOz were 79% (78.9 ± 9.4) of the rhodium 

added; those on Pd-SiOz were 70% (69.9 ± 10.5) of the rhodium added. For the catalysts 
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prepared by method B or by adsorbing the Rh complexes on SiOz or Pd-SiOz, the rhodium 

added to the system corresponds to the rhodium present (as no washings precede catalyst 

use). The experimentally determined rhodium compositions were used in the rate (TOP) 

calculations. 

2.2. Preparation of rhodium complexes. 

PPM-Rh-COD (9): A mixture of 15.0 mg (33.1 fimol) of PPM and 13.4 mg (33.0 

pmol) of[Rh(COD)2]+BF4" (4) dissolved in 1.0 ml of degassed CHzClz or CDCU was stirred 

under argon for 15 min. The 31P NMR spectrum of (9) in CDCI3 is very similar to that 

reported in the literature for the same complex with another counter anion (CIO4") [20]: Ô 

42.4 (d of d, jRh-p= 113 Hz, Jp.p= 37 Hz) and 32.5 (d of d, jRh-p= 110 Hz, JP.P= 37 Hz). 

R-PPM (1): Compound 1 was prepared in a manner similar to that described in the 

literature [5]. Solid PPM, 15.0 mg (33.1 pmol), dissolved in 1.0 ml of CHzClz was treated 

with 9.1 |il (37 nmol, 1.2 eq) of RNCO and stirred for 20 min. The resulting solution of R-

PPM (1) was used directly for complexation to rhodium or tethering to silica. The procedure 

worked equally well in toluene or CDCI3. Spectral data are identical to those reported in the 

literature [5]. 31P NMR (CDC13): Ô -8.2 (s) and -22.3 (s). 

R-PPM-Rh-COD (10): The preparation of the phosphine-rhodium complex R-PPM-

Rh-COD (10) was similar to that for analogous Rh(diphosphine)(COD)+ complexes reported 

in the literature [3,20-23]. A CHzClz or CDCI3 solution of 9.6 mg (14 fimol) of R-PPM (1) in 

0.7 ml of solvent was added to 5.0 mg (12 gmol, 0.9 eq) of [Rh(COD)z]+BF4* (4) and stirred 

for 10 min. The resulting product 10 was isolated by removal of solvent under vacuum, 
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washing with hexanes (3x1 ml), and drying under vacuum. 3IP NMR (CDCI3): S 44.2 (d of 

d, JRh-p= 146 Hz, Jp.p= 38 Hz) and 16.8 (d of d, jRh-p= 140 Hz, Jp.p= 38 Hz). 

2.3. Preparation of silica-tethered complexes 

SiOz-R-PPM (2): Following a general procedure for tethering trialkoxysilanes to 

silica surfaces [7], 23.2 mg (33.1 pmol) of R-PPM (1) was dissolved in 3.0 ml of toluene and 

slurried over 0.12 g of SiOz. The mixture was stirred at reflux for 12 h and then cooled to RT 

and stirred overnight. The resulting solid was washed three times with 5.0 ml of toluene and 

then dried under vacuum. 31P CPMAS NMR (Fig. la): 5 -7 and -23 ppm. 

SiOa-R-PPM-Rh-COD (3): Method (A). A solution of 53.5 mg (53.6 jimol) of R-

PPM-Rh-COD (10) dissolved in 5.0 ml of methylene chloride/toluene (1:4) solution was 

added to 0.20 g of SiOi. The resulting slurry was refluxed for 12 h and then stirred overnight 

at room temperature. Filtration, followed by washing with 5.0 ml of CH2CI2 three times, and 

drying under vacuum gave 3A. Method (B). Following the preparation described by Pugin 

[5], a 1.0 ml MeOH solution containing 9.9 mg (24.4 pmol) of [Rh(COD)2]+BF4" (4) was 

added to 0.10 g (-26 (imol of R-PPM (1), based on initial loading) of SiC^-R-PPM (2). The 

resulting solid 3B was then dried under vacuum. Both methods produced nearly identical 

surface species as determined by solid-state 3IP NMR spectroscopy. 31P CPMAS NMR (Fig. 

lb,c): ô 43 and 15 ppm. 

SiC>2-R-PPM-02 (11): The tethered phosphine oxide 11 was produced by three 

methods: a) A slurry of 50 mg of SiCVR-PPM (2) in 2.0 ml of acetone was treated with 5 

drops of H2O2 (30 wt. %) and stirred for 15 min. The solid was dried under vacuum, b) A 

slurry of 50 mg of SiOa-R-PPM-Rh-COD (3) in 2.0 ml of acetone was reacted with 5 drops 
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of H2O2 (30 wt. %) for 15 min. The solid was dried under vacuum, c) A vial of 50 mg of 

SiOz-R-PPM-Rh-COD (3) was exposed to ambient atmosphere for 5 days. All three methods 

gave the same product (11), although some starting material (3) was observed in method c) 

after only 3 days. 31P CPMAS NMR (Fig. 2): S 35 ppm. 

2.4. Preparation of tethered complexes on palladium silica gel 

Pd-SiOz-R-PPM (12): Similar to the preparation of SiOz-R-PPM (2), a solution of 

23.2 mg (33.1 pmol) of R-PPM (1) in 3.0 ml of toluene was slurried with 0.12 g of Pd-SiOz 

(7). The mixture was stirred at reflux for 12 h and then cooled to room temperature and 

stirred overnight. The resulting solid was washed three times with 5.0 ml of toluene and then 

dried under vacuum. 31P CPMAS NMR (Fig. Id): 8 -7 and -21 ppm. 

Pd-SiOz-R-PPM-Rh-COD (6): Method (A). A solution of 53.5 mg (53.6 gmol) of R-

PPM-Rh-COD (10) dissolved in 5.0 ml of methylene chloride/toluene (1:4) was added to 

0.20 g of Pd-SiOz (7). The resulting slurry was refluxed for 12 h and then stirred overnight at 

room temperature. Filtration, followed by washing three times with 5.0 ml of CHzClz and 

drying under vacuum gave 6A. Method (B). A solution consisting of 9.9 mg (24.4 pmol) of 

[Rh(COD)z]+BF4" (4) in 1.0 ml of MeOH was added to 0.10 g (26.8 nmol R-PPM) of Pd-

SiOz-R-PPM (12). The resulting solid 6B was then dried under vacuum. Method A produced 

the expected surface species, 6, as established by solid-state 31P NMR spectroscopy (see the 

31P CPMAS spectrum of Fig. le with two resonances at 45 and 15 ppm). In the 

corresponding 31P CPMAS spectrum of the sample prepared using method (B), the 

resonances at 45 and 15 ppm are superimposed with additional lines centered at around 35 

ppm for the phosphine oxide 13 (see Fig. If). 
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Pd-SiOz-R-PPM-Oz (13): The tethered phosphine oxide on Pd-SiOz 13 was produced 

by three methods: a) A slurry of 50 mg of Pd-SiOz-R-PPM (12) in 2.0 ml of acetone was 

treated with 5 drops of HzOz (30 wt. %) and stirred for 15 min. The solid was dried under 

vacuum, b) A slurry of 50 mg of Pd-SiOz-R-PPM-Rh-COD (6) in 2.0 ml of acetone was 

reacted with 5 drops of HzOz (30 wt. %) for 15 min. The solid was dried under vacuum, c) A 

vial of 50 mg of Pd-SiOz-R-PPM-Rh-COD (6) was exposed to ambient atmosphere for 5 

days. Again, for all three methods, the product (13) was identical, although starting material 

(6) was observed after only 3 days in method c). 31P CPMAS NMR: 8 35 ppm (the same as 

Fig. 2). 

2.5. Hydrogénation reactions 

2.5.1. Hydrogénation of MAC 

A standard hydrogénation run consisted of placing 50 mg of catalyst (-13.4 gmol of 

Rh) into a three-necked, jacketed vessel containing a Teflon-coated stir bar. One neck of the 

reaction vessel was capped with a glass stopper. The center neck was fitted with a rubber and 

Teflon septum to allow for input of solvents and removal of GC samples via syringe. The 

third neck was fitted with a three arm "Y" stopcock. This allowed the reaction vessel to be 

attached to a vacuum/argon Schlenk line and a burette filled with hydrogen. After the catalyst 

was placed in the reaction vessel, the atmosphere in the reaction flask was replaced with Ar 

using three vacuum/flush cycles. Next, the jacket of the vessel was attached to a constant 

temperature bath and the temperature was raised to 25.0 (±0.2) °C. While the temperature 

was being achieved, the hydrogen gas reservoir was filled though a series of three 

consecutive vacuum and hydrogen gas flush cycles. After the temperature had stabilized at 

25.0 °C and the gas burette was full of hydrogen, the reaction vessel itself was evacuated and 
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filled with hydrogen three times. Immediately after replacing the Ar atmosphere with 

hydrogen, 5.0 ml of a 0.10 M MAC solution in MeOH were added via syringe. The reaction 

was opened to the hydrogen gas reservoir, stirring was initiated, and hydrogen uptake was 

recorded. The rate of reaction was monitored by the volume of hydrogen taken up with time. 

In addition, conversions based on H% uptake were confirmed by GC analysis of the solutions 

during and after the reaction. In all cases, MACH2 (8) was the only MAC-hydrogenation 

product observed by GC, and the hydrogen uptake reading from the burette matched the GC 

analysis [24]. 

2.5.2. Hydrogénation of toluene 

The general procedure used for the hydrogénation of MAC was employed with the 

following modifications: the temperature of the reaction was held at 40.0 (±0.2) °C, and the 

solvent (toluene) was also the reactant. 

2.5.3. Mercury poisoning studies 

The general procedure used for the hydrogénation of MAC or toluene was employed 

with the following modification: 0.10 ml (6.8 mmol, -10 eq compared to Rh) of Hg was 

added prior to or after solvent addition. 

2.5.4. Catalyst reuse 

Two methods of catalyst reuse were examined. The first consisted of filtering the 

reaction mixture, washing the solid catalyst with MeOH, drying it, and reweighing it. This 

inevitably exposed the used catalyst to the atmosphere during the reweighing step. The air 

sensitivity of the catalyst during and after reaction results in deactivation of the catalyst if it 

is exposed to air even for a few seconds and prevents reuse by this method. The second 

method of catalyst reuse involved the in situ addition of extra MAC substrate, without 
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isolation of the used catalyst from the reaction vessel. In this case, the catalyst retained its 

activity when additional substrate, MAC, was added to the reaction vessel. 

3. Results and Discussion 

3.1. Characterization of the catalyst and its components before hydrogénation of MAC 

3.1.1. Characterization of X-PPM and (X-PPM)Rh(COD)+ species in solution 

The parent PPM and R-PPM complexes in solution serve as spectroscopic models for 

related tethered species. The 3IP NMR data (Table 1) for the free ligand PPM (singlets at -

3.7 and -20.3 ppm) are the same as those reported in the literature [20]. Attachment of the 

linker R to form R-PPM (1), Eq. (2), results in a characteristic shift in the3 lP NMR spectra to 

-8.2 and -22.3 ppm, which is the same as observed by Pugin and Millier [5]. Addition of 

[Rh(COD)2]+BF4* (4) to R-PPM (1) produces the expected but previously unreported R-

PPM-Rh-COD (10) species (Scheme 2). Numerous related X-PPM-Rh-COD species have 

been produced by the displacement of a COD ligand from [Rh(COD)z]^A" (A" is a counter 

anion such as BF4" or CIO4") with X-PPM, where X-PPM is a PPM derivative with various X 

groups on the pyrrolidine nitrogen such as H, COz(t-Bu), and CO(t-Bu) [11,20-23]. The 

resultant R-PPM-Rh-COD (10) shows 31P NMR signals that are consistent with those of 

other known X-PPM-Rh-COD complexes: R-PPM-Rh-COD (10) ([R-PPM-Rh-COD]+BF4*) 

exhibits a doublet of doublets at 44.2 and 16.8 ppm with jRh-p = 146 and 140 Hz and Jp.p = 38 

Hz; [P-PPM-Rh-C0D]+C104* (14), in which P-PPM is an -CO(t-Bu) derivative of PPM, has 

a doublet of doublets at 43.1 and 12.1 ppm with JRI,-P= 146 and 139 Hz and Jp.p= 37 Hz [20]; 

and [B-PPM-Rh-C0D]+C104" (5), in which B-PPM is a -COz(t-Bu) derivative of PPM, 

exhibits a doublet of doublets at 41.6 and 12.6 ppm with Jm,.p = 145 and 140 Hz and Jp.p = 37 

Hz [20]. Note that the 31P splitting pattern, consisting of two doublets of doublets resulting 
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from coupling of the phosphines to each other as well as to the spin 1/2 rhodium establishes 

the complexation of PPM to rhodium in the compound. In addition, the P-P coupling 

constants (38 Hz) and the Rh-P coupling constant (—140 Hz) are consistent with those seen in 

other X-PPM-Rh-COD complexes [20]. 

While PPM appears to be air stable, R-PPM (1) easily forms the phosphine oxide, R-

PPM-Oa (15) in air, Eq (3). This occurs if a solution of R-PPM (1) is exposed to air for a 

t bf4-
o 

xW"12 X ^^PPh2 X /^-PPh, 
NJ oxidation N^ oxidation N\J ^ ^ 

< < Lp/Rhr>Z 
PPh2 Ph2P=0 Ph2 

X-PPM X-PPM-Oz X-PPM 

X=R 1 X=R 15 X=R 10 
SiOrR 2 SiOrR 11 SiOrR 3 
Pd-SiOrR 12 Pd-SiOrR 13 Pd-SiOz-R 6 

few days at room temperature or overnight at elevated temperature (110 °C). The rhodium 

complex R-PPM-Rh-COD (10) is even more air sensitive, oxidizing completely overnight in 

solution at room temperature. The oxidation of either compound occurs within 5 min when 

reacted with hydrogen peroxide, HzOzQO wt. %). Oxidation of 1 or 10 by either method 

gives R-PPM-O2 (15), as indicated by the 31P NMR spectrum which contains singlets at 32.4 

and 31.6 ppm. 

3.1.2. Characterization of R-PPM and (R-PPM) Rh (COD) + species tethered on SiC>2 

When R-PPM (1) is tethered to silica by refluxing in toluene with Si02 for 16 h, the 

identity of the resulting product Si02-R-PPM (2) was established by the similarity of its 3IP 

CPMAS NMR spectrum (Fig. la) to that of R-PPM (1) in solution. The solid Si02-R-PPM 

(2) shows 31P NMR signals at -7 and -23 ppm; these are nearly identical to those of R-PPM 

(1) in solution at -8.2 and -22.3 ppm. This similarity also suggests that the tethering process 
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does not change the environment of the R-PPM phosphine ligand; that is, the phosphines on 

the R-PPM ligand do not coordinate to acidic sites on the SiOz surface. 

SiOz-R-PPM (2) oxidizes in air to SiOz-R-PPM-Oa (11) slowly over a few days, Eq. 

(3). The oxidation of 2 with H2O2 (30 wt. %) in acetone at room temperature occurs 

completely within 5 min. The 31P CPMAS spectrum of SiO2-R-PPM-Oa (11) consists of a 

broad absorption at 35 ppm (Fig. 2), which compares with two bands at 32.4 and 31.6 ppm 

for R-PPM-O2 (15) in CDC13. 

The tethered catalyst, Si02-R-PPM-Rh-COD (3), can be produced by two 

methodologies and is easily characterized by solid-state 31P CPMAS NMR spectroscopy 

(Fig. lb,c). Method A involves tethering the preformed complex R-PPM-Rh-COD (10) to the 

SiÛ2 (Scheme 2). In method B, the rhodium is introduced after the phosphine has been 

tethered to silica gel (Scheme 1). The differences in product 3 prepared by these two methods 

are negligible, as determined by their 31P CPMAS spectra and catalytic activities (see section 

3.2.2.2.). The 31P NMR spectrum of 3, prepared by both methods, shows that the complex on 

the surface retains the same structure as in solution. This is evidenced by chemical shifts of 

43 and 15 ppm for 3 as compared to 44.2 and 16.8 ppm for 10 in solution. 

In method A, the rhodiumzphosphine ligand ratio is fixed at 1:1 as required by the 

composition of the reacting R-PPM-Rh-COD (10) complex. This is reflected in the 31P 

CPMAS spectrum, which shows signals for only SiOa-R-PPM-Rh-COD (3), 43 and 15 ppm. 

In method B, various rhodium:phophine ratios can be used depending on the amount of 

[Rh(COD)2]+BF4" (4) that is added to the phosphine tethered on the surface (2). When an 

excess of phosphine is present on the surface, not only is the rhodium complex, SiOa-R-

PPM-Rh-COD (3) detected by its 31P NMR signals at 43 and 15 ppm, but excess ligand, 
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SiOz-R-PPM (2), is also present as indicated by 3IP NMR signals at -7 and -23 ppm (Fig. 3). 

If a 1:1 ratio of rhodium to PPM is used, the 31P NMR spectrum shows the presence of only 

the rhodium complex 3; the absence of signals at -7 and -23 ppm indicates that all of the 

diphosphine ligand is coordinated. When the rhodium:phosphine ligand ratio is 2:1, the 31P 

NMR spectrum shows the main species on the surface to be Si02-R-PPM-Rh-C0D (3), but 

an unidentified minor complex, ~15% of the sample, exhibits a band at 26 ppm (Fig. 3d). 

It should be noted that for all rhodium-phosphine complexes on SiOz reported in this 

paper, the NMR signal from SiOz-R-PPM-Oz (11) at 35 ppm is either evident in the spectra 

of freshly prepared samples or grows in over time. The SiOz-R-PPM-Rh-COD (3) is 

moderately to strongly air-sensitive both in the solid state and in solution. This air-sensitivity 

is evidenced by a decrease in intensity of 31P signals of this complex, an increase in intensity 

of the phosphine oxide signal (35 ppm), and the appearance of a dark precipitate when 3 is 

exposed to air. For example, the downfield peak of the spectrum of Fig. 3b consists of two 

superimposed resonances representing one of the 31P nuclei in 3 (at 45 ppm) and oxide 11 (at 

35 ppm). Note that the 31P nuclei in SiOz-R-PPM-Oz exhibit large chemical shift 

anisotropics, which is evidenced by the presence of spinning sidebands in the spectra taken 

with a lower sample spinning rate (see Fig. 2). The identity of the resonance at 35 ppm in 

Fig. 3b was verified by measuring the same spectrum at a lower sample spinning rate (not 

shown), which revealed the presence of similar spinning sidebands associated with this 

resonance. Solid-state 31P NMR studies indicate that relatively small amounts of oxygen 

infiltrate the rotor, such that SiOz-R-PPM-Rh-COD (3) oxidizes to SiOz-R-PPM-Oz (11) at a 

rate of approximately 1% per hour. The air sensitivity of SiOz-R-PPM-Rh-COD (3) raises the 

possibility that 3 actually consists of rhodium coordinated to SiOz-R-PPM-Oz (11). This 
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however does not occur since the reaction of H2O2 with SiCh-R-PPM-Rh-COD (3) in acetone 

at room temperature for 5 min gives a 3IP CPMAS spectrum that is identical to that of Si02-

R-PPM-O2 (11), which indicates that the rhodium is released from the phosphine ligand 

during oxidation. Indeed, when [Rh(COD)2]+BF4* (4) is added to S1O2-R-PPM-O2 (11), there 

is no shift in the3 'P NMR signals for 11, indicating that there are no interactions between 

SiC>2-R-PPM-02 (11) and rhodium. More experimental evidence for this lack of interaction is 

presented in section 3.2.2.5. 

3.1.3. Characterization of R-PPM and (R-PPM)Rh(COD)+ species tethered on 

Pd-Si02 (7) 

The Pd-SiOi-R-PPM-Rh-COD (6) catalyst was prepared by the same two methods 

used in the preparation of Si02-R-PPM-Rh-C0D (3). Method A tethers the preformed R-

PPM-Rh-COD (10) complex to Pd-SiOz (7). Method B is a sequential route where the 

phosphine, R-PPM (1), is tethered to Pd-SiÛ2 (7) before rhodium is complexed. In method B, 

the 31P CPMAS spectrum of Pd-Si02-R-PPM (12) (Fig. Id), prior to the addition of rhodium, 

exhibits peaks at -7 and -21 ppm, which are very similar to those of Si02-R-PPM (2) (-7 and 

-23 ppm) and R-PPM (1) (-8.2 and -22.3 ppm) [25]. Addition of one equivalent of 

[Rh(COD)2]+BF4" (4) to 12 produces Pd-Si02-R-PPM-Rh-C0D (6B). The 31P NMR 

spectrum of this product is shown in Fig. If. The corresponding spectrum ofPd-SiC>2-R-

PPM-Rh-COD prepared using method A (6A) is shown in Fig. le. As expected, the spectra 

of Figs, lb, lc and le are very similar and consistent with either the presence of 3 or 6. The 

spectrum of Fig. If shows the effect of oxidation, as the resonances of 11 centered at 35 ppm 

overwhelm the weaker lines at 45 and 15 ppm. More detailed 31P NMR studies revealed that 

6 is as air sensitive as 3, i.e. the oxidation rates in the NMR rotor are approximately 1% per 
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hour. Again, the oxidation of either 12 or 6 with H2O2 produces Pd-SiOa-R-PPM-Oa (13), Eq. 

(3), which exhibits a broad signal at around 35 ppm. Furthermore, the addition of Rh 

complex 4 to 13 causes no change in the 3IP NMR spectrum, confirming that the phosphine 

oxide of PPM does not coordinate to rhodium. 

3.2. Characterization of catalysts after use in the hydrogénation of MAC 

3.2.1. Characterization of the catalytic species in solution 

The generally accepted catalytic cycle for enantioselective hydrogénation of olefins 

by cationic rhodium complexes with chelating ligands [20,21,26-32] is shown in the lower 

part of Scheme 3. In the first step, Eq. (a), open coordination sites on the rhodium are 

generated by the hydrogénation of the COD ligand [24]. The resulting methanol-solvated 

species then coordinates the MAC substrate in a bidentate fashion, Eq. (b). Oxidative 

addition of hydrogen, Eq. (c), is followed by rapid sequential hydrogen transfer, Eq. (d) and 

(e). The hydrogenated product MACHa is a poor substrate for binding to the rhodium and is 

displaced by solvent to regenerate the starting complex in the catalytic cycle. 

The 3IP NMR spectra of PPM, R-PPM (1), and R-PPM-Rh-COD (10) were discussed 

in section 3.1.1. It is known that the Rh in X-PPM-Rh-COD complexes binds to coordinating 

solvents after COD is hydrogenated [20,22,26-29,33]. R-PPM-Rh-COD (10) also exhibits 

this behavior. In methanol at room temperature under 1 atm of hydrogen, COD in 10 is 

hydrogenated to produce the di-methanol complex R-PPM-Rh(MeOH)2 (16), whose 31P 

NMR spectrum is consistent with other X-PPM-Rh(MeOH)a species. In particular, R-PPM-

Rh(MeOH)a (16) exhibits a doublet of doublets at 69.7 and 46.0 ppm with JRh-p = 196 and 

196 Hz and Jp.p = 64 Hz, while the known [20] [P-PPM-Rh(Me0H)a]+C104" (17) exhibits a 

doublet of doublets at 69.6 and 42.5 ppm with JRh-p = 201 and 197 Hz and Jp.p =65 Hz, and 
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[B-PPM-Rh(MeOH)2]+ClC>4* (18) exhibits a doublet of doublets at 68.0 and 42.2 ppm with 

JRH-P = 200 and 197 Hz and Jp.p= 66 Hz [20]. When 5 equivalents of MAC are added to a 

methanol solution of R-PPM-Rh(MeOH)z (16) the 31P NMR spectrum exhibits a doublet of 

doublets at 50.7 and 22.2 ppm with JRJ,-P =152 and 103 Hz and JP.P = 19 Hz, which is 

assigned to R-PPM-Rh-MAC (19). The two phosphorus signals move closer to each other 

when the MeOH-d* solvent is partially replaced with CDCb. At 85% CDCI3 and 15% 

MeOH-cLt, the 3lP NMR signals are at 40.5 and 32.4 ppm. Because of this dramatic solvent 

dependency, solid-state NMR spectroscopy of (19) was run and yielded two 31P peaks at 46 

and 33 ppm (spectrum not shown). 

In order to gain more information about the species present in the catalytic cycle 

(Scheme 3), we reacted likely intermediates with CO to give more air-stable complexes. 

Such reactions of rhodium complexes of PPM (or its derivatives) with CO have not been 

previously reported; however, CO reactions with other cationic rhodium-phosphine 

complexes are well known [33-35]. When CO is bubbled through a MeOH solution of R-

PPM-Rh-COD (10) at room temperature for 10 min (Scheme 3, eq. (f)), R-PPM-Rh-MeOH-

CO (20) is produced. During the reaction, the color of the solution bleaches from bright 

yellow to pale yellow-green. The 3IP NMR spectrum of this solution exhibits a doublet of 

doublets at 35.7 and 24.4 ppm, Jrh-p =315 and 314 Hz and Jp.p = 127 Hz. In the IR spectrum, 

a v(CO) band appears at 1984 cm*1. This v(CO) band corresponds well with other cationic 

rhodium(I) carbonyl species such as LzRh(Solvent)(CO)\ where L = PPI13, PPhzMe and 

Solvent = DMA, DMF; all of these complexes show v(CO) bands [33] in the same range 

(1971-2000 cm"1) as that assigned to R-PPM-Rh-MeOH-CO (20). Complex 20 is also formed 
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when CO is bubbled through a MeOH solution of R-PPM-Rh(MeOH)2 (16) (Scheme 3, eq. 

(g)), as established by its 31P NMR and v(CO) IR spectra. 

The reaction of R-PPM-Rh-MeOH-CO (20) in MeOH with 5 eq. of MAC gives R-

PPM-Rh-MAC-CO (21) (Scheme 3, eq. (h)). It is also produced (Scheme 3, eq. (i)) when CO 

is bubbled for 10 min through a methanol solution of R-PPM-Rh-MAC (19) at room 

temperature. Both methods yield a product identical by IR (v(CO) 1970(s) cm"1) and 3IP 

NMR (doublets of doublets at 54.3 and 47.4 ppm, JRH-P = 137 and 137 Hz and Jp.p= 125 Hz). 

The B-PPM-Rh-COD complex 15 is reported to catalyze the hydrogénation of MAC 

(Eq. (1)) with a TOP of 14.3 min"1 and an enantioselectivity of 94.5% ee [5], Our measured 

rates and enantioselectivities of R-PPM-Rh-COD (10) in solution are slightly lower, TOP 

5.01 min"1 and 93.5% ee. The enantioselective hydrogénation of MAC using R-PPM-Rh-

COD (10) and the identification of possible intermediates 16 and 19 described above 

suggests that 10 catalyzes the hydrogénation of MAC by the mechanism (Scheme 3) 

indicated for related reactions [20,21,26-32], Neither of the CO adducts, R-PPM-Rh-MAC-

CO (21) nor R-PPM-Rh-MeOH-CO (20), exhibit any activity for the hydrogénation of MAC. 

3.2.2. Characterization of the catalytic species tethered on Si02 

3.2.2.1. CO derivatives 

Unfortunately, the catalytic species present during and after hydrogénation are too air 

sensitive to be observed by the solid-state 31P NMR techniques used in this study. Although 

samples from the reactions are handled under argon and loaded into the NMR rotor in a glove 

bag under nitrogen, the rotor itself is not completely air tight under NMR acquisition 

conditions. All samples obtained from the hydrogénation reactions gave poor spectra. 
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Reduced intensities of all signals and an increase in intensity of a peak at 35 ppm 

corresponding to SiOa-R-PPM-Oa (11) are observed. 

Attempts to produce a characterizeable Si02-R-PPM-Rh(Me0H)2 (22) species by 

hydrogenating off COD in the absence of MAC resulted in poor 31P NMR spectra whose 

only discernable signal represented the phosphine oxide 11. If the di-MeOH species (22) is 

not separated from the reaction mixture, but instead 5 equivalents of MAC are added under 

an atmosphere of argon, Si02-R-PPM-Rh-MAC (23) was detected by its solid-state 3IP 

signals at 40 and 28 ppm which compare closely to the converging signals of R-PPM-Rh-

MAC (19) in 85% CDCb/15% MeOH-d» solution (40.5 and 32.4 ppm) as well as the signals 

of solid 19 (46 and 33 ppm), see section 3.2.1. 

Reactions of the various rhodium phosphine complexes tethered to SiOa with CO give 

species that are sufficiently air stable to give observable solid-state 31P NMR and DRIFT 

spectra (not shown). As observed for R-PPM-Rh-COD (10), SiOa-R-PPM-Rh-COD (3) in 

MeOH reacts with bubbling CO for 15 min. After solvent removal under vacuum, the 

resulting solid gave DRIFT (v(CO) 1990(s) cm"1) and 31P CPMAS NMR spectra (35 and 25 

ppm) that are very similar to those of the solution species R-PPM-Rh-MeOH-CO (20) (IR: 

v(CO) 1984(s) cm"1; 31P NMR in solution of MeOH-d,: 35.7 and 24.4 ppm). This suggests 

that the species on the surface is SiOa-R-PPM-Rh-MeOH-CO (24). 

SiOa-R-PPM-Rh-MAC-CO (25) is obtained by two independent methods. It is the 

product when 5 equivalents of MAC are added to SiOa-R-PPM-Rh-MeOH-CO (24) in a 

methanol solution at room temperature (Scheme 3, eq. (h)). Or, it is formed in the reaction of 

SiOa-R-PPM-Rh-MAC (23) with CO in methanol at room temperature for 15 min (Scheme 3, 

eq. (i)). Both methods yield the same product as established by DRIFT spectroscopy. 
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Assignment of the structure to product 25 is based on the similarity of the DRIFT (v(CO) 

1974(s) cm"1) spectrum of 25 to that (IR v(CO) 1970(s) cm*1) of the R-PPM-Rh-MAC-CO 

(21) complex in solution. 

Reaction of CO with SiOz-R-PPM-Rh-COD (3) during or after MAC hydrogénation 

in methanol results in DRIFT bands readily ascribable to either SiOz-R-PPM-Rh-MeOH-CO 

(24) or SiOz-R-PPM-Rh-MAC-CO (25) depending on when the CO is introduced. If the 

hydrogénation of MAC is stopped before MAC is completely hydrogenated and the hydrogen 

atmosphere is replaced with CO, the resulting rhodium-CO species exhibits a v(CO) band at 

1974 cm"1 consistent with SiOz-R-PPM-Rh-MAC-CO (25). The absence of additional v(CO) 

bands indicates that Rh(0) and Rh(I) on SiOz are not present since their CO adducts would 

give bands at 2095 and 2027 cm"1 or 2040-2066 cm"1 [36-39]. Replacing the hydrogen 

atmosphere with CO after the complete hydrogénation of MAC gives SiOz-R-PPM-Rh-

MeOH-CO (24) as indicated by the v(CO) band at 1990(s) cm*1. The 31P CPMAS NMR 

spectrum with absorptions at 35 and 25 ppm supports this assignment. This is a reasonable 

product as MACHz is a very weak ligand and only methanol remains for coordination. The 

lack of additional DRIFT v(CO) bands conclusively shows that the PPM-Rh unit remains 

intact. 

Thus, reactions of CO with the tethered catalyst at various stages of the 

hydrogénation indicate that the reaction mechanism on the surface mimics that proposed for 

the analogous reaction in solution (Scheme 3, eq. (a-e)). These studies also show that the 

rhodium remains coordinated to the phosphorus throughout the reaction since no DRIFT 

v(CO) bands other than those assignable to SiOz-R-PPM-Rh-MeOH-CO (24) or SiOz-R-
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PPM-Rh-MAC-CO (25) are observed. Rate data, enantioselectivities, and mercury poisoning 

experiments, presented below, further support these conclusions. 

3.2.2.2. Activity and enantioselectivity studies of the hydrogénation of MAC 

Pugin [5] reports that SiOz-R-PPM-Rh-COD (3) prepared by method B (Scheme 1) 

gives rates (TOP) varying from 6.25-12.5 min"1 with ee values ranging from 89.8 to 94.5% 

depending on the catalyst batch. Our catalysts prepared by method B give an average TOF 

value of 11.2 min"1 and an average ee of 91.1% (entry 5, Table 2). This indicates that our 

catalysts are the same as Pugin's. In addition, we observe that the catalyst formed by method 

A (entry 4) gives a similar average rate (TOF = 13.8 min"1) and enantioselectivity (ee = 

93.7%). The comparable rates and enantioselectivities reinforce the previous spectroscopic 

evidence that the catalysts prepared by either method A or B are the same. 

3.2.2.3. Mercury poisoning experiments 

In order to exclude the possibility that the hydrogénation of MAC over SiOz-R-PPM-

Rh-COD (3) occurs on metallic rhodium particles deposited from the tethered rhodium 

complex, studies of the effect of mercury metal were undertaken. It is known that mercury 

poisons nano-metal catalysts [40] and supported metal catalysts [41] that catalyze olefin and 

arene hydrogénation reactions. However, mercury does not affect the activities of 

homogeneous metal catalysts [40]. Thus, the addition of mercury is a standard method for 

determining whether a reaction is catalyzed by a metal or a metal complex. We observe that 

mercury has no effect on the rate or enantioselectivity (entry 6, Table 2) of the hydrogénation 

of MAC catalyzed by SiOz-R-PPM-Rh-COD (3). Thus, the catalytically active species in 

SiOz-R-PPM-Rh-COD (3) is the 'homogeneous' R-PPM-Rh-COD (10) metal complex bound 

to the silica surface and not rhodium metal. 
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3.2.2.4. Catalytic activity of[Rh(COD)2j+BFi/Si02(26) 

In order to explore the possibility that rhodium metal without phosphine ligands is 

able to catalyze the hydrogénation of MAC, [Rh(COD)2]+BF4" (4) was adsorbed on SiOa, by 

stirring [Rh(COD)2]+BF4- (4) with SiOz for 5 min in the absence of any phosphine. The 

resulting solid exhibits (entry 7, Table 2) very low activity (TOF = 0.0600 min"1) for the 

hydrogénation of MAC under the usual reaction conditions (25°C, latm H?, MeOH solvent). 

The rate of MAC hydrogénation with [Rh(C0D)2]+BF47Si02 (26) is at least two orders of 

magnitude slower than the same hydrogénation with Si02-R-PPM-Rh-C0D (3), and as 

expected, [Rh(C0D)2]+BF47Si02 (26) produces racemic MACH2 (8). Moreover, mercury 

quenches the hydrogénation reaction completely. This latter experiment also indicates that 

the active hydrogénation species must be metallic rhodium resulting from the reduction of 

[Rh(COD)2]+BF4- (4). This is consistent with our observations in studies of [Rh(COD)2]+BF4" 

(4) [18] in other hydrogénation reactions. 

3.2.2.5. Effect of air on the catalytic activity 0fSi02-R-PPM-Rh-C0D (3) 

When Si02-R-PPM-Rh-C0D (3) prepared by method A is partially oxidized by 

exposure to air for 5 days, its activity (entry 9, Table 2) for the hydrogénation of MAC is 

very low. Interestingly, the remaining activity, TOF = 1.02 min"1, is enantioselective (ee = 

90.5%). Presumably a small amount (~2%) of the complex remains unoxidized and is 

responsible for the activity. However, when Si02-R-PPM-Rh-C0D (3) prepared by method 

A is oxidized by reaction with a few drops of H2O2 in acetone at room temperature for 15 

min, the catalyst is completely inactive (entry 10). The addition of [Rh(COD)2]+BF4- (4) in 

methanol to Si02-R-PPM-02 (11) produces a catalyst (entry 11) with very low activity (TOF 

= 0.0135), which exhibits no enantioselectivity. This result supports the 31P NMR studies 
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(see section 3.1.2), which showed that rhodium does not bind to SiOz-R-PPM-Oz (11). The 

poor activity and lack of enantioselectivity of this catalyst (entry 11) is the same as that for 

[Rh(C0D)2]+BF47Si02 (26) (entry 7). 

3.2.2.6. Effect of Rh/PPMratio on SiOrR-PPM-Rh-COD (3) activity 

When the catalyst SiOz-R-PPM-Rh-COD (3) is formed by reaction of the rhodium 

complex R-PPM-Rh-COD (10) with SiOz (method A), the rhodiumrphosphorus ratio is fixed 

at 1:1; the TOP and ee values for this catalyst (entry 4, Table 2) are 13.8 min"1 and 93.7% 

respectively. When 3 is prepared by sequential addition of [Rh(COD)2]+BF4* (4) to SiCh-R-

PPM (2) (method B), a 0.5:1 ratio of rhodium to PPM yields a catalyst with an activity that 

reflects the amount of rhodium that is in the form of 3; its TOP and ee values are 8.83 min"1 

and 90.5%, respectively (Table 3). With a 1:1 ratio of rhodium to PPM the activities are TOP 

(11.2 min"1) and ee (91.5%). When a 2:1 ratio of rhodium to PPM is incorporated into 3, the 

enantioselectivity is 90.1%, and if the TOP is calculated based on the total amount of 

rhodium in the system, the TOP is 6.00 min"1. This value is low in comparison to all of the 

other TOP values for S iOz-R-PPM-Rh-COD (3). If the phosphine content, instead of the 

rhodium content, is used to calculate the amount of 3 present, then a TOP value of 12.0 min"1 

is obtained, which is consistent with the other TOP values. It is logical to calculate TOP this 

way since the phosphine is the limiting reagent in the formation of the rhodium-PPM 

complex and represents the maximum amount of the complex possible. For the catalyst with 

a 2:1 rhodium to PPM ratio, one equivalent of rhodium is not complexed and presumably 

deposits on the SiOz surface where it is a poor MAC hydrogénation catalyst (see section 

3.2.2.4.). For the catalyst with a 4:1 rhodium:PPM ratio, the enantioselectivity (ee = 92.7%) 

continues to be high and the rate (TOP = 8.84 min*1) based on PPM content is reasonable; on 
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the other hand, the rate (TOP = 2.21 min"1) based on rhodium content is unreasonably low. 

Finally, for 3 prepared by method A or method B with ratios of (RhrPPM = 0.5:1, 1:1,2:1, or 

4:1), mercury has no effect on the rate or enantioselectivity of the reaction (Table 3). Thus, 3 

containing the [(R-PPM)Rh(COD)]+BF4* complex is the only species that catalyzes the 

enantioselective hydrogénation of MAC in this system. 

3.2.3. Characterization of the catalytic species tethered on Pd-Si02 (7) 

3.2.3.1. CO derivatives 

The species Pd-SiOz-R-PPM-Rh-MeOH-CO (27), obtained by stirring a methanol 

slurry of Pd-SiOz-R-PPM-Rh-COD (6) under a CO atmosphere for 15 min at room 

temperature, gives DRIFT (v(CO) 1990(s) cm"1) and solid-state 31P NMR (35 and 25 ppm) 

spectra that are very similar to those of SiOz-R-PPM-Rh-MeOH-CO (24) (DRIFT (v(CO) 

1990(s) cm"1) and 31P NMR (35 and 25 ppm)) and R-PPM-Rh-MeOH-CO (20) (IR (v(CO) 

1984(s) cm"1) and 31P NMR (35.7 and 24.4 ppm) in solution). Under the same conditions, Pd-

SiOz-R-PPM-Rh-MAC-CO (28) is produced from Pd-SiOz-R-PPM-Rh-MAC (29) and CO 

(Scheme 3, eq. i). The infrared spectrum (DRIFT v(CO) 1974(s) cm"1) of Pd-SiOz-R-PPM-

Rh-MAC-CO (28) is very similar to that (v(CO) 1974(s) cm"1) of Si02-R-PPM-Rh-MAC-C0 

(25) and that (v(CO) 1970(s) cm"1) of R-PPM-Rh-MAC-CO (21). Exposure of Pd-SiOz-R-

PPM-Rh-COD (6) to CO prior to MAC addition or after complete hydrogénation of MAC 

yields Pd-SiOz-R-PPM-Rh-MeOH-CO (27). Exposure to CO during the reaction results in 

the formation of Pd-SiOz-R-PPM-Rh-MAC-CO (29). This is the same behavior that is 

observed with SiOz-R-PPM-Rh-COD (3). 
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3.2.3.2. Catalytic activities 

The hydrogénation reactions of MAC catalyzed by Pd-SiOz-R-PPM-Rh-COD (6 A 

and 6B) in which the Rh to PPM ratio is 1:1, prepared by either method A or B are highly 

enantioselective, ee 90.6% and 88.3%, respectively (entries 13 and 14, Table 2). The 

sequentially prepared catalyst Pd-SiOz-R-PPM-Rh-COD (6B), exhibits rates (TOP) of 11.8 

min"1. This is comparable to that of SiOz-R-PPM-Rh-COD (3B), where the TOP is 11.2 min' 

Catalyst 6A (entry 13) shows lower rates of MAC hydrogénation (TOP = 5.69 min"1) 

compared to that (entry 4) of SiOz-R-PPM-Rh-COD (3A) (TOP = 13.8 min"1); the reason for 

this lower activity is unknown. If the sequentially prepared catalyst (6B) contains excess 

rhodium, i.e. the Rh:PPM ratio is greater than 1:1, then reduced enantioselectivities are 

observed, see section 4.3. For example, a catalyst prepared with a Rh.PPM ratio of 5:1 

provides an ee of 22.0% after the first 5 min of reaction. 

Pd-SiOz (7) by itself is a catalyst for the hydrogénation of MAC (TOFCfr= 7.06 [42]), 

but the hydrogénation gives a racemic product (entry 18, Table 2). In order to determine 

whether rhodium adsorbed on Pd-SiOz (7) without the tethering PPM ligand would be 

catalytically active, [Rh(COD)z]+BF4" (4) was adsorbed on Pd-SiOz (7) by stirring a methanol 

solution of[Rh(COD)2]+BF4" (4) with Pd-SiOz (7). This system (entry 19) is highly active for 

the hydrogénation of MAC (TOF = 12.5 min"1) but the product is completely racemic. When 

Pd-SiOz-R-PPM-Oz (13) is reacted with [Rh(COD)z]+BF4- (4), it gives an active catalyst 

(TOF = 11.7 min"1) but the product is racemic (entry 21). This rate is very similar to 

[Rh(COD)z]+BF4- (4) on Pd-SiOz (7) (entry 19) and reaffirms the spectroscopic results 

(sections 3.1.2. and 3.1.3.) that PPM-Oz does not coordinate to Rh. Also, while mercury does 

not decrease the rate or enantioselectivity of Pd-SiOz-R-PPM-Rh-COD (6), it quenches the 
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activity of [Rh(COD)2]*BF4" (4) on Pd-SiOi (7) (entry 22). Thus, the racemic hydrogénation 

activity of [Rh(COD)2]+BF4" (4) on Pd-SiOz (7) must be attributed to metallic Rh on the 

silica surface. Since Rh on SiOz without Pd is not active (entry 7), the activation of the Rh 

must be due to the Pd in the system. One possibility is that hydrogen spillover from Pd 

reduces the [Rh(COD)z]^BF4 to Rh metal. This has been shown to occur for related systems 

during other hydrogénation reactions [18]. 

The effect of Pd loading on the surface was explored briefly. A palladium loading 

lower than 10% was examined with some 1% w/w Pd catalysts. The 1 %-Pd-SiOz-R-PPM-

Rh-COD (6B-1%) catalyst formed using method B exhibited a rate (TOF = 10.2 min"1) and 

enantioselectivity (ee = 86.8%) very similar to those of the analogous 10%-Pd catalyst Pd-

SiOz-R-PPM-Rh-COD (6B). The lower palladium content neither significantly raised nor 

lowered the MAC hydrogénation activity compared to the catalyst on I0%-Pd-Si0z or SiOz. 

Thus from entry 23, Table 2, it can be seen that the Pd loading or even the absence of Pd had 

no effect on either the rates or enantioselectivities of MAC hydrogénation. 

3.3. Arene hydrogénations studies 

3.3.1. SiOrR-PPM-Rh-COD (3) 

Si02-R-PPM-Rh-C0D (3) exhibits very low, but detectable, hydrogénation activity 

(TOF = 0.0135 min"1) for the conversion of toluene to methylcyclohexane (entry 3, Table 4). 

However, when the same catalyst is used for toluene hydrogénation in the presence of 

mercury, no activity is observed (entry 4). This result indicates that the active arene 

hydrogénation species is a heterogenized metallic rhodium species resulting from partial 

decomposition of SiOz-R-PPM-Rh-COD (3). Support for this interpretation is the higher 

activity (TOF = 0.0604 min"1) of the catalyst (entry 1) prepared by adsorbing 
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[Rh(COD)2]+BF4* onto SiOz, 26. The toluene hydrogénation activity of this catalyst is 

quenched by the addition of mercury (entry 2); this also indicates that a rhodium metal 

species is the active arene hydrogénation catalyst. 

3.3.2. Pd-SiOr-R-PPM-Rh-COD (6) 

The catalyst Pd-SiOz-R-PPM-Rh-COD (6) is much more active (TOF = 0.124 min"1) 

for the hydrogénation of toluene (entry 6, Table 4) than SiOz-R-PPM-Rh-COD (3) (TOF = 

0.0135 min"1) which does not contain palladium. However, the activity of Pd-SiOz-R-PPM-

Rh COD (6) (TOF = 0.124 min"1) is not much higher than that (entry 5) of simply Pd-SiOz 

(7) (TOFefr= 0.0785 min"1 [42]). Also, mercury quenches the toluene hydrogénation activity 

of both the palladium and rhodium present in 6 (entry 7). 

Oxidation of 6 by reaction with HzOz in acetone at room temperature liberates 

rhodium from the PPM complex to produce a catalyst that is much more active (TOF = 0.834 

min"1) than 6 (entry 8, Table 4). This rate is not much slower than that of the catalyst 

prepared by adsorbing [Rh(COD)z]+BF4" (4) on Pd-SiOz (7) (TOF = 1.65 min"1; entry 9). The 

high activity of rhodium species on Pd-SiOz (7) is consistent with the previously observed 

ability of Pd to activate adsorbed rhodium species for arene hydrogénations [18]. Both the 

oxidized Pd-SiOz-R-PPM-Oz (13) and [Rh(COD)z]+BF4" (4) on Pd-SiOz (7) catalysts are 

deactivated when mercury is added to the toluene hydrogénation mixtures. All of these 

results indicate that a PPM-Rh complex is not active for toluene hydrogénation, but rather 

metallic rhodium supported on the Pd-SiOz (7) is the catalyst. 
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4. Conclusions 

4.1. Enantioselective hydrogénation of MAC by SiOr-R-PPM-Rh-COD (3) 

One of the goals of these studies was to characterize the form of the tethered R-PPM-

Rh-COD (10) complex on the silica surface in SiOz-R-PPM-Rh-COD (3), before and during 

the enantioselective hydrogénation of MAC. On silica, the tethered phosphine, SiOz-R-PPM 

(2), is shown to retain the same structure and phosphine environment as in solution, R-PPM 

(1). For the tethered metal complex, both Method A (Scheme 2) and Method B (Scheme 1) 

lead to the same SiOz-R-PPM-Rh-COD (3) surface species as determined by 31P CPMAS 

NMR spectroscopy, which also establishes that the Rh complex in Si02-R-PPM-Rh-C0D (3) 

is structurally the same as R-PPM-Rh-COD (10) in solution. Consistent with the 31P NMR 

results, the activities and enantioselectivities for the hydrogénation of MAC are the same 

whether the SiOz-R-PPM-Rh-COD (3) catalyst is prepared by either method A or B. The 

activity of this catalyst is also comparable to that of the homogeneous Rh complex, [B-PPM-

Rh-COD]+, in solution and to that reported earlier by Pugin and Millier [5]. 

Catalyst 3, prior to use in MAC hydrogénations, is sensitive to air, undergoing 

complete oxidation to SiOz-R-PPM-Oz (11) and depositing rhodium on the SiOz within 5 

days of air exposure or 15 min by reaction with HzOz, Eq. (3). Oxidation also occurs at a rate 

of-1% per hour in the NMR rotor used in this study. After use in a MAC hydrogénation, 

SiOz-R-PPM-Rh-COD (3) is extremely air-sensitive and loss of activity is observed within 

seconds upon exposure to air. 

Exposure of solutions containing MAC and the SiOz-R-PPM-Rh-COD (3) catalyst to 

CO before, during, and after hydrogénation produces rhodium CO complexes that exhibit 

strong v(CO) IR bands diagnostic of complexes that are formed from intermediates in the 
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catalytic reaction. The identified rhodium-CO complexes are SiOz-R-PPM-Rh-MeOH-CO 

(24) and SiCh-R-PPM-Rh-MAC-CO (25). The lack of additional v(CO) bands shows that the 

PPM-rhodium complex remains intact throughout the catalytic cycle. Together with solid-

state 3lP NMR studies, the IR (and DRIFT) results support a previously proposed mechanism 

[20,26-32] (Scheme 3) for the hydrogénation of MAC in the presence of 3 and provide 

evidence that the PPM-rhodium unit remains intact throughout the reaction. 

Reaction rates, oxidation experiments, and mercury poisoning experiments reinforce 

the conclusion that the intact PPM-Rh unit is required for enantioselective hydrogénation of 

MAC. On silica, excess [Rh(COD )2]+BF4~ (4) has no noticeable effect on the rate or 

enantioselectivity, because [Rh(COD )2]+BF4" (4) by itself is a poor hydrogénation catalyst 

[43]. Partial oxidation of Si02-R-PPM-Rh-C0D (3) to SiOz-R-PPM-Oz (11) reduces its 

enantioselective activity, while complete oxidation extinguishes it. However, when the PPM-

Rh unit remains intact, mercury does not reduce the rate or enantioselectivity of MAC 

hydrogénation. All of these results suggest that during the hydrogénation of MAC, the 

phosphine (PPM) remains coordinated to the rhodium throughout the catalytic cycle. Thus, 

based on 31P NMR and DRIFT spectroscopic studies, as well as investigations of the catalytic 

activity and enantioselectivities of SiOz-R-PPM-Rh-COD (3), it has been established that the 

active species in catalyst 3 is the tethered R-PPM-Rh+ unit. 

4.2. Enantioselective hydrogénation of MAC by Pd-SiOy-R-PPM-Rh-COD (6) 

When metallic Pd is added to the SiOz surface of SiOz-R-PPM-Rh-COD (3), the 

active species of the resulting catalyst Pd-SiOz-R-PPM-Rh-COD (6) is also the SiOz-R-PPM-

Rh-COD complex. In general, the tethered systems on Pd-SiOz (7) are similar to those on 

SiOz. The tethered phosphine Pd-SiOz-R-PPM (12) appears the same by 31P NMR as on 
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silica, SiOz-R-PPM (2), and in solution, R-PPM (1). However, two additional resonances 

were observed in 12 that most likely represent a complex of R-PPM with Pd [25]. Also, Pd-

SiOz-R-PPM-Rh-COD (6) catalysts, prepared by either method A or B, are similar to each 

other and to 3. The spectroscopic data are consistent with the observations that the activities 

and enantioselectivities of the catalysts (6 and 3) with Pd-SiOz and SiOz supports are very 

similar. All of the catalysts (3 A, 3B, 6A, and 6B) catalyze the enantioselective hydrogénation 

of MAC. Solid-state 31P NMR studies show that the R-PPM-Rh-COD complex is the species 

present in Pd-SiOz-R-PPM-Rh-COD (6) prior to the hydrogénation of MAC. Exposure to 

CO, reaction rates, oxidation experiments, and mercury poisoning experiments indicate that 

the intact chelated phosphine-rhodium unit is required for enantioselective hydrogénation of 

MAC and this PPM-Rh unit remains intact throughout the reaction. 

In all regards discussed so far, the R-PPM-Rh-COD species are the same in 3 and in 

6. The same species are observed before, during, and after reaction; and the Pd-SiOz catalyst, 

6, is as air sensitive as 3 on SiOz. The only difference between the SiOz- and Pd-Si02-

supported catalysts is the ability of Pd-SiOz (7) to activate any uncomplexed rhodium, such 

as [Rh(COD)z]+BF4- (4), on the silica surface to a highly active racemic hydrogénation 

species, presumably rhodium metal. Thus, [Rh(COD )z]+BF4- (4) on Pd-SiOz (7) is reduced to 

an active form of rhodium that catalyzes the hydrogénation of MAC to the racemic MACHz 

product; as noted above, [Rh(COD )z]+BF4* (4) on SiOz is not very active (TOF = 0.0600 

min"1) for MAC hydrogénation. Therefore, excess [Rh(COD )z]+BF4* (4) on Pd-SiOz-R-PPM-

Rh-COD (6) results in reduced enantioselectivities due to concurrent enantioselective and 

racemic hydrogénation by the two different species. Also, oxidation of Pd-SiOz-R-PPM-Rh-

COD (6) releases rhodium species that are reduced by the Pd under hydrogénation conditions 
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to rhodium metal which causes the hydrogénation of MAC to give lower ee values in the 

MACHz product. For all of the catalysts containing Pd-SiOz, mercury quenches the part of 

the reaction catalyzed by metallic rhodium that gives racemic MACHz yet allows the 

enantioselective hydrogénation catalyzed by the R-PPM-Rh-COD complex. 

4.3. Arene hydrogénation by SiO^R-PPM-Rh-COD (3) and Pd-SiOy-R-PPM-Rh-COD (6) 

Although several Rh complexes tethered on Pd-SiOz are active TCSM catalysts for 

the hydrogénation of arenes [7-11], catalysts described in this paper, based on R-PPM-Rh-

COD (10), are not. While SiOz-R-PPM-Rh-COD (3) shows trace activity for toluene 

hydrogénation, the mercury test shows conclusively that the activity cannot be ascribed to the 

PPM-Rh complex; rather metallic rhodium on the silica is the active species. Somewhat 

surprisingly, the TCSM catalyst, Pd-SiOz-R-PPM-Rh-COD (6), does not show an increase in 

toluene hydrogénation activity over that of Pd-SiOz (7), which suggests that the Pd-SiOz part 

of 6 is the active component When 6 is oxidized to Pd-SiOz-R-PPM-Oz (13) releasing Rh 

from the complex, toluene hydrogénation activity increases substantially. After extensive 

oxidation, the rate is the same as that of [Rh(COD)z]+BF4" (4) on Pd-SiOz (7). This increased 

toluene hydrogénation activity corresponds with reduced enantioselectivities for MAC 

hydrogénation. Most importantly, mercury stops both the toluene and the racemic MAC 

hydrogénation activity. This indicates that these activities are due to rhodium metal and not 

the PPM-Rh complex. Again, the difference in arene hydrogénation activity between 

[Rh(COD)2]+BF4" (4) on Pd-SiOz (7), which is highly active (TOF = 1.65 min"1), and 

[Rh(COD)z]+BF4- (4) on SiOz, which is much less active (TOF = 0.0604 min"1), is due to Pd 

facilitating the reduction of [Rh(COD)z]*BF4" (4) to a form of rhodium metal that is the 
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active toluene hydrogénation species. For all of the catalysts examined with the PPM ligand, 

the intact tethered catalyst is inactive for arene hydrogénation. 
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Table 1.31P NMR and IR v(CO) data for the complexes1 

Complex aP Up jRh-P JRh-P Jp-p IRv(CO) 

PPM" -3.7 -20.3 

PPM-Rh-COD 9b 42.4 32.5 113 110 37 

R-PPM lb -8.2 -22.3 

R-PPM-Oz 15b 32.4 31.6 

R-PPM-Rh-COD 10b 44.2 16.8 146 140 38 

R-PPM-Rh(MeOH)2 16c 69.7 46.0 196 196 64 

R-PPM-Rh-MeOH-CO 20c 35.7 24.4 315 314 127 1984(s)a 

R-PPM-Rh-MAC 19° 50.7 22.2 152 103 19 

R-PPM-Rh-MAC 19e 40.5 32.4 115 112 20 

R-PPM-Rh-MAC 191 46 33 

R-PPM-Rh-MAC-CO 21c 54.3 47.4 137 137 125 1970(s)a 

Si02-R-PPM 2' -7 -23 

SiO2-R.PPM.O2 11' 35 35 

SiO2-R.PPM-Rh.COD 31 43 15 

Si02-R-PPM-Rh-Me0H-C0 24' 35 25 1990(s)8 

Si02-R-PPM-Rh-MAC 231 40 28 

SiOz-R-PPM-Rh-MAC-CO 25' 1974(s)g 

Pd.Si02-R-PPM 12* -7 -21 

Pd.SiO2-R-PPM.O2 13r 38 38 

Pd-SiO2-R-PPM.Rh.COD 61 45 15 

Pd-Si02-R-PPM-Rh-Me0H-C0 27' 35 25 1990(s)8 

Pd-Si02-R-PPM-Rh-MAC-C0 28' 1974(s)8 

a Chemical shifts (in ppm) are referenced to an external standard of 85% H3PO4 and J 
couplings are given in Hertz. v(CO) values are given in cm"1. 

b 31P NMR measured in CDCI3. 
c 31P NMR measured in MeOH-d^. 
d Solution IR measured in CH2CI2. 
c31P NMR measured in 85%CDCl3-15%MeOH-d4. 
f Solid-state (CPMAS) 31P NMR. 
g DRIFT. 
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Table 2. Hydrogénation of MAC3 

Entry Species Rate6(TOFc, min1) eed/% 
1 B-PPM-Rh-COD(Lit)e 5 14.3e 94.5e 

2 R-PPM-Rh-COD 10 5.01 93.5 
3 Si02-R-PPM-Rh-C0D(Lit)e 3 6.25-12.5= 89.8-94.5e 

4 Si02-R-PPM-Rh-COD(preformed)13A 13.8 93.7 
5 Si02-R-PPM-Rh-C0D(sequential)8 3B 11.2 91.1 
6 SiOz-R-PPM-Rh-COD 3 plus Hg" 12.0 92.5 
7 Si02 plus [Rh(COD)2rBF4"' 26 0.0600 Racemic 
8 Si02 plus [Rh(COD)2JlBF4"126 plus Hg" 0.00 
9 Oxidized SKVR-PPM-Rh-COD1 1.02" 90.5' 
10 Oxidized Si02-R-PPM-Rh-C0Dm 0.00 
11 Si02-R-PPM-02 11 plus [Rh(COD)2]*BF4'14 0.0135 Racemic 
12 Used Si02-R-PPM-Rh-C0Df 3A 7.51,4.04" 93.0, 94.0" 
13 Pd-Si02-R-PPM-Rh-C0D(preformed)f 6A 5.69 90.6 
14 Pd-Si02-R-PPM-Rh-C0D(sequential)8 6B 11.8e 88.3 
15 Pd-Si02-R-PPM-Rh-C0D(preformed)f 6A 

Plus Hgh 
6.11 92.0 

16 Pd-Si02-R-PPM-Rh-C0D(sequential)8 6B 
Plus Hgh 

10.4 85.0 

17 Used Pd-Si02-R-PPM-Rh-COD(preformed)f6A 5.02, 4.01", 5.04° 89.3,92.0", 92.0" 
18 Pd-Si02 7 7.06p Racemic 
19 Pd-Si02 7 plus [Rh(COD)2]^BF4" 4 12.5 Racemic 
20 Oxidized Pd-SiOrR-PPM-Rh-COD1 3.02 16.0 
21 Pd-Si02-R-PPM-0213 plus [Rh(COD)2]lBF4" 4 11.7 Racemic 
22 Pd-Si02 7 plus [Rh(COD)2fBF4-'4 plus Hg" 0.00 
23 1 %Pd-Si02-R-PPM-Rh-C0D(sequential)81 %-6B 10.2 86.8 

aSee Eq. (1). Typical reaction conditions: 14 mg of catalyst (3.75 (imol Rh), 750 (imol (200 eq) 
MAC, 7.5 ml MeOH, 25°C, latm H2. Data represents the average of 3 or more runs; however, Hg and 
re-use experiments reflect data from one unique experimental run. 
b Rate given as TOF [mole H2/(mole Rh • min)]. 
cTOF calculated after 5 min of reaction, corresponding to the maximum TOF observed. 
d Enantiomeric excess(ee) determined by GC after complete hydrogénation of MAC, chirasil-val 
column(50m x 250pm). 
'Literature reference [5], 
f The catalyst was prepared using method A. 
8 The catalyst was prepared using method B. 
h0.10 mL of Hg added with MAC. 
1 Formed by stirring [Rh(COD)2]'fBF4" and SiOz for 5 min at room temperature in MeOH. 
J Oxidized by exposure to air for 3-5 days. 
k Activity ceases within 0.5 h of reaction, before complete MAC hydrogénation. 
1 ee for partially reacted substrate. 
"Oxidized by addition of H202 to an acetone slurry of the catalyst prior to reaction. 
" Second use. 
"Third use. 
p See footnote [42]. 
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Table 3. Effect of Rh:PPM ratio on the activity and enantioselectivity of SiOz-R-PPM-Rh-
COD (3B), prepared by method B, in the hydrogénation of MAC3 

RhrPPM Rate (TOF, min"1) eeb/% 

0.5:1 8.83' 90.5 

plus Hg 9.04' 90.0 

1:1 11.2e 91.5 

plus Hg 11.0e 92.5 

2:1 12.0d 90.1 

plus Hg 11.0d 91.8 

4:1 8.84d 92.7 

plus Hg 10.8d 92.4 

3 Reaction conditions are the same as those in Table 2. 
b Enantiomeric excess determined by GC after complete hydrogénation of MAC. 
cTOF [mole Hz/(mole Rh • min)] after the first 5 min of reaction, corresponding to 

the maximum TOF observed. 
dTOF [mole Hz/(mole PPM • min)] after the first 5 min of reaction, corresponding to 

the maximum TOF observed. 
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Table 4. Hydrogénation of toluene to methylcyclohexane* 

Entry Species Rate (TOFb, min'1) 

1 SiOz plus [Rh(COD)z]+BF4"c 26 0.0604 

2 SiOz plus [Rh(COD)2]+BF4'c 26 plus Hgd 0.00 

3 SiOz-R-PPM-Rh-COD 3 0.0135 

4 SiOz-R-PPM-Rh-COD 3 plus Hgd 0.00 

5 Pd-SiOz 7 0.0785e 

6 Pd-SiOz-R-PPM-Rh-COD 6 0.124 

7 Pd-SiOz-R-PPM-Rh-COD 6 plus Hgd 0.00 

8 Pd-SiOz-R-PPM-Rh-COD oxidized with HzOzf 0.834 

9 Pd-SiOz 7 plus [Rh(COD)2]+BF4"c 4 1.65 

10 Pd-SiOz 7 plus [Rh(COD)2]+BF4"c 4 plus Hgd 0.0182s 

a Reaction conditions: 50.0 mg of catalyst (13.4 gmol Rh), 5.0 ml of toluene as both 
reactant and solvent, 1 atm Ha, 40°C. 

bTOF [mole Hz/(mole Rh • min)] after the first 5 min of reaction, corresponding to 
the maximum TOF observed. 

'Formed by stirring 5.4 mg (13.4 pmol) of [Rh(COD)2]+BF4" (4) and 50.0 mg of SiOz 
for 5 min at room temperature in methanol. 

d0.10 mL of Hg added. 
cSee footnote [42]. 
f Oxidized by addition of H2O2 to an acetone slurry of the catalyst prior to reaction. 
8 Activity ceases after 10 min. 
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Scheme 1. Preparation of the tethered catalysts SiOz-R-PPM-Rh-COD (3B) and 
Pd-SiOz-R-PPM-Rh-COD (6B) using method B. 
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Scheme 2. Preparation of the tethered catalysts Si02-R-PPM-Rh-C0D (3A) and 
Pd-SiOi-R-PPM-Rh-COD (6A) using method A. 
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Scheme 3. Catalytic cycle for the hydrogénation of MAC using PPM-Rh and reactions of 
intermediates with CO 
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Figure Captions 

Fig. 1.31P CPMAS NMR spectra of (a) chiral phosphine SiOz-R-PPM (2); (b), (c) SiCh-R-

PPM-Rh-COD (3) complex prepared by methods A and B, respectively, (d) chiral phosphine 

Pd-SiOz-R-PPM (12); (e), (f) Pd-SiOz-R-PPM-Rh-COD (6) complex prepared by methods A 

and B, respectively. Spectrum (f) was acquired using a lower spinning rate of 10kHz. 

Asterisks (*) denote the spinning sidebands. 

Fig. 2.. 3lP CPMAS NMR spectrum of SiOz-R-PPM-Oz (11) obtained using a sample 

rotation rate of 10 kHz. Asterisks (*) denote the spinning sidebands. 

Fig. 3.31P CPMAS NMR spectra of SiOz-R-PPM (2) (a) and its rhodium complex SiOz-R-

PPM-Rh-COD (3) obtained by method B (b-d). 
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Figure 1 
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Figure 2 

i i i I i i i i i i i i i I i i i i I i i 
100 50 0 -50 

ppm 



www.manaraa.com

60 

Figure 3 
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Arene Hydrogénation Using Supported Rhodium Metal Catalysts 

Prepared from [Rh(COD)H]4, [Rh(COD)2]+BF4", and 

[Rh(COD)Cl]2 Adsorbed on Si02 and Pd-Si02 

A paper accepted for publication in the Journal of Molecular Catalysis A: Chemical 

Keith J. Stanger, Yali Tang, James Anderegg, and Robert J. Angelici* 

Abstract 

Four different rhodium precursors, [Rh(COD)H]4, [Rh(COD)2]+BF4\ [Rh(COD)Cl]2, 

and RhCb^SHzO, adsorbed onto silica (Si02) or onto palladium supported on silica (Pd-

SiÛ2), were examined for their catalytic arene hydrogénation activities. Rates of toluene 

hydrogénation were compared when the catalysts were pretreated with hydrogen as follows: 

none, 40 °C for 24 h, and 200 °C for 4 h. With no hydrogen pretreatment, the rhodium 

precursors adsorbed on Pd-SiOz showed higher activities than the corresponding precursors 

on only SiO;. As the hydrogen pretreatment temperature was increased, the activities of the 

catalysts on Si02 increased; the highest activity occurred with catalysts pretreated at 200 °C. 

Conversely, milder pretreatments were more effective for the catalysts on Pd-Si02; higher 

temperature pretreatments reduced activities. The catalysts were characterized by their 

activities, DRIFTS, transmission electron microscopy (TEM), and X-ray photoelectron 

spectroscopy (XPS). All of the studies indicate that the active catalytic species is rhodium 

metal. On silica, H2 reduction of the rhodium complex to Rh metal under arene 

hydrogénation conditions was slow in all cases except [Rh(COD)H]4. However, on Pd-Si02, 

the palladium accelerated the reduction of all of the Rh complex precursors to rhodium metal 
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under the same conditions. The resulting Rh-Pd-SiOa bimetallic catalysts exhibited higher 

activities than catalysts of the same composition prepared by classical methods. 

1. Introduction 

Our group has shown that catalysts consisting of tethered complexes on supported 

metals (TCSM) are effective catalysts for various hydrogénation reactions [1-5]. In 

particular, TCSM catalysts (Fig. 1) that contain a rhodium complex tethered to silica that also 

has supported palladium metal are highly active for the hydrogénation of arenes under mild 

conditions (1 atm, 40 °C) [1-5]. Both the tethered rhodium complex and supported 

palladium contribute to the high activities of the catalysts. Their activities are much greater 

than either the complex tethered to silica or palladium on silica separately. The specific roles 

of the tethered complex and supported palladium are not known, but it was suggested, by our 

group [1-5], that the increased activity is due to hydrogen activation by the palladium, 

hydrogen spillover [6] to the silica surface, and utilization of the activated hydrogen by the 

tethered rhodium catalyst. Another possibility is that the activity of the TCSM catalyst is due 

to rhodium metal on the silica which is formed by palladium-promoted reduction of rhodium 

that dissociates from the tethered complex. One goal of the work described in the present 

paper was to determine whether palladium promotes the formation of rhodium metal in 

catalysts that are prepared by adsorbing Rh complexes on Pd-SiOi. 

In the literature, there are reports of rhodium/palladium bimetallic catalysts on silica 

or alumina supports that exhibit behavior opposite to that of the TCSM systems. Papers by 

del Angel et. al. [7] and Araya et. al. [8] show that supported bimetallic rhodium/palladium 

catalysts prepared by impregnation of RhCls and PdClz in aqueous solutions or 

bis(acetylacetonato)palladium in dichloromethane onto silica or alumina are less active for 
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benzene hydrogénation than rhodium-only supported catalysts [7,8]. In contrast, TCSM 

catalysts with tethered rhodium complexes and supported palladium metal are more active 

for arene hydrogénation than catalysts consisting of the tethered rhodium complexes only [1-

5]. Therefore, we have investigated conditions under which palladium increases or decreases 

the arene hydrogénation activity of rhodium catalysts. 

Silica- and alumina-supported rhodium is known to be much more active than 

supported palladium as an arene hydrogénation catalyst [7-9]. The activity of the palladium-

supported catalyst is known to be structure insensitive and does not depend on the size of the 

palladium particles [9], On the other hand, the activity of supported rhodium catalysts is 

structure sensitive and depends on particle size. Rhodium metal clusters of 10 À or larger are 

needed for arene hydrogénation; smaller particles show no arene hydrogénation activity [9-

12]. 

Considering the structure sensitive nature of supported rhodium catalysts, we also 

describe in this report variations in activities of catalysts prepared from different types of 

rhodium complexes. Thus, the following four rhodium complexes were examined: 

RhCl3-3H20, [Rh(COD)Cl]2 [13], [Rh(COD)2]+BF4" [14], and [Rh(COD)H]4 [15,16]. 

RhCls'SHiO was chosen as a Rh catalyst precursor because it is commonly used for the 

preparation of supported rhodium metal catalysts by the incipient wetness impregnation 

method. It is reduced to metallic rhodium on silica surfaces by exposure to hydrogen gas 

above 200 °C [17]. [Rh(COD)Cl]2 is frequently used as a starting material for the synthesis 

of homogeneous rhodium hydrogénation catalysts [13], and was chosen for these studies as a 

model of surface species that may result from decomposition of rhodium halide catalysts. 

Also, Blum and coworkers [18] showed that a sol-gel-entrapped [Rh(COD)Cl]2 becomes an 
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active arene hydrogénation catalyst if metallic palladium is present in the sol-gel matrix. The 

authors suggested the activity of these catalysts arose from a synergy facilitated by the close 

proximity of the rhodium and palladium in the matrix. The cationic [Rh(COD)z]*BF4" is 

frequently used to prepare homogeneous rhodium hydrogénation catalysts [14] and is a 

precursor for a number of tethered catalysts on silica [1-5,19,20]. In addition, the very 

similar [Rh(COD)(PhCN)z] CIO4" is reduced to metallic rhodium under hydrogénation 

conditions of 25 °C-100 °C in methanol, methylene chloride, or in the solid state [21]. 

Finally, [Rh(COD)H]4, which catalyzes the hydrogénation of toluene at room temperature 

(AR = 0.11 mol MeCy/mol Rh • min), is reduced to rhodium nanoclusters, with an average 

size of 2 nm, under the reaction conditions [16]. 

For the studies reported here, the RhCls'SHzO catalysts were prepared by the standard 

impregnation method, while the other catalysts were synthesized by adsorbing the rhodium 

complexes onto silica (SiOz) or palladium supported on silica (Pd-SiOz) under conditions 

(refluxing toluene for 4 h) similar to those used in the synthesis of TCSM catalysts [1-5,20], 

These catalysts were examined for their activities in toluene hydrogénation, under mild 

conditions of 1 atm Hz and 40 °C (Eq. (1)). 

Sometimes the catalysts were studied without pretreatment; at other times, they were 

pretreated with hydrogen at 40 °C for 24 h or 200 °C for 4 h. The 40 °C hydrogen 

pretreatment was chosen to reflect conditions that would be present under prolonged 

hydrogénation reaction times (Eq. (1)). The 200 °C hydrogen pretreatment was chosen to 

Rh catalyst 

(1) 
40 °C 
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simulate conditions used in the production of Rh-SiOz from RhCls'SHzO. The catalysts were 

also characterized by DRIFTS, TEM, and XPS. 

2. Experimental 

2.1. General considerations 

The following chemicals were purchased: RhClg'SHzO from Pressure Chemicals, 

PdCh from DFG, silica (SiO?) Merck grade 10184 (B.E.T. surface area, 300 m2 g"1; pore size 

100 Â) and 1,5-cyclooctadiene, COD, from Aldrich. Toluene and methylene chloride were 

dried prior to use by passage through an alumina column under argon [22]. The following 

compounds were prepared by literature methods: [Rh(COD)Cl]z [13], [Rh(COD)2]+BF4" [14], 

and [Rh(COD)H]4 [16]. The preparation of Pd-SiOz (Pd, 10 wt.%) was described previously 

[1]. 

FTIR and diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) 

spectra were obtained on a Nicolet 560 spectrophotometer. The main compartment, 

equipped with a TGS detector, was used to take solution IR spectra using a NaCl solution 

cell. An auxiliary experiment module (AEM) containing a Harrick diffuse reflectance 

accessory with a MCT detector was used to obtain the DRIFT spectra of solid samples. Gas 

chromatographic analyses were performed on a Hewlett Packard HP 6890 GC using a 25 m 

HP-1 capillary column attached to a FID detector. Rhodium content of the supported 

catalysts was determined by ICP-AES conducted by MPC Analytical Services of the Ames 

Laboratory. Samples for analysis were prepared by dissolving a 50 mg sample in 5.0 ml of 

aqua regia at 90 °C, then 5.0 ml of 5% aqueous HF was added and the mixture was heated to 

the same temperature. The resulting solution was diluted to 25 ml in a volumetric flask. 



www.manaraa.com

66 

Experimentally determined rhodium compositions (by weight) are listed for representative 

catalysts in the following sections. 

2.2. Preparation of arene hydrogénation catalysts 

2.2.1. Preparation of silica-supported metal catalysts (M-Si02; M = Rh) 

Rh-SiOz: The preparation of Rh-SiOz was similar to that reported in the literature 

[17]. To 0.234 g ofRhCl3«3H20 dissolved in 20 ml of water was added 5.0 g of SiOz with 

stirring. After stirring overnight at room temperature, water was removed with a rotary 

evaporator at 80 °C. The solid was then dried further in an oven at 110 °C overnight. The 

sample was then placed in a tube furnace, treated with an Nz flow, and heated to 200 °C for 2 

h under the Nz flow. The sample was cooled to room temperature under Nz, and the gas flow 

was switched to Hz. Then the sample was reduced for 3 h in a Hz flow at 200 °C before the 

temperature was ramped to 250 °C for an additional 5 h. The resulting black solid, Rh-SiOz, 

was collected after it had been allowed to cool under Hz to room temperature. (Rh, 1.17 

wt.%) 

2.2.2. Preparation of silica-supported bimetallic catalysts (M-M'-Si02; M, M' = Pd or Rh) 

Rh-(Pd-SiOz): These catalysts were produced following the procedure for the 

preparation of Rh-SiOz (given above) using Pd-SiOz instead of SiOz. (Rh, 1.65% wt.; Pd, 

10% wt.) 

Rh/Pd-SiOz: This catalyst was prepared by the coimpregnation of Rh and Pd. First, 

4.6 g of SiOz was allowed to stir overnight in an aqueous solution of PdClz (1.0 g, 5.4 mmol) 

and RhCl3e3HzO (0.20 g, 0.90 mmol) in 30 ml of 0.2 M HC1. After rotary evaporation at 80 
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was reduced in a Hz flow at 450 °C for 5 h. (Rh, 1.46% wt.; Pd, 10% wt.) 

Rh/Pd(Oz)-SiOz: This catalyst was prepared by the coimpregnation of Rh and Pd by 

stirring 4.6 g of SiOz overnight in an aqueous solution of 1.0 g (5.4 mmol) of PdClz and 0.20 

g (0.90 mmol) ofRhCb'SHzO in 30 ml of 0.2 M HC1. After rotary evaporation at 80 °C and 

oven drying at 110 °C overnight, the sample was placed in a tube furnace and calcined in an 

air flow at 500 °C for 6 h, before being reduced in an Hz flow at 500 °C for 6 h. (Rh, 1.56% 

wt.; Pd, 10% wt.) 

Pd-(Rh-SiOz): This catalyst was prepared by sequential addition of the metals 

following a literature preparation [8]. A solution of 23 mg (75|imol) of 

bis(acetylacetonato)palladium in 5 ml of CHzClz was stirred for 1 h with 1.0 g of 0.16% Rh-

SiOz. After vacuum drying, the sample was reduced at 450 °C in a flow of Hz for 5 h. (Rh, 

0.16% wt.; Pd, 0.80% wt.) 

2.2.3. Preparation of adsorbed rhodium complexes on SiC>2 and Pd-SiO? 

General procedure 

Catalysts were prepared by placing 97 (imol of the rhodium complex and 0.50 g of 

SiOz in a round bottom flask that was attached to a reflux condenser further linked to a 

Schlenk line. The atmosphere in the apparatus was replaced with nitrogen; 20 ml of toluene 

and 5.0 ml of CHzClz, for solubility, were added; and the system was refluxed for 4 h. The 

mixture was cooled to room temperature and stirred a further 12 hat room temperature. 

Finally, the solvent and unadsorbed species were filtered off, and the remaining solid was 

washed at least three times with 20 ml of toluene or until the toluene washings were clear. 
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The resulting adsorbed catalysts and rhodium contents, determined by ICP-AES, are 

listed below: 

[Rh(C0D)Cl]2-Si02: (Rh, 0.093% wt.); [Rh(C0D)2]+BF4"-Si02: (Rh, 1.68% wt.); 

[Rh(C0D)H]4-Si02: (Rh, 1.68% wt.); [Rh(C0D)Cl]2-Pd-Si02: (Rh, 0.44% wt.; Pd, 10% wt.); 

[Rh(C0D)2]+BF4*-Pd-Si02: (Rh, 1.56% wt.; Pd, 10% wt.); [Rh(C0D)H]4-Pd-Si02: (Rh, 

1.84% wt.; Pd, 10% wt.). 

2.2.4. Hydrogen pretreatment of adsorbed catalysts 

40 °C Treatment: The catalyst (100 mg) was placed in a jacketed vessel, described in 

section 2.3., with a stir bar. The atmosphere was replaced with hydrogen by performing a 

series of three vacuum/hydrogen flushes. Under a hydrogen atmosphere (1 atm) in the 

absence of solvent, the temperature was raised to 40 °C. The dry catalyst was allowed to stir 

for 24 h at 40 °C under hydrogen. Then, the temperature was lowered to room temperature; 

the hydrogen atmosphere was removed under vacuum and replaced with nitrogen; and the 

sample was collected and stored under nitrogen. The resulting catalysts are: 

[Rh(COD)Cl]2-Si02/40°C; [Rh(COD)Cl]2-Pd-Si02/40°C; [Rh(COD)2] +BF4"-Si02/400C; 

[Rh(COD)2] +BF4"-Pd-Si02/40°C; [Rh(COD)H]4-Si02/40°C; [Rh(COD)H]4-Pd-Si02/40°C. 

200 °C Treatment: The catalyst (100 mg) was placed in a tube furnace. The 

atmosphere was replaced with hydrogen using three vacuum/hydrogen flush cycles. Then, 

hydrogen was passed over the sample for 15 min at room temperature before the temperature 

was ramped to 200 °C. Hydrogen flow was continued at 200 °C for 4 h. Then, the sample 

was cooled to room temperature; the atmosphere was switched to nitrogen; and the sample 

was collected and stored under nitrogen. The resulting catalysts are: 
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[Rh(COD)Cl]2-Si02/200°C; [Rh(COD)Cl]2-Pd-Si02/200°C; [Rh(COD)2] +BF4'-Si02/200°C; 

[Rh(COD)2] +BF4'-Pd-Si02/200°C; [Rh(COD)H]4-Si02/200°C; [Rh(COD)H]4-Pd-

Si02/200°C. 

2.3. Hydrogénation reactions 

2.3.1. Hydrogénation of toluene 

A standard hydrogénation run consisted of placing 50 mg of catalyst (-10 gmol of 

Rh) into a three-neck jacketed vessel containing a Teflon-coated stir bar (Fig. 2). One neck 

of the reaction vessel was capped with a glass stopper. The center neck was fitted with a 

rubber and Teflon septum to allow for input of solvents and removal of GC samples via 

syringe. The third neck was fitted with a three-arm "Y" stopcock. This allowed the reaction 

vessel to be attached to a vacuum/argon Schlenk line and the burette to be filled with 

hydrogen. 

After the catalyst was placed in the reaction vessel, the atmosphere in the reaction 

flask was replaced with Ar using three vacuum/flush cycles. Next, the jacket of the vessel 

was attached to a constant temperature bath and the temperature was raised to 40.0 °C (±0.2 

°C). While the temperature was being achieved, the hydrogen gas reservoir was filled though 

a series of three consecutive vacuum and hydrogen gas flush cycles. After the temperature 

had stabilized at 40 °C and the gas burette was full of hydrogen, the reaction vessel itself was 

evacuated and filled with hydrogen three times. Immediately after replacing the nitrogen 

atmosphere with hydrogen, 5.0 ml of toluene were added via syringe. The reaction was 

opened to the hydrogen gas reservoir and stirring was initiated. Generally, less then 5 min 

were required for the toluene to warm to 40 °C and for the burette to stabilize after addition 

of solvent to the reaction vessel; after this time, hydrogen uptake readings were made. The 
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rate of reaction was monitored by the volume of hydrogen taken up with time. In all cases, 

methylcyclohexane (CyMe) was the only product observed, and hydrogen uptake readings 

from the burette matched the amount of CyMe product determined by GC analysis. Solvent 

and reaction vessel volumes were the same for all runs. The stirring speed (600 rpm) was 

held constant in the reported reactions, but changes in stirring speeds (300-1200 rpm) did not 

change the observed rates indicating that effects of hydrogen mass transfer were not 

significant and rates were not diffusion limited. Rates were calculated as atomic rates (AR) 

[23] based on the total moles of methylcyclohexane produced (1/3 of the moles of hydrogen 

gas consumed) divided by the moles of rhodium in the catalyst and the time of the reaction in 

minutes, Eq. (2). 

_ _ (Total Moles of Methylcyclohexane produced) ... 
(Total Moles of Rh in the catalyst)(minutes) ' ' 

2.3.2. Hydrogénation of 1-hexene 

The same hydrogénation setup and procedure used for toluene hydrogénation were 

utilized with the following modifications. The amount of catalyst was reduced to 25 mg (~5 

gmol of Rh); the temperature was held at 0.0 °C (±0.2°C); and 1-hexene (5.0 ml) was used as 

both solvent and substrate. Rates, as atomic rates (AR) [23], were calculated as in Eq. (2), 

but based on the total moles of hexane produced (the same as the number of moles of 

hydrogen gas consumed). 

2.3.3. Hydrogénation in the presence of mercury 

After initial rates of hydrogénation of toluene or 1-hexene were determined, 0.2 ml 

(14 mmol) of Hg was added to the reaction via syringe. The rate of hydrogen uptake was 

continuously monitored. In cases where the effect of mercury on the rate was not complete 
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in 1 h, the hydrogen atmosphere was replaced with argon and the mercury was stirred with 

the catalyst under the inert atmosphere of argon for a period of time. After this time (2 or 17 

h), the argon atmosphere was replaced with hydrogen via three quick vacuum/hydrogen flush 

cycles, and rates of the mercury-treated reactions were measured by following the hydrogen 

uptake with time. 

2.4. IR studies of CO treated catalysts 

The catalyst (50 mg) was placed in 1.0 ml of toluene and stirred under 1 atm of CO 

for 18 h. The samples were then filtered, washed three times with 1.0 ml of toluene, and 

vacuum dried before being analyzed by DRIFTS. 

2.5. TEM analysis of catalysts 

Samples were crushed using an agate mortar and pestle. The finely separated samples 

were then floated using methanol over a holey carbon grid supported on a copper grid. The 

samples were air dried and then analyzed with a Philips CM 30 transmission electron 

microscope (TEM) equipped with a LINK energy dispersive spectrometer (EDS) system. 

Both selected-area electron diffraction (SAED) and micro-diffraction patterns were obtained 

from the samples for phase identification. Visual images were manipulated with Photoshop 

and distances measured with Image-Pro Plus®. In order to obtain accurate statistical results 

of size distribution of nano particles, more than 120 particles were measured for analysis. 

MS Excel was used to tabulate distances and produce distribution curves. 

2.6. XPS analysis of catalysts 

Samples were heated to 150 °C under vacuum for 12 h prior to analysis. The samples 

were then mounted on two-sided tape and analyzed with a Physical Electronics 5500 Multi-

technique system using the standard Mg source. An initial survey was conducted from the 
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range 0- 1100 eV and then multiple elemental regions were examined including Rh, Pd, C, 

Si, and O regions. Physical Electronics' MultiPak® software was used to analyze the data. 

For all samples, peaks were referenced to C (Is, 284.5 eV) and/or Si (2p,103.3 eV). 

3. Results 

3.1. Activities of [Rh(COD)H]4-based catalysts 

The rates of toluene hydrogénation to methylcyclohexane at 40 °C under 1 atm of Hi 

in the presence of [Rh(COD)H]4-based catalysts are summarized in Table 1. In solution, 

[Rh(COD)H]4 is active from the outset (AR = 1.83 min"1) (entry 1). When adsorbed onto 

silica, [Rh(COD)H]4 activity (entry 2) appears to increase with time, as is evident in the 

higher rate at 6 h (AR = 2.26 min"1) than at 1 h (AR = 1.59 min"1); in contrast, the activity of 

[Rh(COD)H]4 in solution decreases with time. Hydrogen pretreatments enhance the activity 

of the silica-supported catalyst. Pretreatment at 40 °C (entry 3) causes the initial activity to 

nearly double (AR = 3.33 min"1) and to remain elevated even after 6 h (AR = 2.64 min"1). A 

200 °C pretreatment (entry 4) causes the initial rate to triple (AR =5.13 min"1) and remain 

high even after 6 h (AR = 4.17 min"1). 

The catalyst [Rh(C0D)H]4-Pd-Si02 consisting of [Rh(COD)H]4 adsorbed onto Pd-

SiC>2 shows high activity from the outset, AR = 4.80 min"1 (entry 5). For this system, 

hydrogen pretreatments provide no benefit. A 40 °C pretreatment (entry 6) slightly decreases 

the activity (AR = 3.77 min"1), and a 200 °C pretreatment reduces the activity by a factor of 

nearly five (AR = 1.07 min"1) (entry 7). 

3.2. Activities of [Rh(COD) J^BF4-based catalysts 

Rates of toluene hydrogénation for [Rh(COD)2]+BF4"-based catalysts are summarized 

in Table 1. The cationic [Rh(COD)2]+BF4" is insoluble in toluene; when it is dissolved in a 
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1:4 vol/vol mixture of CH2CI2 .'toluene, the resulting solution is only weakly active (AR = 

0.02 min"1) (entry 8). The silica-supported catalyst [Rh(C0D)2]+BF4*-Si02 (entry 9) requires 

a long induction period, ~1 d, before achieving a steady AR of 0.67 min"1, which is 

maintained for over three days. If this catalyst is pretreated with Hz at 40 °C, it shows an 

increased initial rate (AR = 1.58 min"1) (entry 10) that decreases to a steady AR of 0.67 min"1 

after 10 h. In contrast, 200 °C pretreatment provides a highly active catalyst, 

[Rh(COD)2]+BF4"-Si02/2000C (AR = 4.10 min"1) (entry 11). 

For the catalyst [Rh(C0D)2]+BF4"-Pd-Si02, prepared by adsorbing [Rh(COD)z]*BF4" 

onto Pd-Si02, an initial activity is observed that is very high (AR = 3.83 min"1) (entry 12). 

Hydrogen pretreatments of this catalyst appear to have no beneficial effects. A 40 °C 

pretreatment produces no appreciable change in rate (AR = 3.50 min"1) (entry 13). A 200 °C 

hydrogen pretreatment (entry 14) severely reduces the catalytic activity by almost five-fold 

(AR = 0.76 min"1). 

3.3. Activities of [Rh(COD)Cl]2-based catalysts 

The activities of [Rh(COD)Cl]2-based catalysts for the hydrogénation of toluene are 

given in Table 1. In solution and on silica, [Rh(COD)Cl]2 shows little activity even after 

three days (ARO.Ol min"1) (entries 15, 16). However, if the rhodium catalyst on silica is 

treated with hydrogen gas at elevated temperatures, the system becomes active (entries 17, 

18). With one day of hydrogen pretreatment at 40 °C, the catalyst, [Rh(COD)Cl]2-

SiOzMCC, exhibits an AR of 0.72 min"1. When the system is pretreated at 200 °C for 4 h, a 

nearly ten-fold rate increase is observed: the initial AR is 7.00 min"1 and the extended AR is 

5.67 min"1 after 6 h. 
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When the same rhodium precursor is adsorbed onto Pd-SiOz, the catalyst, 

[Rh(C0D)Cl]2-Pd-Si02, is highly active (entry 19) from the outset (AR = 3.87 min"1). Once 

again hydrogen pretreatments provide no benefit for rhodium complexes on Pd-Si02; 

pretreatment of [Rh(C0D)Cl]2-Pd-Si02 with % at 40 °C has little effect on the activity (AR 

= 5.13 min"1) (entry 20), while H2 pretreatment at 200 °C nearly eliminates the activity (entry 

21) of the catalyst (after 6 h, the rate is only AR = 0.60 min"1). 

3.4. Activities of RhCh-based catalysts 

The rates of hydrogénation of toluene to methylcyclohexane at 40 °C under 1 atm of 

H2 catalyzed by catalysts prepared by impregnation with RhCU are summarized in Table 1. 

The activity (entry 22) of Rh-Si02 is very good (AR = 2.52 min1). When RhCh and 

palladium are combined on Si02 using several different methods of preparations (see section 

2.2.2), all resulting catalysts are less active then Rh-Si02- Impregnation of RhCU onto Pd-

Si02 gives a catalyst (Rh-(Pd-SiOz)} with a very low activity (AR = 0.31 min*1) (entry 23). 

A catalyst prepared by coimpregnation of rhodium and palladium (Rh/Pd-SiOz) exhibits a 

modest activity (AR = 0.52 min"1) (entry 24), but it is still slower than that of Rh-Si02; if in 

the preparation of this catalyst, the reduction is preceded by a calcination step (Rh/Pd(Oz)-

Si02), the catalyst is nearly inactive (AR = 0.03 min"1) (entry 25). Palladium supported on 

Rh-SiÛ2 {Pd-(Rh-Si02)} is also dramatically slower (AR = 0.43 min"1) (entry 26) than the 

parent Rh-Si02. 



www.manaraa.com

75 

3.5. Activities of catalysts in the presence of mercury 

3.5.1. Toluene hydrogénation 

A number of catalysts that are active for toluene hydrogénation were examined for 

their activities in the presence of mercury metal, Table 2. For all of the catalysts studied, the 

reactions are quenched completely within 20 min of mercury addition. 

3.5.2. 1-Hexene hydrogénations 

The [Rh(COD)2]+BF4" series of catalysts were examined for 1-hexene hydrogénation 

activity at 0.0 °C both in the absence and presence of mercury (Table 3). In the absence of 

mercury, [Rh(COD)2]+BF4- in solution (1ml CH2CI2 :4 ml 1-hexene) and adsorbed on Si02, 

[Rh(COD)2]+BF4"-SiC>2, are very poor hydrogénation catalysts of 1-hexene (AR = 0.0 min"1). 

The addition of mercury to these systems has no activating effect, AR = 0.0 min*1. In 

contrast, the hydrogen-pretreated catalysts, [Rh(COD)2]+BF4*-Si02/40°C and 

[Rh(COD)2]+BF4*-Si02/200°C, both show similar high activities (AR-34 min*1). The 

addition of mercury to these systems results in no immediate change in activity. However, a 

slow deactivation is apparent. After 2 h of contact time, activity has dropped by a third or 

more; and after 17 h of mercury exposure, the catalysts are completely deactivated (AR = 0.0 

• -l\ mm ). 

The activity of Pd-SiC>2 for 1-hexene hydrogénation, unlike toluene hydrogénation, is 

comparable to the rhodium complexes on Si02. The initial rate for Pd-SiC>2 is ARcfr = 65.2 

min"1 [24]. Mercury poisoning of supported palladium is slow but more pronounced than for 

supported rhodium; after 2 h, activity has decreased more than 60 fold (ARcfr = 1.62 min"1 

[24]). After 17 h of contact, mercury exposure completely quenched the hydrogénation 

ability of Pd-Si02 (ARcfr = 0.0 min*1 [24]). 
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The catalysts prepared by adsorbing [Rh(C0D)2]+BF4" on Pd-SiOa are very active for 

1-hexene hydrogénation at 0 °C. Without hydrogen pretreatment, [Rh(C0D)2]+BF4"-Pd-Si02 

shows an initial activity of 116 min"1. Both pretreated samples, [Rh(COD)2]+BF4"-Pd-

Si02/40°C and [Rh(COD)2]+BF4"-Pd-Si02/200°C show similar initial activities (AR-160 

min"1). Addition of mercury to all [Rh(C0D)2]+BF4"-Pd-Si02-based catalysts causes a slow 

decrease in 1-hexene hydrogénation activity. After 2 h, the activities decrease by a factor of 

~8, and complete quenching is observed after 17 h. 

3.6. Characterization of catalysts by IR, TEM, and XPS 

After exposure to CO, all catalysts showed distinctive v(CO) bands in their DRIFT 

spectra. For all of the [Rh(COD)Cl]2 catalysts, the concentration of rhodium carbonyl 

species on the surface of the fresh catalysts was too low for DRIFT detection. For all of the 

catalysts shown in Figs. 3, the catalysts used in a toluene hydrogénation show CO bands that 

are the same as those observed in the unused catalyst, but the intensities of the bands are 

reduced. For all the CO-treated catalysts in Figs. 3, no surface rhodium carbonyl species are 

removed by toluene or CH2CI2 washes, as determined by the absence of IR bands in the 

washes. 

TEM studies of the [Rh(C0D)H]4-Si02/4()0C and [Rh(COD)H]4-Si02/200°C 

catalysts clearly indicate that rhodium crystallites are present. Visual inspection of the 

electron micrographs reveals rhodium rafts with a wide range of sizes, Figs. 4 and 5. The 

nature of these particles is confirmed by micro-chemical analysis and electron diffraction of 

the crystallites, Fig. 6. The diffraction patterns, Fig. 6 (a) and (b), are explicit for face 

centered cubic (fee) rhodium metal. For example, distances of 2.2 Â are measured for the 
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(111) plane and 1.9 Â for the (200) plane, which match the literature values for the distances 

found in fee rhodium metal [25]. 

XPS data obtained from many of the catalysts are collected in Table 4. Further 

discussion of these data will be presented in section 4.1.3. 

4. Discussion 

4.1. Catalyst characterization 

4.1.1. IR studies of the catalysts 

Although v(CO) spectra of catalyst samples treated with CO are often useful for 

identifying species present on the surface, this identification may be complicated by similar 

v(CO) spectra of the various species. For supported metallic rhodium, two main species 

have been identified (Fig. 7). The rhodium(I) dicarbonyl species, Rh!(CO)2, exhibits CO 

bands at 2096(s) and 2038(s) cm"1, although the bands are shifted slightly depending on the 

support [26-33]. The CO linearly bound to bulk islands of rhodium metal show a coverage 

dependent signal, which ranges from 2040 cm"1 (at low coverages) to 2066 cm"1 (at high 

coverages) [26,27]. The situation is further complicated by the possible formation of several 

surface-constrained homogeneous species such as [Rh(CO)zCl]2, [Rh(C0)2Cl(H20)], and 

even Rh(CO)x that are known to exhibit IR bands similar to those of surface bound rhodium 

dicarbonyl or linearly bound CO on rhodium metal [34,35]. 

For the catalysts in this work, the v(CO) signals may be interpreted to indicate the 

presence of surface bound Rhr(CO)2 species and adsorbed CO on bulk rhodium (Fig. 3). All 

of the CO-containing rhodium complexes on the surface are strongly bound to the silica 

surface as toluene and CH2CI2 extractions fail to yield solutions containing species with 

v(CO) bands. Thus, soluble complexes such as [Rh(CO)2Cl]2, [Rh(C0)2Cl(H20)], or 
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Rh(CO)x, which are known to be readily soluble in pentane, toluene, or CH2CI2 and easily 

washed from silica surfaces [34,35], are not present or formed upon CO adsorption. 

Attempts to characterize rhodium sites on the CO-treated catalysts, by correlating 

catalyst activity with specific v(CO) bands gave no consistent correlations. Unused Rh-SiOz 

(Fig. 3, trace a) shows the characteristic RhI(CO)z bands (2092(vs) and 2027(m) cm"1). 

[Rh(C0D)2]+BF4--Si02 (Fig. 3, trace b) and [Rh(C0D)2]+BF4*-Pd-Si02 (Fig. 3, trace e) show 

very similar IR signatures (2089(vs) and 2030(m) cm*1). For [Rh(COD)2]+BF4* on Si02 and 

Pd-Si02, a CO band at 2055 cm"1 appears as a shoulder with hydrogen pretreatments (Fig. 3 

traces c, d, f, and g). Also, for the hydrogen-treated catalysts containing [Rh(COD)2] "BF4" 

on Si02 and Pd-Si02, the relative intensities of the 2089 and 2030 cm"1 bands are changed 

from those of the untreated catalysts (Fig. 3, trace b and e). These changes may be due to the 

appearance of rhodium metal clusters. However, the similarities of these spectra to those of 

the samples that had not been hydrogen-treated complicate interpretation. Thus, the observed 

DRIFTS of hydrogen-pretreated samples may result from signals from both residual starting 

complex (with a large extinction coefficient) and CO on metallic rhodium. Similar results 

were obtained from DRIFT studies of [Rh(COD)H]4 on Si02 and Pd-Si02 (not shown). 

4.1.2. TEM studies of the catalysts 

For [Rh(COD)H]4-Si02/40°C and [Rh(COD)H]4-Si02/200°C, TEM micrographs 

(Fig. 4) and electron diffraction patterns (Fig. 6) clearly show the presence of rhodium 

crystallites, which suggests the active species is supported rhodium metal. The mean size 

(9.8 nm) of the rhodium particles of the [Rh(COD)H]4-Si02/200°C sample is slightly smaller 

than those (13.8 nm) of the [Rh(COD)H]4-Si02/40°C sample (Fig. 5). Thus, dispersion may 

play a vital role in the greater activity of the 200 °C hydrogen pretreated sample; smaller 
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particles will have more surface area, more active sites, and therefore higher observed 

activity. 

4.1.3. XPS analyses 

4.1.3.1. [Rh(COD)2] +BFi 

For the series of catalysts containing [Rh(COD)2] *BF4" on SiOz, distinct Rh 3ds/z 

signals are observed (Table 4). The solid complex [Rh(COD)2] T3F4~ exhibits a signal at 

308.6 eV, which corresponds well to literature values for Rh(I) complexes (-308 eV) [36]. 

The [Rh(COD)2] ^BF4"-SiO2 catalyst exhibits a very similar signal at 308.4 eV; this is both 

diagnostic for Rh(I) and suggests that the [Rh(C0D)2]+BF4" complex remains intact. Thus, 

the initial adsorbed complex is still Rh(I) prior to pretreatment with hydrogen and/or use in 

hydrogénation reactions. After hydrogen pretreatment, the Rh 3d5/2 signals for [Rh(COD)2] 

+BF4"-Si02/40°C (307.4 eV) and [Rh(COD)2] +BF4'-Si02/2000C (307.1 eV) are in the correct 

range for Rh(0) (307 eV) [36] and match well with Rh-Si02 (307.2 eV). 

When the catalyst [Rh(COD)2] +BF4*-Si02 is examined after 30 min of toluene 

hydrogénation, the main Rh peak is seen at 307.9 eV. Even after 2 h of reaction, the Rh 

signal is at 308.3 eV. These signals indicate the presence of Rh(I) and reflect the poor 

activity of the [Rh(COD)2] +BF4"-Si02 catalyst during the induction period, which continues 

for at least six hours. After 7.5 h of reaction, the Rh peak has clearly shifted to 307.0 eV, in 

the correct range for Rh(0) metal, and the catalyst is nearly fully active. 

4.1.3.2. [Rh(COD)H]4 

For the [Rh(COD)H]4 complex (Table 4) the XPS signal is at 308.2 eV. For the 

[Rh(C0D)H]4-Si02 catalyst, the signal (308.3 eV) suggests the presence of Rh(I). After 

hydrogen pretreatments, however, the Rh signal indicates the presence ofRh(0): 
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[Rh(COD)H]4-Si02/40°C (307.0 eV) and [Rh(COD)H]4-Si02/200°C (307.0 eV). This result 

directly confirms the TEM results, in section 4.1.2. 

4.1.33. [Rh(C0D)2J+BFi-Pd-Si02 

The XPS spectra of [Rh(COD)2]^BF4" on Pd-Si02 are similar to those on Si02 (Table 

4). For the untreated [Rh(COD)2] +BF4"-Pd-Si02 catalyst, the Rh signals are virtually the 

same as those of the untreated [Rh(COD)2] "1BF4'-Si02: Rh at 308.0 eV and Pd at 335.3 eV 

[37]. Hydrogen pretreatments had a discernable effect on the Rh signal but almost no effect 

on the Pd signal; compare [Rh(COD)2] +BF4"-Pd-Si02/40°C (Rh at 307.3 eV and Pd at 334.7 

eV) and [Rh(COD)2] +BF4-Pd-Si02/200°C (Rh at 306.9 eV and Pd at 334.9 eV). This 

indicates that, as for [Rh(COD)2] +BF4"-Si02, the complex is reduced to Rh(0) only after 

hydrogen pretreatment or reaction. 

4.2. Mercury poisoning experiments 

The ability of mercury to poison heterogeneous metal catalysts, but not homogeneous 

metal catalysts, is documented in the literature [38,39]. The observation that mercury 

completely quenches toluene hydrogénation (Table 2) supports the conclusion that metallic 

rhodium is the active catalyst. Similarly, 1-hexene hydrogénation activity (Table 3) is 

quenched by mercury. The observation that [Rh(COD)2]^BF4" in solution and 

[Rh(C0D)2]+BF4"-Si02 without pretreatment are inactive for 1-hexene hydrogénation, 

together with the XPS results (Table 4), demonstrates that the active catalyst for both 1-

hexene and toluene hydrogénation is metallic rhodium. 

4.3. 1-Hexene hydrogénation rates 

It is interesting to compare the initial 1-hexene hydrogénation activity of the catalysts 

formed from [Rh(COD)2]+BF4" on Si02 and on Pd-Si02. In particular, 40 °C and 200 °C 
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hydrogen-pretreated catalysts on the same support have similar 1-hexene hydrogénation 

activities (Table 3). The rates for [Rh(COD)2]+BF4*-Si02/40°C (AR = 34.6 min"1) and 

[Rh(COD)2]+BF4"-Si02/200°C (AR = 34.0 min"1) suggest the same numbers of rhodium sites 

are present on both the 40 °C and 200 °C pretreated catalysts. Also, the overall rates for 

[Rh(COD)2]+BF4"-Pd-Si02/400C (AR= 160 min"1) and [Rh(COD)2]+BF4"-Pd-Si02/2000C 

(AR =161 min"1) suggest approximately the same number of rhodium sites for these two 

catalysts, assuming the palladium on both catalysts contributes the same amount to the 

overall rate. Finally, the absence of 1-hexene hydrogénation activity with [Rh(COD)2]+BF4--

Si02 (AR = 0.0 min"1) in contrast to the substantial activity of [Rh(C0D)2]+BF4-Pd-Si02 (AR 

= 116 min"1) [40] points to a facile reduction of the rhodium complex to metallic rhodium in 

the presence of palladium and %, even at 0 °C. 

4.4. General activity trends 

Several general trends in toluene hydrogénation activity are the same for catalysts 

prepared from all of the rhodium precursors ([Rh(COD)H]4, [Rh(COD)2]TîF4", and 

[Rh(COD)Cl]2). On silica, the adsorbed species (entries 2,9,16 in Table 1) start out no more 

active than they are in solution (entries 1,8,15), but over time the adsorbed catalysts either 

come close or out-perform the solution species. The activities of the catalysts (entries 2, 9, 

16) are improved by hydrogen pretreatments prior to reaction. The activity increases with 

the temperature of the hydrogen pretreatment, 200 °C (entries 4,11,18) being better than 40 

°C (entries 3,10,17). For rhodium catalysts on Pd-Si02 (entries 5,12,19), a different trend 

is observed. The catalysts (entries 5,12,19) are more active from the outset and show higher 

activities than the same metal complex on Si02 (entries 2,9,16). Furthermore, on Pd-Si02, 

the higher temperature (200 °C) pretreatment reduces the activity of the catalyst (entries 7, 
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14, 21). For these catalysts on Pd-Si02 (entries 5,12,19), the untreated catalyst is the most 

active of the series, and hydrogen pretreatments do not have a beneficial effect. 

Although there are pronounced differences in toluene hydrogénation activity of the 

rhodium complexes in solution ([Rh(COD)H]4»[Rh(COD)2]+BF4">[Rh(COD)Cl]2), their 

activities are similar when adsorbed on SiOz and treated with H2 at 200 °C (entries 4,11,18). 

In addition, all of the adsorbed rhodium complexes on Pd-Si02 have comparable activities 

(entries 5,12,19). Also, the catalysts pretreated at 200 °C on Si02 (entries 4,11,18) and 

those on Pd-Si02 (entries 5,12,19) all have similar activities (AR—4 min"1) regardless of the 

rhodium precursor. The one exception is the unusually active [Rh(COD)Cl]2-Si02/200°C 

(18); perhaps the very low loading (Rh, 0.093% wt.) of rhodium in this case leads to much 

greater rhodium dispersion and thus higher observed activity per total rhodium content. 

Finally, it is instructive to consider the catalysts prepared by impregnation with 

RhCl3*H20 (Table 1, entries 22-26). The only catalyst prepared from RhCl3*3H20 with 

good activity is the standard rhodium on silica, Rh-Si02 (entry 22). Any catalyst that is 

prepared from both RhCl3*3H20 and PdCl2 has substantially lower activity no matter which 

metal is introduced first or even if they are co-impregnated (entries 23-26). One common 

aspect of these catalysts and similar rhodium-palladium bimetallic examples in the literature 

[7, 8] is that their preparations involve a high temperature (>200 °C) reduction step with 

hydrogen. Also, the adsorbed catalysts ([Rh(COD)H]4, [Rh(COD)2]+BF4*, and 

[Rh(COD)Cl]2) on Pd-Si02 (entries 5,12,19) that are pretreated at 200°C with hydrogen 

have relatively low activities (entries 7,14,21). 
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4.5. Interpretation of hydrogénation activity 

All methods of characterization (DRIFTS, TEM, XPS, and mercury poisoning 

experiments) suggest that the toluene hydrogénation activity of these rhodium-containing 

catalysts is due to the formation of rhodium metal. This metal formation could occur by 

reduction pathways similar to those proposed for the reduction of Rh nanoparticles on 

supports [23] or in solution [41]. The conclusion that the active catalyst is rhodium metal is 

supported by the observation that the activities of the bimetallic systems ([Rh(COD)H]4, 

[Rh(COD)z]+BF4-, and [Rh(COD)Cl]z on Pd-SiOz) are very similar to that of reduced 

rhodium on silica (Rh-SiOz) in the absence of palladium (compare entries 5 and 4; 12 and 11; 

19 and 18). The similar activities of [Rh]-Pd-SiOz and [Rh]-Si02/200°C, where [Rh] is 

[Rh(COD)H]4, [Rh(COD)z]+BF4*, and [Rh(COD)Cl]z, suggest that both contain similar 

amounts of reduced rhodium species. The effect of the palladium in the [Rh]-Pd-Si02 

systems is to facilitate the reduction of the Rh complex to active rhodium metal species. 

Perhaps, the palladium reduces the rhodium precursors to rhodium metal by providing highly 

active spillover hydrogen [6]. It is interesting to note that the process is very quick and 

effective, as no induction period is observed (less than 5 min), and it is equivalent to 4 h of 

hydrogen pretreatment at 200 °C. Furthermore, the resulting Rh-Pd-SiOz catalysts are more 

active than those of the same composition prepared by classical impregnation methods [7,8]. 

The scope, utility, and mechanism of the palladium-assisted reduction requires further 

investigation. 

Toluene hydrogénation activities of the [Rh]-Pd-SiOz catalysts are reduced by high 

temperature (200 °C) pretreatment with hydrogen (entries 7,14, 21, as well as 23-26). For 

example, the 200 °C pretreatment reduced the toluene hydrogénation activity of 
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[Rh(COD)2]+BF4"-Pd-Si02/400C (AR = 3.50 min ') to [Rh(COD)2]+BF4*-Pd-Si02/200°C (AR 

= 0.76 min"1). This treatment apparently changes the structure of the catalyst perhaps to a 

form similar to that of other bimetallic rhodium-palladium catalysts supported on silica or 

alumina, which are substantially less active for arene hydrogénation than just rhodium on the 

same supports [7,8]. This lower activity was attributed either to the formation of a rhodium-

palladium alloy or to the formation of rhodium clusters that are smaller than the 10 Â size 

required for this activity. In contrast to the structure sensitivity of toluene hydrogénation, 1-

hexene hydrogénation rates are the same for both [Rh(CC>D)2]+BF4"-Pd-Si02/400C (AR = 

160 min"1) and [Rh(COD)2]+BF4*-Pd-Si02/200°C (AR = 161 min"1). This observation is 

consistent with the structure-insensitive nature of supported rhodium-palladium catalysts 

reported for other alkene hydrogénation reactions [8]. 

5. Conclusions 

In conclusion, the adsorption of homogeneous rhodium complexes ([Rh(COD)H]4, 

[Rh(COD)2]+BF4", and [Rh(COD)Cl]2) onto silica produces catalysts that are more active 

than those (Rh-Si02) produced by the standard incipient wetness method utilizing 

RhCl3«H20. The most active of these, those pretreated with hydrogen at 200 °C or adsorbed 

onto Pd-Si02, are nearly twice as active as Rh-Si02. In addition, the use of Pd-Si02 as a 

support for rhodium complexes gives catalysts that have no induction period. Such induction 

periods in the [Rh]-Si02 catalyst can also be eliminated by pretreatment of the catalysts at 

200 °C under H2. The only real difference in catalytic behavior among the three rhodium 

precursors is their rate of reduction to rhodium metal: [Rh(COD)H]4 >[Rh(COD)2]+BF4" 

>[Rh(COD)Cl]2. Finally, it is shown for [Rh]-Si02 catalysts that Rh(0) is the active catalytic 

species for toluene and 1-hexene hydrogénation. For [Rh]-Pd-Si02, Rh(0) is the active 
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toluene hydrogénation catalyst, while both palladium and rhodium metal are responsible for 

1-hexene hydrogénation activity. The [Rh]-Pd-SiOz catalysts that were not pretreated with 

hydrogen exhibit toluene hydrogénation activities that are greater than other Rh-Pd bimetallic 

catalysts in the literature [7,8]. 
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Table 1. Rates of toluene hydrogénation to methylcyclohexane3 

Entry Catalyst AR" 1 hi \R° 6 h AR6 (X h) 

1 [Rh(C0D)H]4C 1.83 1.43 

2 [Rh(C0D)H]4-Si02 1.59 2.26 

3 [Rh(COD)H]4-Si02/40°C 3.33 2.64 

4 [Rh(COD)H]4-Si02/200°C 5.13 4.17 

5 [Rh(C0D)H]4-Pd-Si02 4.80 4.10 

6 [Rh(COD)H]4-Pd-Si02/40°C 3.77 3.03 

7 [Rh(COD)H]4-Pd-Si02/200°C 1.07 0.85 

8 [RhtCODy'BF  ̂ 0.02 0.02 0.03(24) 

9 [Rh(C0D)2]>BF4'-Si02 0.02 0.47 0.67(100) 

10 [Rh(COD)2rBF4"-Si02/400C 1.58 0.99 0.67(10) 

11 [Rh(COD)2]]>BF4"-Si02/200°C 4.10 3.05 

12 [Rh(C0D)2]"BF4"-Pd-Si02 3.83 3.07 

13 [Rh(COD)2]>BF4*-Pd-Si02/40°C 3.50 3.11 

14 [Rh(COD)2]4'BF4"-Pd-Si02/2000C 0.76 0.69 

15 [Rh(COD)CI]2c 0.00 0.01 

16 [RhCCODlCllrSiOz 0 0 0.01(72) 

17 [Rh(COD)CI]2-Si02/40°C 0.72 0.75 

18 [RhfCODJCIfe-SiO^OO  ̂ 7.00 5.67 

19 [Rh(C0D)CI]2-Pd-Si02 3.87 3.60 

20 [Rh(COD)CI]2-Pd-Si02/40°C 5.13 3.93 4.00(24) 

21 [Rh(COD)CI]rPd-Si02/2000C 0.00 0.60 

22 Rh-Si02 2.52 2.32 

23 Rh-(Pd-SiOz) 0.31 0.31 

24 Rh/Pd-SiOz 0.52 0.50 0.44(24) 

25 Rh/Pd(02)-Si02 0.03 0.03 0.02(24) 

26 Pd-(Rh-SiOz) 0.43 0.37 

a Reaction conditions: 50 mg (—9.8 pmol Rh)of solid catalyst, 5 ml of toluene, 40.0 
°C, 1 atm of Hz (Eq. (1)). 

b AR: Atomic rate is defined as moles of methylcyclohexane produced per total moles 
of rhodium per min (Eq. (2)). 

c 9.2 |imol of homogeneous catalyst. 
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Table 2. Rates3 of toluene hydrogénation in the presence of mercuryb 

Catalyst AR 1 h withHgc 

[Rh(COD)2]+BF4"-Si02/400C 1.58 0 

[Rh(COD)2]+BF4'-Si02/200°C 4.10 0 

[Rh(C0D)2]+BF4"-Pd-Si02 3.83 0 

[Rh(COD)H]4-Si02/200°C 5.13 0 

[Rh(C0D)H]4-Pd-Si02 4.80 0 

Rh-Si02 2.52 0 

a Rates given as AR [mol CyMe/(mol Rh • min)] based on total Rh content. 
b Reaction conditions: 40.0 °C, 1 atm Ha, 5.0 ml toluene, and 25 mg (-4.9 p.mol Rh) 

of supported catalyst. 
c Rate after addition of 0.2 ml (14 mmol) Hg. 



www.manaraa.com

91 

Table 3. Rates3 of 1-hexene hydrogénation6 

Catalyst ARC Hgd 2 he Hgd 17 hf 

[Rh(COD)2rBF4-g 0.0 0.0 — 

[Rh(COD)2]+BF4--Si02
h 0.0 0.0 — 

[Rh(COD)2]+BF4" -Si02/40°Ch 34.6 14.5 0.0 

[Rh(COD)2]+BF4* -Si02/200°Ch 34.0 2.70 0.0 

[Rh(COD)2]^BF4--Pd-Si02
b 116 14.6 0.0 

[Rh(COD)2]+BF4--Pd-Si02/40°Ch 160 20.6 0.0 

[Rh(COD)2]3F4" -Pd-Si02/200°Ch 161 27.3 0.0 

Pd-Si02' 65.2 1.62 0.0 

8 Rates given as AR [mol hexane/(mol Rh • min)] based on total Rh content. 
b Reaction conditions: 0.0 °C, 1 atm H2, 5.0 ml 1-hexene. 
c AR measured over the first 5 min of reaction. 
d 0.2 ml (14 mmol) of Hg added. 
e Rate 2 h after Hg addition. 
f Rate 17 h after Hg addition. 
s 4.0 mg (9.9 |omol Rh) of homogeneous complex in 4.0 ml 1-hexene and 1.0 ml of 

CH2CI2. 
h 25 mg (-4.9 pnol Rh) of supported catalyst. 
' 25 mg of 10% Pd-Si02, rate given as AR«ff, see footnote [24]. 
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Table 4. XPSa analysis of catalysts 

Catalyst Use" Rh 3ds/2 Pd 3ds/2 

[Rh(COD)2]+BF4" New 308.6 — 

[Rh(C0D)2]+BF4*-Si02 New 308.4 — 

[Rh(COD)2]+BF4"-Si02/40°C New 307.4 — 

[Rh(COD)2]+BF4*-Si02/200°C New 307.1 — 

[Rh(C0D)2]+BF4--Si02 0.5 h 307.9 — 

[Rh(C0D)2]+BF4'-Si02 2.0 h 308.3 — 

[Rh(C0D)2]+BF4--Si02 7.5 h 307.0 — 

[Rh(COD)H]4 New 308.2 — 

[Rh(C0D)H]4-Si02 New 308.3 — 

[Rh(COD)H]4-Si02/40°C New 307.0 — 

[Rh(COD)H]4-Si02/200°C New 307.0 --

[Rh(C0D)2]+BF4'-Pd-Si02
e New 308.0 335.3 

[Rh(COD)2]+BF4"-Pd-Si02/40°C New 307.3 334.7 

[Rh(COD)2]+BF4--Pd-Si02/200°C New 306.9 334.9 

Rh-Si02 New 307.2 " 

Pd-Si02 New — 334.7 

a For experimental details see section 2.6. Signals are given in eV. 
b "New" denotes freshly prepared catalysts examined by XPS prior to toluene 

hydrogénation. Listed times indicate the reaction times that the catalysts were used for 
toluene hydrogénation under standard reaction conditions (40.0 °C, 1 atm Hz) prior to XPS 
analysis. 

c See footnote [37]. 
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Figure Captions 

Fig. 1. Conceptual illustration of a TCSM catalyst consisting of a tethered homogeneous 
complex on a supported metal heterogeneous catalyst. 

Fig. 2. Hydrogénation apparatus. 

Fig. 3. DRIFT spectra of CO-exposed catalysts: a) Rh-SiOz, b) [Rh(COD)2] ""BF^-SiOz, c) 
[Rh(COD)2]+BF4--SiOz/40oC, d) [Rh(COD)2] +BF4*-Si02/200°C, e) [Rh(COD)2]+BF4'-Pd-
Si02, f) [Rh(COD)2] +BF4*-Pd-Si02/40°C, g) [Rh(COD)2] +BF4--Pd-Si02/200°C. 

Fig. 4. TEM micrographs of [Rh(COD)H]4-Si02/40°C (a) and [Rh(COD)H]4-Si02/200°C 
(b). 

Fig. 5. Size distributions of rhodium crystallites determined by TEM and imaging analyses 
of [Rh(CC)D)H]4-Si02/400C (a) and [Rh(COD)H]4-Si02/200°C (b). Note the change in 
length(nm) scale for particle sizes larger than 20nm. 

Fig. 6. Electron diffraction patterns of polycrystalline [Rh(COD)H]4-SiC>z/40oC (a) and 
single crystallite [Rh(COD)H]4-SiOz/200°C (b) samples. 

Fig. 7. Reported CO-containing species on Rh-SiOz. 
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Fig. 1. Conceptual illustration of a TCSM catalyst consisting of a tethered homogeneous 
complex on a supported metal heterogeneous catalyst. 
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Fig. 2. Hydrogénation apparatus. 
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Fig. 3. DRIFT spectra of CO-exposed catalysts: a) Rh-Si02, b) [Rh(COD)2] +BF4*-Si02, 
c) [Rh(COD)2] +BF4"-Si02/40°C, d) [Rh(COD)2] +BF4"-Si02/200°C, e) [Rh(COD)2]+BF4'-
Pd-Si02, f) [Rh(COD)2] +BF4"-Pd-Si02/40°C, g) [Rh(COD)2] +BF4--Pd-Si02/200°C. 
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Fig. 4. TEM micrographs of [Rh(COD)H]4-Si02/40°C (a) and [Rh(COD)H]4-Si02/200°C 
(b). 
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Fig. 5. Size distributions of rhodium crystallites determined by TEM and imaging analyses 
of [Rh(COD)H]4-Si02/40°C (a) and [Rh(COD)H]4-Si02/200°C (b). Note the change in 
length(nm) scale for particle sizes larger than 20nm. 
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Fig. 6. Electron diffraction patterns of polycrystalline [Rh(COD)H]4-Si02/40°C (a) and 
single crystallite [Rh(CC)D)H]4-Si02/200°C (b) samples. 
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Fig. 7. Reported CO-containing species on Rh-SiOa. 
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Hydrodefluorination of Fluorobenzene Catalyzed by Rhodium Metal 

Prepared from [Rh(COD)2]+BF4* and Supported on Si02 and Pd-Si02 

A paper to be submitted to the Journal of Molecular Catalysis A: Chemical 

Keith J. Stanger and Robert J. Angelici* 

Abstract 

The effects of solvent, pH, temperature, and hydrogen pressure were determined for the 

reaction of fluorobenzene with hydrogen gas catalyzed by supported rhodium metal on silica. 

Non-polar and aprotic solvents, heptane and 1,2-dichloroethane, favor hydrogénation to 

fluorocyclohexane. Polar and protic solvents, heptane/methanol and heptane/water, favor 

hydrodefluorination to benzene and subsequent hydrogénation to cyclohexane. The 

hydrodefluorination and hydrogénation of fluorobenzene to cyclohexane via benzene was 

found to proceed best in heptane/water under acidic conditions. For the hydrodefluorination 

of fluorobenzene in heptane/water, the hydrodefluorination product, benzene, inhibited 

further hydrodefluorination of fluorobenzene. In DCE or heptane, a side reaction between 

fluorocyclohexane and hydrogen fluoride, not catalyzed by rhodium, was discovered that 

provides an alternate pathway to cyclohexane. Reaction conditions can be modified to yield 

primarily fluorocyclohexane, benzene, or cyclohexane. 

1. Introduction 

Carbon-fluorine bonds are the strongest that carbon can form [1], There are several 

examples of stoichiometric cleavage of C-F bonds by organometallic complexes, but few 

complexes have been reported that are capable of catalytic transformations of C-F bonds [2-

11]. Even fewer systems are capable of catalytic hydrodefluorination to remove fluorine 
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from non-activated monofluoroarenes [12-23]. Palladium on carbon (Pd/C), in the presence 

of NaOH at 82 °C, hydrodefluorinates fluorobenzene (PhF) to benzene (PhH) by hydrogen-

transfer from isopropanol [14,15], but palladium was unable to catalyze the same reaction by 

hydrogen-transfer from HCOOK in ethanol/water (1:3) or under 4 atm of H2 at 37 °C in 

methanol [15]. The first example of hydrodefluorination of a monofluoroarene by hydrogen 

gas over a heterogeneous metal was reported in 1920 by S warts [16], who used Pt(black) in 

water to hydrodefluorinate PhF to cyclohexane (CyH) and p-fluorobenzoic acid to 

cyclohexanecarboxylic acid. Renoll utilized S warts' conditions to hydrodefluorinate 2-

fluoro-4'-acetylbiphenyl to p-cyclohexylethylbenzene [17]. Pattison and Saunders reported 

the hydrodefluorination ofp-fluorophenylacetic acid to ethyl cyclohexylphenylacetate with 

Raney Ni at 180-200 °C under 160-180 atm H2 in ethanol [18]. Tashiro et.al. used Raney Ni-

A1 and Raney Cu-Al alloys for the hydrodefluorination of p-fluoroacetophenone to 1-

phenylethanol at 50 °C in 10% NaOH(aq) [19]. The first reported use of rhodium metal for 

the hydrodefluorination of a monofluoroarene was by Freedman et. al. [20] who converted 

fluoroarylphosphonic acids to cyclohexylphosphonic acids under 4 atm of H2 at room 

temperature in 95% ethanol. Young and Grushin used [(Cy3P)2Rh(H)Cl2] to catalytically 

hydrodefluorinate 1 -fluoronapthalene to naphthalene under 80 psi hydrogen at 95 °C in the 

presence of 40% NaOH [D21]. However, [(Cy3P)2Rh(H)Cl2] was incapable of 

hydrodefluorinating PhF, 4-fluorotoluene, 3- or 4-fluoroanisole, or 4-fluoroaniline. Under 

identical conditions, metallic rhodium nanoparticles [21] catalyzed the hydrodefluorination 

of the C-F bond in 1 -fluoronapthalene, PhF, 4-fluorotoluene, 3- or 4-fluoroanisole, and 4-

fluoroaniline while catalyzing only trace amounts of hydrogénation of the resulting arenes. 

Blum et. al. reports that sol-gel encapsulated RhCla-Aliquat 336 catalyzes the 
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hydrodefluorination and hydrogénation of fluorobenzene (PhF), 2- or 4-fluorotoluene, and 2-, 

3-, or 4-fluoroanisole in 1,2-dichloroethane (DCE) at 80 °C under 16 atm of hydrogen to the 

corresponding dehalogenated, substituted cyclohexanes [22]. Our initial hydrodefluorination 

studies showed that rhodium pyridylphosphine and bipyridyl complexes tethered to Pd-SiOz 

under 4 atm of hydrogen at 70 °C efficiently converted PhF to a mixture of CyH and CyF 

[23]. The relative amounts of these products were influenced by the solvent. In heptane, 

fluorocyclohexane (CyF) was the major product, but in heptane/ethanol, with added base 

(NaOAc being the best), benzene (PhH) was formed initially but was subsequently 

hydrogenated to cyclohexane (CyH). 

Our examination of supported bimetallic rhodium and palladium catalysts for arene 

hydrogénation [24] prompted us to explore their hydrodefluorination capabilities. These 

catalysts were prepared by adsorbing, various rhodium complexes including 

[Rh(COD)z]*BF4" on SiOz or Pd-SiOz (10% Pd wt/wt) to give a ~ 2% Rh (wt/wt) loading. 

These materials were used as obtained or pretreated with Hz for 24 h at 40 °C or for 4 h at 

200 °C. The actual catalysts consisted of highly active rhodium(O) metal supported on SiOz 

formed by the reduction of the rhodium complex precursor by the hydrogen pretreatment or 

during the hydrogénation reaction (1 atm Hz at 40 °C). Palladium, in the [Rh]-Pd-SiOz 

systems, served to facilitate the reduction of the Rh complex to active rhodium metal species 

in situ. On SiOz without Pd, activities were improved by hydrogen pretreatments prior to 

reaction, but on Pd-SiOz, the rhodium catalysts were less active when pretreated by 

hydrogen. 

In the present paper, we describe the use of the Rh-SiOz catalysts in the 

hydrogénation of PhF to CyF, PhH, and/or CyH as shown in Scheme 1. The effects of 
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solvent, pH, added base, temperature, and hydrogen pressure on product selectivity and 

reaction rates were determined. The relative amounts of the products can be controlled by 

choosing the proper conditions. The catalytic reactions described in this paper, when used 

with the proper solvent and pH, catalyze the hydrodefluorination of PhF under the mildest 

reported conditions (1 atm H2 at 40 °C) while still providing rates that are faster than those of 

other hydrodefluorination systems. 

2. Experimental 

2.1. General considerations 

Ethanol, 1,2-dichloroethane (DCE), NaH2P04, Na2HP04, NagPO^ 85% phosphoric 

acid, sodium acetate (NaOAc), glacial acetic acid, heptane, fluorobenzene (PhF), 

fluorocyclohexane (CyF), and benzene (PhH) were purchased from commercial sources and 

used as received. Methanol was distilled from Mg/I2 under nitrogen [25]. The catalysts 

[Rh(COD)2]+BF4*-Si02/2000C (Rh-Si02(A)), [Rh(COD)2]+BF4"-Si02/40°C, Rh-Si02, 

[Rh(C0D)2]+BF4"-Pd-Si02, [Rh(COD)2]+BF4"-Pd-Si02/40°C, [Rh(COD)2]+BF4*-Pd-

Si02/200°C, and Pd-Si02 were prepared and characterized as described previously [24,26]. 

Briefly, the catalysts were prepared by adsorbing [Rh(COD)2]+BF4" on Si02 or Pd-Si02 (10% 

Pd wt/wt) to give a ~ 2% Rh (wt/wt) loading. These materials were used as obtained or 

pretreated with H2 for 24 h at 40 °C or for 4 h at 200 °C. The resulting catalysts consist of 

highly active rhodium(O) metal on supported Si02. Gas chromatographic (GC) analyses 

were performed on a Hewlett Packard HP 6890 GC using a J&W 30 m alumina capillary 

column and an FID (flame ionization detector). 
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2.2. Preparation of buffer solutions 

The 1.0 M buffers were prepared [27] by dissolving 0.10 mmol of acid in 80 ml of 

water and then adding NaOH until the pH, monitored by a pH meter, had reached the desired 

value. This solution was rinsed into a 100 ml volumetric flask and diluted to volume. Other 

concentration buffers were obtained by this same procedure modifying the amount of acid 

added as appropriate. Acetate buffers were prepared for pH = 4.8 solutions, and phosphate 

buffers were prepared for pH= 11.2, 7.1, and 2.2 solutions. 

2.3. Hydrodefluorination reactions 

The general experimental procedures for both atmospheric pressure and high pressure 

reactions are outlined below. A number of different solvent systems, pressures, and 

temperatures were examined. The specifics of the reaction conditions will be discussed in 

detail as required in the discussion of the results. 

2.3.1. Hydrodefluorination reactions at 1 atmosphere pressure 

A standard hydrogénation run consisted of placing 50.0 mg of catalyst (containing 

~9.7 nmol of Rh) and base into the reacu m vessel (described previously [24,28-31]) and 

replacing the atmosphere with Ar using three vacuum/flush cycles. Next, the jacket of the 

vessel was attached to a constant temperature bath and the temperature was raised to reaction 

temperature, 40.0 (±0.2) °C. While the temperature was being achieved, a hydrogen gas 

reservoir was filled by a series of three consecutive vacuum and hydrogen gas flush cycles so 

that the system could be held at 1 atm H% throughout the reaction. After the temperature had 

stabilized at 40.0 °C and the gas burette was full of hydrogen, the reaction vessel itself was 

evacuated and filled with hydrogen three times. Next, solvent (5.0 ml) was added via 

syringe; when the solvent mixture was heptane (3.0 ml) and water (2.0 ml), the heptane layer 
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was on top. After the system had achieved the reaction temperature, fluorobenzene 0.10 ml 

(1.1 mmol) was added via syringe. The reaction was opened to the hydrogen gas reservoir, 

stirring was initiated, and hydrogen uptake was recorded. The reaction was monitored by 

periodic GC analyses of samples of the organic layer removed with a syringe. 

2.3.2. Higher pressure hydrodefluorination reactions (15-58 psi of hydrogen) 

The reagents, 30.0 mg (containing -5.8 (imol of Rh) of catalyst, 0.36 g (4.4 mmol) of 

NaOAc, and 0.40 ml (4.3 mmol) of PhF, were added to a Fischer-Porter high-pressure tube 

containing a Teflon-coated stir bar. After the solvent (5.0 ml) was added, the atmosphere 

was replaced with hydrogen using three freeze-pump-thaw cycles. After purging the 

atmosphere with hydrogen, the hydrogen pressure was raised while being monitored by the 

regulator on the hydrogen gas cylinder. Upon reaching the desired reaction pressure, the 

system was closed and immersed in an oil bath at 70 (±1) °C. After the reaction was stirred 

for 30 min, the tube was removed from the oil bath, cooled to room temperature in water, and 

vented to the atmosphere. After the layers were separated, the organic layer was dried over 

sodium sulfate and filtered prior to GC analysis. GC analysis showed that PhF and products 

were present in the upper organic layer and drying with sodium sulfate had no effect on their 

concentrations. No corrections were made for pressure changes due to heating or reaction 

progress. 

3. Results 

3.1. Effects of solvent on the reaction of PhF with H2 

3.1.1. Heptane 

In heptane solution, the reaction of fluorobenzene (PhF) with 1 atm Hz at 40 °C 

catalyzed by Rh-SiOz(A) produces a mixture of fluorocyclohexane (CyF) and cyclohexane 
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(CyH) (entry 1, Table 1). The ratio of CyF to CyH is constant throughout the course of the 

reaction (Fig. 1) indicating concurrent competing reaction pathways (paths a and be, in 

Scheme 1). The reaction is essentially complete within 30 minutes. Fluorocyclohexane is 

not converted to CyH during the catalytic reaction as the ratio (3.3:1.0 for CyF:CyH) of these 

products remains constant at longer reaction times (Fig. 1). The ratio of CyF:CyH produced 

by the reaction is temperature-dependent and the following ratios were observed for the 

following temperatures: 5.0:1.0 (20 °C), 3.3:1.0 (40 °C), and 9.9:1.0 (70 °C). 

3.1.2. 1,2-Dichloroethane (DCE) 

In the more polar, aprotic solvent DCE, the reaction of PhF with 1 atm H2 at 40 °C 

catalyzed by Rh-Si02(A) also produces a mixture of CyF and CyH (entry 2, Table 1). 

However, the reaction is much slower (95% complete after 5880 min) than in heptane, and 

the CyF:CyH ratio decreases from 6.6:1 in the initial stages, during the first 150 min, to a 

final ratio of 1.7:1 (Fig. 1). At 70 °C with 4 times the normal amount of catalyst (200 mg), 

the ratio of CyF:CyH was 2.3:1 and did not significantly change until after the reaction was 

over 95% complete (270 min). After the reaction of PhF to CyF and CyH, a much slower 

reaction (~3% per hour) was observed that converted CyF to CyH. The changing ratios of 

CyF:CyH suggests that CyF is converted to CyH during the catalytic reaction. Further 

experiments (Section 3.6) show that the conversion of CyF to CyH in DCE is not catalyzed 

by rhodium, silica, or hydrogen gas but is due to a reaction between CyF and HF, produced 

during the hydrodefluorination reaction. 

3.1.3. Heptane/methanol 

In the polar, protic heptane/methanol (3 ml/2 ml) solvent system, where two phases 

are present, no CyF is produced (entry 3, Table 1), and CyH is the only final product 
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observed (after 600 min) in the reaction (Fig. 1) of PhF with 1 atm Hz at 40 °C catalyzed by 

Rh-SiOz(A). However, under these conditions the intermediate benzene (PhH) is detected in 

small amounts (<2%) before it is hydrogenated to CyH (path b and c, Scheme 1). 

3.1.4. Heptane/water 

The more polar, protic heptane/water (3 ml/2 ml) solvent system produces only CyH 

as the final product (entry 4, Table 1) in the reaction of PhF with 1 atm Hz at 40 °C catalyzed 

by Rh-SiOz(A). As in heptane/methanol, PhH (path b and c, Scheme 1) is observed (-10%) 

as an intermediate during the course of the reaction (Fig. 1). The reaction is faster in 

heptane/water, where it is essentially complete in 180 min, compared to heptane/methanol, 

where 600 min are required. 

3.2. Effects of base and pH on the hydrodefluorination ofPhF 

3.2.1. Heptane/methanol 

A number of different bases were used in the heptane/methanol solvent system for the 

reaction of PhF with 1 atm Hz at 40 °C catalyzed by Rh-SiOz(A) (Fig. 2). The rate of PhF 

hydrodefluorination (path be, Scheme 1) decreased as the strength of the base increased: 

none>NaOAc»NaOH»NaOMe. For heptane/methanol without a base, the reaction is 

complete after 600 min and only small amounts (<2%) of the intermediate PhH are detected 

as it is hydrogenated to CyH (path b and c, Scheme 1; Fig. 2). The reaction takes almost 

twice as long (1130 min) in the presence of NaOAc, and the intermediate PhH reaches a 

concentration of 36.4% during the course of the reaction (Fig. 2). With added NaOH, the 

first 310 min produce PhH (37%) with only trace hydrogénation to CyH (2%). After this 

point, conversion of PhF to PhH and PhH to CyH slows considerably and only 13% 

conversion of PhF occurs over the next 1100 min to provide PhH (47%) and CyH (5%). 
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NaOMe deactivated the catalyst as only trace amounts of PhH (5%) and CyH (3%) were 

produced, even after 1500 min of reaction (Fig. 2). 

3.2.2. Heptane/water 

The rate of the Rh-SiOz(A) catalyzed reaction of PhF with 1 atm Hz at 40 °C in 

buffered solutions depends on the pH of the aqueous phase (Table 2 and Fig. 3). In general, 

slightly faster initial defluorination rates (path b, Scheme 1) were obtained in more basic 

media (Table 2). However, initial rates do not comprehensively describe the overall course 

of the reaction. In contrast to defluorination, the hydrogénation of benzene (PhH) (path c, 

Scheme 1) is slower under more basic conditions (Table 2). The pH dependence of PhH 

hydrogénation accounts for the greater build-up of the PhH intermediate in the 

hydrodefluorination of PhF at higher pH (Fig. 3). The rate of benzene hydrogénation also 

affects the rate of hydrodefluorination of PhF, as the increase in PhH concentration decreases 

the rate of PhF reaction. This was shown in reactions of PhF in the presence of added PhH 

using the heptane/water (3 ml/2 ml) system buffered at pH = 2.2 under 1 atm Hz at 40 °C 

catalyzed by Rh-SiOz(A) (Table 3). As the concentration of PhH was increased, the rate of 

hydrodefluorination of PhF decreased. Thus, it appears that, because of inhibition by PhH, 

hydrodefluorination of PhF proceeds faster at lower pH's where PhH concentrations are low 

because of the rapid hydrogénation of PhH to CyH. 

A series of hydrodefluorination reactions of PhF with 1 atm H2 at 40 °C catalyzed by 

Rh-SiOz(A) in heptane (3 ml) over aqueous buffered solutions of NaOAc/HOAc (2 ml, pH = 

4.8) showed that the buffer concentration (1.0,2.0, and 4.0 M) caused almost no variation in 

reaction rates or concentration of PhH intermediate (see Fig. 3, pH = 4.8 for a typical 
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reaction profile). This indicates that the rate is independent of the acetate base concentration, 

but depends on the pH of the solution (Table 2, Fig. 3). 

3.3. Reuse ofRh-Si02(A) in the hydrodefluorination of PhF 

The catalyst, Rh-SiOz(A), after use in the heptane/water reactions can be filtered in 

air, washed with water (5x10 ml/50 mg SiOz), and re-used with no apparent loss of activity 

(not shown). This has been repeated two more times. Alternatively, the catalyst can be 

reused by removal of solvent and substrate under vacuum followed by addition of fresh 

solvent and substrate without washing the catalyst. When this method of reuse was applied 

to the Rh-SiOz(A)-catalyzed hydrodefluorination of PhF to CyH in heptane/water under 1 

atm Hz at 40 °C, three successive hydrodefluorinations were performed with no apparent 

catalyst deactivation. The unbuffered hydrodefluorination reactions in this example were 

more rapid (180 min to 95% completion) than the buffered reaction at pH = 2.2 (280 min to 

95% completion) under the same conditions. The increased activity of the unbuffered 

reactions can easily be explained by the low pH (~1) of the solution at the end of the 

reaction; this low pH is presumably due to the HF produced during the reaction (see Scheme 

1). Since lower pH values increase the rate of benzene hydrogénation (path c, Scheme 1) afld 

the overall conversion of PhF (path be, Scheme 1) (section 3.2.), the rate increase can be 

attributed to the more acidic conditions in the unbuffered reactions. 

3.4. Effect of hydrogen pressure on the hydrodefluorination of PhF 

The effect of hydrogen pressure on the reaction was examined for a 

heptane/ethanol/water (3 ml/1.2 ml/0.6 ml) solvent system with added NaOAc (0.36 g, 4.4 

mmol) using the high-pressure tube (section 2.3.2.) using Rh-Si02(A) with hydrogen 

pressures ranging from 15 to 58 psi at 70 °C. The following rates [32] were observed under 
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the following pressures: 451 h"1 (58psi), 410 h"1 (44 psi), 381 h"1 (40 psi), 399 h*1 (36 psi), 

350 h ' (29 psi), 348 h'1 (22 psi), 295 h ' (18 psi), 276 h*1 (15 psi). The rate of reaction 

increases with increasing hydrogen pressure, and over the range of 15-58 psi (-1-4 atm) of 

Hz, the rates vary by a power of 1/3, i.e. rate oc Ph21/3 (Fig. 4). 

The effect of hydrogen pressure on the ratio of CyF to CyH was examined for 

heptane (5 ml) using Rh-Si02(A) with hydrogen pressures ranging from 15 to 58 psi at 70 °C. 

All, reactions were complete within 30 min and the following ratios of CyF:CyH were 

observed under the following pressures: 9.8:1.0 (15 psi), 12.0:1.0 (29 psi), and 8.2:1.0 (58 

psi). Thus, it was observed that variations in hydrogen pressure over 1-4 atm caused very 

little change in the ratio of CyF to CyH although a slight decrease in selectivity for CyF was 

observed as the pressure was increased (care must be utilized to prevent the reaction from 

proceeding past complete conversion of PhF, as the resulting solution containing HF is 

capable of transforming CyF to CyH and this will affect the CyF:CyH ratio at longer times, 

Section 3.6). 

3.5. Other catalysts for the hydrodefluorination of PhF 

The [Rh(COD)2]+BF4"-Si02/40°C, Rh-Si02, [Rh(C0D)2]+BF4'-Pd-Si02, 

[Rh(COD)2]+BF4"-Pd-Si02/40°C, [Rh(COD)2]+BF4'-Pd-Si02/200°C, and Pd-Si02 catalysts 

were examined for their PhF hydrodefluorination activity under 29 psi H2 at 70 °C with 

NaOAc base in the heptane/ethanol/water solvent system (Table 4). The activities of the 

various rhodium and rhodium/palladium catalysts in the hydrodefluorination of PhF to PhH 

and CyH approximately parallels their toluene hydrogénation activities [24]. Detailed 

characterization (DRIFTS, TEM, XPS, and mercury poisoning experiments) of the rhodium 

containing catalysts showed that they all consist of rhodium metal on silica, which is 
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responsible for their toluene hydrogénation activity [24]. The effect of the palladium in the 

[Rh]-Pd-SiC>2 systems is to facilitate the reduction of the Rh complex to active rhodium 

metal. The catalytic activity of supported rhodium catalysts is structure sensitive and depends 

on particle size with metal clusters of ~10 Â or larger needed for arene hydrogénation [33-

38]. For catalysts prepared from the rhodium precursor [Rh(COD)2]+BF4- on silica, toluene 

hydrogénation activities are improved by hydrogen pretreatments prior to reaction. The 

activity increases with the temperature of the hydrogen pretreatment, 200 °C (Rh-SiOaCA), 

Rate = 246 h"1) being better than 40 °C (Rh-SiOz(B), Rate = 95 h"1). For [Rh(COD)2]+BF4" on 

Pd-SiOa, a different trend is observed as the catalysts are more active when they are not 

pretreated. The untreated catalyst (Rh-Pd-SiOz(A), Rate = 230 h"1) is the most active of the 

series. A 40 °C H2-pretreatment produces no appreciable change in rate (Rh-Pd-SiOaÇB), 

Rate = 210 h"1). A 200 °C hydrogen pretreatment severely reduces the catalytic activity by 

almost five-fold (Rh-Pd-SiOaCC), Rate = 46 h*1). This treatment apparently changes the 

structure of the catalyst to a form that is substantially less active for arene hydrogénation than 

just rhodium on the same support. This lower activity was attributed either to the formation 

of a rhodium-palladium alloy or to the formation of rhodium clusters that are smaller than the 

10 À size required for arene hydrogénation activity [24, 33, 34]. Since the most active 

hydrogénation catalysts are also the most active hydrodefluorination catalysts (Table 4) and 

benzene is observed to inhibit the hydrodefluorination reaction, the same catalytic sites on 

rhodium metal are probably used for both toluene hydrogénation and fluorobenzene 

hydrodefluorination. 
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3.6. Attempted hydrodefluorination of CyF 

Hydrodefluorination of CyF was attempted using Rh-SiOz(A) as a catalyst under all 

of the reaction conditions (heptane, DCE, heptane/water; pH = 11.2-2.2; 1-4 atm Hz; 40 °C-

70 °C) examined in this study, but CyF remained unreacted even after 24 h of treatment. 

However, a few of the PhF hydrodefluorination reactions (see Section 3.1.2.) suggested that 

CyF could be converted to CyH. Also, Blum et. al. reported that thermal defluorination of 

fluorocyclohexane to cyclohexene occurs in DCE at 80 °C under 16 atm Hz [22]. Since CyF 

was converted to CyH in DCE with 1 atm Hz at 70 °C over Rh-SiOz (A) during the 

hydrodefluorination of PhF but identical conditions failed to converted commercial CyF to 

CyH, 10 drops of HF (49% aqueous solution) were added to a commercial sample of CyF in 

DCE with 1 atm Hz at 70 °C over Rh-SiOz (A), and a rapid conversion of CyF to CyH was 

observed (<40 min). The slower process (~3% per hour) seen during the hydrodefluorination 

of PhF in DCE indicates that the rate of conversion of CyF depends on the amount of HF 

added, however changing the amount of Rh-SiOz(A) did not change the rate of CyF 

conversion. Furthermore, in the absence of rhodium, CyF reacted with HF to form 

cyclohexene in DCE at 70 °C. Thus, the conversion of CyF to CyH is a two-step process 

consisting of conversion of CyF to cyclohexene by HF (path d, Scheme 1) followed by 

catalytic hydrogénation of cyclohexene to CyH by rhodium (path e, Scheme 1). This 

interconversion of CyF to CyH by HF (path de, Scheme 1) also occurs in heptane, but is 

more rapid in DCE. 
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4. Discussion 

4.1. Effect of solvent on the Rh-Si02(A)-catalyzed reaction of PhF with H2 

For the Rh-SiOz(A)-catalyzed hydrodefluorination of fluorobenzene (PhF), the 

solvent system affects the product distribution (path a or path be, Scheme 1). The non-polar 

solvent heptane produces mixtures of CyF and CyH (3.3:1.0 at 40 °C or 9.9:1.0 at 70 °C). 

DCE, an aprotic but more polar solvent than heptane, still favors initial arene hydrogénation 

over hydrodefluorination, but decreases the ratio of CyF to CyH because the conversion of 

CyF to CyH by HF (path de, Scheme 1) occurs at a rate similar to the rate of the rhodium 

catalyzed reaction of PhF and Hz (path a and path be, Scheme 1). In contrast, reactions in 

polar protic solvent systems, heptane/methanol and heptane/water, proceed only by path be, 

Scheme 1. The reaction is faster in heptane/water than in heptane/methanol. 

Prior to this work, there were only a limited number of reports of the catalytic 

hydrodefluorination of monofluoroarenes [12-23] and fewer by rhodium metal [20-23]. No 

studies of solvents on these reactions have been reported. However, solvent effects in 

hydrodehalogenation reactions of other aryl halides (Cl, Br, I) using several supported metal 

catalysts (Pd, Rh, Pt, Ni) are observed: more polar solvents accelerate hydrodehalogenation 

while non-polar solvents retard the loss of halogen [39,40]. This general trend of more polar 

solvents facilitating hydrodehalogenation of arylhalides (Cl, Br, I) over supported metals (Pd, 

Rh, Pt, Ni) [39,40] is consistent with our results and is dramatically illustrated by our system 

for PhF hydrodefluorination over supported rhodium metal. Furthermore, the ability of our 

system to catalyze the formation of CyF from PhF in heptane is notable as in all other 

examples the hydrodehalogenation of aryl halides [12-22,39-43], even fluorides, occurs at 
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rates greater than or equal to ring hydrogénation, and the reduction of an aryl ring to the 

corresponding cyclohexyl halide with considerable retention of halogen was not possible. 

4.2. Effect of pH on the hydrodefluorination of PhF in heptane/methanol and heptane/water 

The Rh-SiOz(A)-catalyzed hydrodefluorination of PhF in the polar protic solvents of 

heptane/methanol and heptane/water follow path be in Scheme 1. The hydrodefluorination 

step b is slightly faster when the solution is basic (initial rate = 54.5 h"1 at pH = 11.2 

compared to an initial rate of 28.6 h"1 at pH = 2.2, Table 2), but the overall reaction (path be, 

Scheme 1), including arene hydrogénation to CyH (step c, Scheme 1), is much faster under 

acidic conditions (Table 2 and Fig. 3). Benzene inhibits defluorination, confirmed by 

competition reactions between PhF and PhH using the heptane/water system buffered at pH = 

2.2 (Table 3), and can slow the overall process to the point where PhH hydrogénation 

determines the rate of PhF hydrodefluorination (see pH = 7.1 and 11.2, Fig. 3). Therefore, 

the conversion of PhF to CyH is fastest under acidic conditions (Fig. 3) because PhH 

hydrogénation is fastest under these conditions (Table 2). 

At first glance, this result seems to contradict the conventional wisdom for 

hydrodehalogenation (F, Cl, Br, I) reactions over supported metals (Pd, Rh, Pt, Ni), where 

base has traditionally been used to neutralize the hydrogen halide acid as it is formed [40,43], 

and where the presence of a base may accelerate the rate of dehalogenation [39,40,43]. 

However, arene hydrogénation catalyzed by rhodium metal is inhibited by the presence of 

strong bases [39-43] (especially strong nitrogen bases such as amines and pyridines) while 

acids have been observed to both promote and inhibit the reaction [39-43]. For example, 

Stocker observed that acetic acid in methanol increased the rate of reduction of certain 

aromatics over rhodium on alumina [40,44]; but the hydrogénation of toluene or benzoic acid 
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in methanol over 5% rhodium on carbon was neither promoted nor inhibited by the addition 

of several weak or strong acids, except HC1 which was a strong inhibitor [39-43,45]. 

For the hydrodefluorination of PhF by Rh-SiOz(A) in polar protic solvents the 

hydrodefluorination product (PhH) interacts strongly enough with the catalyst to inhibit 

further hydrodefluorination of PhF. In this case, the effects of base and solvent on both 

steps, hydrodefluorination and hydrogénation (steps a and b, Scheme 1), must be considered. 

Acidic conditions promote the hydrogénation of PhH to CyH (step b, Scheme 1), and remove 

PhH which would otherwise inhibit the hydrodefluorination of PhF to PhH (step a, Scheme 

I). Thus, the overall reaction (path be, Scheme 1) experiences an effective acid promotion 

and base inhibition. This leads to a situation where conventional hydrodefluorination 

conditions, i.e. presence of strong bases to neutralize the hydrogen halide acid as it is formed, 

become detrimental to the rhodium catalyzed hydrodefluorination, and the absence of a base 

or the presence of an acidic buffer actually facilitates the overall reaction (path ab, Scheme 

1)! The inhibition of hydrodefluorination by PhH and the low rate of PhH hydrogénation 

under basic conditions may explain the much lower rates of reaction observed by Young and 

Grushin for rhodium nanoparticle hydrodefluorination where reaction with 3 M 

fluorobenzene under 40 psi Hz at 95 °C in a very basic 40% NaOH aqueous solvent provided 

88 TO's in 1 day with minimal hydrogénation of the resulting benzene [21]. 

5. Conclusions 

In these studies of the Rh-SiOz(A)-catalyzed reactions of PhF with Hz, non-polar, 

aprotic solvents (heptane and DCE) favor arene hydrogénation (path a, Scheme 1), while 

polar, protic solvents (heptane/methanol and heptane/water) favor hydrodefluorination (path 

be, Scheme 1). A benzene (PhH) intermediate, on the way to CyH, was detected in the 
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heptane/methanol and heptane/water reactions confirming the pathways shown in Scheme 1. 

The complete hydrodefluorination of fluorobenzene (PhF) to cyclohexane (CyH) was found 

to proceed best in heptane/water under acidic conditions. This is because PhH inhibits the 

hydrodefluorination of fluorobenzene (PhF) to benzene (PhH) (path b), and the 

hydrogénation of benzene (PhH) to cyclohexane (CyH) is fastest under acidic conditions. 

Since the supported rhodium catalysts most active for toluene hydrogénation are also the 

most active hydrodefluorination catalysts (Table 4) and benzene is observed to inhibit the 

hydrodefluorination reaction, the same catalytic sites on rhodium metal are probably used for 

both arene hydrogénation and fluorobenzene hydrodefluorination. To the best of our 

knowledge, the systems described in this paper, when used in heptane/water at low pH, 

catalyze the hydrodefluorination of PhF under the mildest reported conditions, 1 atm Hz at 40 

°C, while still providing rates that are faster than those of other hydrodefluorination systems 

which utilize more pressing conditions. 
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Scheme 1. Reaction of PhF with Ha catalyzed by Rh-SiOa(A). 

F 

PhH CyH 
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Table 1. Effect of solvent on the rate and product selectivity of the reaction of PhF with Ha.3 

Entry Solvent 95% Completion time (min) % CyH % CyF 

1 Heptane 30 23.4 76.6 

2 DCE 5880 36.7 63.3 

3 Heptane/Methanolb 600 100 0 

4 Heptane/Water0 180 100 0 

a Reaction conditions: 50.0 mg (containing -9.7 (amol Rh) ofRh-SiOz(A) catalyst, 1.1 mmol 

PhF, 5.0 ml solvent, 40.0 (±0.2) °C, 1 atm Hz. 

b 3.0 ml of heptane over 2.0 ml of methanol. 

c 3.0 ml of heptane over 2.0 ml of water. 
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Table 2. Effect of pH on the hydrodefluorination of PhF3 and hydrogénation of PhHb with H2 

in heptane/water solutions. 

pH Initial Ratec 95% Completion time (min)3 

PhF Hydrodefluorination 

95% Completion time (min)b 

PhH Hydrogénation 

11.2d 54.5 1008 (68%)' 293 

7.1d 81.8 790 272 

4.8f 28.7 600 226 

2.2d 28.6 280 183 

3 Reaction conditions: 50.0 mg (containing ~9.7 (imol Rh) ofRh-SiOz(A) catalyst, 1.1 mmol 

PhF, 3.0 ml of heptane over 2.0 ml of 1.0 M aqueous buffer solution, 40.0 (±0.2) °C, 1 atm 

H2. 

b Reaction conditions: 50.0 mg (containing ~9.7 (imol Rh) of Rh-SiOz(A) catalyst, 0.36 

mmol PhH, 3.0 ml of heptane over 2.0 ml of 1.0 M aqueous buffer solution, 40.0 (±0.2) °C, 1 

atm H2. 

c Initial rate calculated after 5 min of reaction by [A mole PhF/(mole Rh • h)]. 

d Phosphate buffer. 

e Reaction was only 68% complete after 1008 min. 

f Acetate buffer. 
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Table 3. Effect of PhH on the rate of PhF hydrodefluorination in heptane/water buffered (pH 

= 2.2) solution.3 

PhHjb (mmol) Initial Rate (APhF)c Initial Rate (APhH)d 

0 28.3 — 

0.55 10.4 9.48 

1.1 7.50 15.2 

2.4 2.90 47.9 

3 Reaction conditions: 50.0 mg (containing ~9.7 fimol Rh) ofRh-SiOz(A) catalyst, 1.1 mmol 

PhF, 0-2.4 mmol PhH, 3.0 ml of heptane over 2.0 ml of 1.0 M aqueous acetate buffer 

solution at pH = 2.2,40.0 (±0.2) °C, 1 atm H2. 

b Initial amount of benzene (PhH,). 

c Rate given as [A mole PhF/(mole Rh • h)] over the first 60 min of reaction. 

d Rate given as [A mole PhH/(mole Rh • h)] over the first 60 min of reaction. 
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Table 4. Rates of hydrodefluorination of PhF3 and hydrogénation of tolueneb using various 

catalysts. 

Catalyst Rate (PhF)' Rate (PhMe)d 

Rh-SiOz(A) 350 246 

[Rh(COD)2]+BF4'-Si02/400C 244 95 

Rh-SiOa 280 151 

[Rh(C0D)2]+BF4"-Pd-Si02 371 230 

[Rh(COD)2]+BF4"-Pd-Si02/40°C 369 210 

[Rh(COD)2]+BF4--Pd-Si02/200°C 135 46 

Pd-Si02 12.1e 

a Reaction conditions: 30.0 mg (containing -5.8 pmol Rh) of catalyst indicated, 4.3 mmol 

PhF, 0.36 g (4.4 mmol) NaOAc, 3.0 ml of heptane over 1.2 ml ethanol and 0.8 ml water, 70 

°C, Ph2 = 29 psi, 30 min reaction time, Fischer-Porter reaction vessel. 

b Reaction conditions: 50 mg of solid catalyst, 5 ml of toluene, 40.0 °C, 1 atm of Ha from 

[CI 8]. 

c Rate given as [A mole PhF/(mole Rh • h)] over 30 min of reaction. 

d Rate given as [A mole PhH/(mole Rh • h)] over the first hour of reaction [CI 8]. 

e To facilitate comparison, the rate for the Pd-SiOa catalyst is reported in terms of an 

effective rate. Since, it does not contain rhodium, a rate based on rhodium cannot be given. 

The rate value here is calculated by assuming the Pd-SiOa catalyst contains the standard 

rhodium loading (5.8 pmol/30.0 mg). 
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Fig. 1. Effect of solvent on the rate and selectivity of the reaction of PhF with Hz. 
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Fig. 2. Effect of base on the hydrodefluorination of PhF in heptane/methanol.® 
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Fig. 3. Effect of pH on the hydrodefluorination of PhF in heptane/water solutions.8 
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Fig. 4. Effect of hydrogen pressure on the hydrodefluorination of PhF. 
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Abstract 

Oxorhenium(V) dithiolate catalysts [-S(CH2)nS-]Re(0)(Me)(PPh3) were modified to 

allow immobilization via tethering to silica supports. The resulting (SiOz-

RTA)Re(0)(Me)(PPh3), Fig. 2, is the first example of a tethered oxorhenium(V) dithiolate 

catalyst. The anchored complex and homogeneous analogs were used for the selective 

oxidation of sulfides (methyltolylsulfide (MTS), dibenzothiophene (DBT), and 4,6 

dimethyldibenzothiophene (4,6-MezDBT)) to the corresponding sulfoxides and sulfones by 

terr-buty Hydroperoxide (TBHP) in various solvents (benzene, chloroform, etc.) and 

temperatures (20, 50, and 100 °C). Catalytic oxidation reactions showed the heterogenized 

catalyst to be similar to its homogeneous analog in regards to reactivity. However, the 

immobilized catalyst offered additional advantages of recycleability, extended stability, and 

increased resistance to deactivation over the homogeneous catalyst. 

1. Introduction 

The EPA has mandated by 2006 the reduction in total sulfur content of gasoline to 25 

ppm from the current allowed level of400 ppm [1], This removal will need to come from 

refractory sulfides not currently removed by the first stages of hydrodesulfurization (HDS) 
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[2], Oxidative chemistry could be utilized for further sulfur reduction in oil as the oxides of 

sulfides exhibit different solubility and reactivity properties [3,4-7]. While the oxidation of 

sulfides to sulfoxides and sulfones can be achieved by a variety of biological and laboratory 

methods [8-11], the class of oxorhenium(V) dithiolate compounds stand out as highly 

effective and desirable oxygen atom transfer (OAT) catalysts from both kinetic as well as 

selectivity standpoints with many aspects of their mechanism and activities recently 

elucidated [3,12-21]. However, the utility of the catalysts would be increased if they could 

be more easily recycled and re-utilized after reactions. Furthermore, the homogeneous 

oxorhenium(V) dithiolate compounds have already been shown to be very effective catalysts 

for terZ-buty Hydroperoxide (TBHP) oxidation of refractory sulfides, such as 

dibenzothiophene (DBT) and 4,6 dimethyldibenzothiophene (4,6-MezDBT), Eq. (1) [3], 

TBHP TBHP 

Re catalyst Re catalyst 

R=H DBT 
R=Me 4,6-Me2DBT 

Catalyst immobilization is a viable method to achieve the best possible combination of 

catalyst activities, rates, and lifetimes. When catalysts are tethered on solid supports, the 

resulting catalysts can combine the advantages of both homogeneous (selectivity, tuneability, 

and homogeneous sites) and heterogeneous (recovery and separation) catalysts [10,11]. 

Furthermore, additional benefits often occur which arise from site-isolation of the catalyst 

centers. Therefore, the immobilization of homogeneous catalysts is a highly desirable goal. 

Thus, it was decided that the immobilization of oxorhenium(V) dithiolate catalysts be 

undertaken with particular emphasis on their oxidation activities for HDS relevant sulfides. 
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Within, we report our findings for the first example of a tethered oxorhenium(V) dithiolate 

catalyst. 

2. Experimental 

2.1. General considerations 

The chemicals TBHP (5-6 M solution in nonane) (Aldrich), 3-

chloropropyltriethoxysilane (RC1) (Fluka), 1,3 propanedithiol (pdt) (Aldrich), 1,2 

ethanedithiol (edt) (Aldrich), DBT (Aldrich), 4,6-MezDBT (Aldrich), methyltolylsulfide 

(MTS) (Aldrich), thioctic acid (TA) (Aldrich), chloroform (CHCI3) (Fischer), deuterated 

chloroform (CDCI3) (Cambridge) were purchased from commercial sources and used as 

received. Silica gel Merck grade 10184 (B.E.T. surface area, 300 m2 g"1; pore size 100 Â) 

(Aldrich) was dried under vacuum at 150 °C for 12 h and kept under argon before use. 

Toluene, hexanes, and methylene chloride were dried prior to use by passage through an 

alumina column under argon [22]. Benzene was distilled from Ca% under nitrogen [23]. 

The compound 3-iodopropyltriethoxysilane (RI) was prepared from a literature synthesis 

[24]. The preparation of (PhS)4Rez(O)z(Me)z followed a literature method [25]. Gas 

chromatographic (GC) analyses were performed on a Hewlett Packard HP 6890 GC using a 

25 m HP-5 capillary column at 190 °C isotherm and an FID (flame ionization detector). 

2.2.1. Preparation ofligands 

(Et0)3SiCH2CH2CH20C(0)CH2CH2CH2CH2CH(S-)CH2CH2(S-),RTA: Fig. 1. To a 

solution of 0.10 g (0.48 mmol) of TA dissolved in 5.0 ml of dry acetonitrile, 0.07 ml (0.5 

mmol) ofEt3N and then 0.15 ml (0.45 mmol) ofRI were added via syringe. The reaction 

was refluxed under argon at 70 °C for 3 days. Upon cooling to room temperature, the 

reaction mixture was flash-columned (2.5 cm x 63 cm) on silica (25% EtOAc:hexanes) 
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Fractions were monitored by silica TLC and RTA collected, Rf= 0.25. Yield 50%. lH NMR 

(CDC13) S 4.00 (t, J=8.0 Hz, 2H, C02CH2), 3.78 (q, J = 8.0 Hz, 6H, OCH.CHil 3.53 (m, 1H, 

CH), 3.12 (m, 2H, CH(S-)ÇH2CH2(S-)),2.42 (m, 1H, CH(S-)CH,CH,fS-l). 2.3 (t, J = 7.4 Hz, 

2H, 02CCH2), 1.88 (m, 1H, CH(S-)CH2Œ2(S-)), 1.7 (m, 6H, 02CCH2ÇH2CH2CH2, 

02CCH2CH2CH2Œ2, and SiCH?-CH,-CH,0?C-l 1.4 (m, 2H, 02CCH2CH2ÇH2CH2), 1.19 

(t, J = 8.0 Hz, 9H, OCH2Œ2), 0.60 (m, 2H, SiCH2). ,3C NMR (CDC13) 5 173.7 (Ç02), 66.5 

(CO2ÇH2), 58.5 (OÇH2CH3), 56.4 (CH), 40.2 (CH(S-)CH2ÇH2(S-)), 38.5 (CH(S-

)ÇH2CH2(S-)), 34.6 (02CCH2CH2CH2ÇH2), 34.1 (02CÇH2), 28.8 (02CCH2CH2ÇH2CH2), 

24.7 (02CCH2ÇH2CH2CH2), 22.3 (SiCH2-ÇH2-CH202C), 18.3 (OCH2ÇH3), 6.6 (SiCH2). 

High resolution mass Anal, calcd for Ci7H3405S2Si: 410.16170. Found: 410.16265, 

deviation 2.3 ppm. 

(Et0)3SiCH2CH2CH20C(0)CH2CH2CH2CH2CH2(SH)CH2CH2SH,RTAH2: Fig. 1. Solid 

NaBH», 8.8 mg (0.23 mmol), was added to a solution of 80 mg (0.20 mmol) of RTA 

dissolved in 2.0 ml of dry ethanol at 0 °C and stirred at that temperature for 2 h. After 

complete reaction, the majority of ethanol was removed under vacuum. Then, the reaction 

mixture was worked up with the addition of 20 ml of 0.01 M HC1. Extraction with CH2C12, 

followed by drying over MgS04, yielded the desired reduced product in 75% yield judged 

pure by lH NMR and 13C NMR. *H NMR (MeOH-d^) S 4.05 (t, J = 6.9 Hz, 2H, C02CH2), 

3.82 (q, J = 7.2 Hz, 6H, OCH.CHA 2.91 (m, 1H, CH), 2.67 (m, 2H, (CH(S-)CH^CH2(S-)), 

2.34 (m, 1H, (CH(S-)CH2CH2(S-)), 2.0-1.4 (m, 13H), 1.20 (t, J = 7.2 Hz, 9H, OCH2CT3), 

0.64 (m, 2H, SiCH2). 13C NMR (MeOH-d^) 8 175.6 (C02), 67.6 (CO^Ha), 59.6 

(OCH2CH3), 44.4,40.2, 39.9, 35.1,27.7, 25.9,23.5,22.9, 18.8 (OCHzÇHs), 7.5 (SiCH2). 
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(Si02-RTAH2): A mixture of 0.5 g ofSi02 and 0.12 g (0.29 mmol) of RTA were slurried 

together in 10.0 ml of dry toluene. The mixture was refluxed for 4 h and then stirred 

overnight at room temperature. The resulting solid was washed with 4x10 ml of toluene and 

dried under vacuum to give SiOa-RTA. This solid was then treated with 0.3 g ofNaBHj in 

5.0 ml of EtOH at 0 °C for 4 h. Quenching with 0.01M HCI, filtration, and extensive 

washing with H20 was followed by 2x10 ml EtOH wash prior to vacuum drying. The 

resulting solid was recovered and stored under argon prior to use. 

2.2.2. Preparation of rhenium complexes 

(pdt)Re(0)(Me)(PPh3): A mixture of 25.0 mg (57.4 gmol Re) of (PhS)4Rea(0)a(Me)a and 

15.0 mg (57.4 pmol) of PPI13 were dissolved in 1.0 ml of chloroform, benzene, or toluene. 

After stirring for 10 min at room temperature, 6.0 pi (59.8 jimol) of pdt was added to the 

green solution. After 8 h, solvent was removed under vacuum, the green solid was washed 

with hexanes and recrystalized by layering hexane over toluene. lH NMR (CeDg) 5 7.78 (m, 

6H, PPh3), 6.95 (m, 9H, PPh3), 3.16 (m, 2H, CH2), 3.13 (m, 1H, CH2-S), 2.90 (d, JP.H = 8.7 

Hz, 3H, Re-CHj), 2.75 (m, 1H, CH2-S), 2.40 (m, 1H, CH2-S), 2.30 (m, 1H, CH2-S). l3C 

NMR (CeDfi) 5 134.73 (d, JP-c = 10.4 Hz, PPh3), 131.10 (d, JP.C = 19.7 Hz, PPh3), 129.26 (d, 

Jp.c = 22.5 Hz, PPh3), 128.77 (d, JP-c = 10.5 Hz, PPh3), 36.41 (d, JP_c = 2.0 Hz, CH2-S), 36.10 

(CH2), 34.30 (d, JPc = 11.8 Hz, CH2-S), 19.27 (d, JP_c = 3.9 Hz, Re-CH3). 31P NMR (CgDg) 

5 28.05. 

(edt)Re(0)(Me)(PPh3): A mixture of 35 mg (80 |amol Re) of (PhS)^Re2(O)2(Me)2 and 27 mg 

(80 pmol) of PPh3 were dissolved in 1.5 ml benzene. After stirring for 10 min at room 

temperature, 8.0 gl (90 pmol) of edt was added to the green solution. After 8 h, solvent was 

removed under vacuum; the red solid was washed with hexanes and recrystalized by layering 
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hexane over toluene. *H and I3C NMR (CgDg) matched those already reported [17], I3C 

NMR Jp-c (Hz) are a factor of 4 smaller than earlier reported due to a miscalculation of Hz in 

the original paper. 3lP NMR (CgDg) 5 31.69. 

(RTA)Re(0)(Me)(PPh3): A mixture of 85 mg (0.20 mmol Re) of (PhS)4Re2(O)2(Me)2 and 51 

mg (0.20 mmol) ofPPh3 were dissolved in 4.0 ml of benzene. After stirring for 10 min at 

room temperature, 82 mg (0.20 mmol) ofRTAH2was added to the green solution. After 8 h, 

solvent was removed under vacuum, and the green oil was treated with hexanes and filtered. 

Removal of hexanes under vacuum provided a green oil in 60% yield. Four isomers were 

observed by 31P NMR and 'H NMR in approximately equimolar amounts. The isomers were 

identified by *H NMR, four ReMe doublets near 2.87, and 3IP NMR, four distinct signals 

near 27 ppm. *H NMR (CgDg) Ô 4.04 (t, J = 6.8 Hz, 2H, C02CH2), 3.73 (q, J = 7.0 Hz, 6H, 

OCH,CHA 3.25 (m, 2H, CH2), 2.89 (d, J = 8.4 Hz, 3H, ReMe), 2.87 (d, J = 8.8 Hz, 3H, 

ReMe) 2.85 (d, J = 8.0 Hz, 3H, ReMe) 2.85 (d, J = 8.4 Hz, 3H, ReMe), 2.42 (m, 1H, 7-CH2), 

2.07 (m, 2H, CH2), 1.81 (m, 2H, SiCH,-CH,-CH,Q,C-). 1.3-1.7 (m, 8H, CH2), 1.19 (t, J = 

7.0 Hz, 9H, OCH2CH2), 0.63 (m, 2H, SiCH2). 31P NMR (CgDg) Ô 27.74,27.69, 27.49,27.19. 

2.2.3. Preparation of silica-tethered complexes 

(Si02-RTA)Re(0)(Me)(PPh3): Method (A) (see Fig 2, path a). A solution of 143 mg (0.161 

mmol Re) of (RTA)Re(0)(Me)(PPh3) dissolved in 5.0 ml of toluene was added to 0.20 g of 

Si02. The resulting slurry was refluxed for 12 h and then stirred overnight at room 

temperature. Filtration, followed by washing with 3 x 5.0 ml of CH2C12, and drying under 

vacuum gave a catalytically inactive red solid (see section 3.2.2) [26]. Method (B) (see Fig 

2, path b). A mixture of 70 mg (0.16 mmol Re) of (PhS)4Re2(0)2(Me)2 and 45 mg (0.17 

mmol) of PPhs were dissolved in 8.0 ml of benzene. After stirring for 10 min at room 
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temperature, the green solution was added to 0.6 g (0.4 mmol ligand) of SiOa-RTAHa and 

stirred together at room temperature for 18 h. The resulting green solid support was filtered 

and washed with 3x10 ml of toluene and 3x10 ml of CH2CI2. The resulting solid catalyst was 

dried under vacuum. 

(PhS)2Re2(0)(Me)(PPh3)/(Si02): A mixture of 70 mg (0.16 mmol Re) of (PhS)4Re2(0)2(Me)2 

and 45 mg (0.17 mmol) ofPPhs were dissolved in 8.0 ml of benzene. After stirring for 10 

min at room temperature, the green solution was added to 0.6 g of SiOi and the mixture was 

stirred at room temperature overnight for 18 h. The resulting solid was filtered, washed with 

3x10 ml of toluene and 3x10 ml of CH2C12, and dried under vacuum. 

2.3. Oxidation reactions 

The rhenium catalyst was placed in a round bottom flask; solvent (typically 1 ml) and 

substrate (0.60 M or 9.45 mM) were added and allowed to briefly stand at room temperature; 

and then, TBHP was added via syringe. The reaction flask was immediately immersed in a 

constant temperature bath of appropriate temperature. The reaction was followed by GC 

analysis of samples removed from the reaction solution during and after the reaction. For 

MTS oxidation, the disappearance of MTS and appearance of methyltolylsulfoxide 

(MTS(O)) and methyltolylsulfone (MTS(0)2) was followed. For DBT and 4,6-Me2DBT, 

disappearance of substrate was monitored with the aid of an internal standard of 

diphenylmethane. Product identity and extent of reaction could be confirmed by *H NMR. 

3. Results and Discussion 

3.1. Homogeneous catalytic oxidation of MTS 

The selective oxidation of methyltolylsulfide (MTS) to methyltolylsulfoxide 

(MTS(O)) utilizing ferf-buty Hydroperoxide (TBHP) as the oxidant at room temperature in a 
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variety of solvents, Eq. (2), was used to examine catalyst activity and facilitate comparison to 

previous work [3]. 

 ̂XJ1 ̂  „ 

MTS MTS(O) MTS(0)2 

The results of a number of key experiments are compiled in Tables 1-4 and Graph 1. The 

homogeneous (RTA)Re(0)(Me)(PPh3) catalyst (Table 1, entry 3, \.\n = 1.49 h) has 

comparable activity to the parent (pdt)Re(0)(Me)(PPh3) catalyst (Table 1, entry 2, t\n = 1.06 

h). Thus, the tetherable chain only slightly decreases the catalytic activity. The catalytic 

activity confirms that the four 31P NMR signals arising from (RTA)Re(0)(Me)(PPh3) 

correspond to geometrical isomers of the complex as the overall activity is so similar to the 

pdt analog. Comparison of (pdt)Re(0)(Me)(PPh3) (Table 1, entry 2, = 1.06 h) to 

(edt)Re(0)(Me)(PPh3) (Table 1, entry 1, i\n = 2.65 h) shows that both are strong catalysts. 

This comparison (Table 1, entries 1 and 2) allows for easy extrapolation to other substrates 

and conditions as the (edt)Re(0)(Me)(PPh3) catalyst has already been thoroughly 

investigated [3]. 

The (pdt)Re(0)(Me)(PPh3) system was used to determine the effect of solvent on the 

rate of reaction, collected in Table 2. Of the solvents examined, benzene provided the best 

catalytic activity (Table 2, entry 1, i\a = 0.94 h). Deuterated chloroform (Table 2, entry 2, 

ti/2 = 1.06 h) was comparable and only a slightly less favorable solvent. Both chloroform 

(Table 2, entry 3, X\a = 1.54 h) and methylene chloride (Table 2, entry 4, ti# = 2.13 h) 

showed reduced activity compared to CDCI3. The cause of the reduced activity in chloroform 

was identified as an effect of ethanol added as inhibitor, the commercial chloroform 
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contained 1% ethanol. A CDCI3 solution with 10% ethanol (Table 2, entry 5, im - 6.52 h) 

severely inhibited the reaction compared to pure CDCI3, providing catalytic activity six and a 

half times slower. 

3.2. Heterogeneous catalytic oxidation ofMTS 

Two strategies were used for the immobilization of (RTA)Re(0)(Me)(PPh3) to a 

silica surface, Fig. 1. The tethered complex (Si0z-RTA)Re(0)(Me)(PPh3) prepared by 

Method (B) (Fig 2, path b; Table 1, entry 4, = 1.42 h) had activity comparable to the 

homogeneous (RTA)Re(0)(Me)(PPh3) catalyst (Table 1, entry 3, Un - 1.49 h). However, 

(Si02-RTA)Re(0)(Me)(PPh3) prepared by Method (A) (Fig. 2, path a; Table 1, entry 5, t^ = 

16.74 h) was over an order of magnitude slower than the homogeneous catalyst and only 

slightly more active than silica (Table 1, entry 7, tm = 24.62 h) without rhenium. The 

depressed activity of the catalyst, from Method (A), is most likely due to partial 

decomposition of the rhenium catalyst at the elevated temperatures, refluxing toluene, used in 

the tethering process. As the sequentially prepared, Method (B), (S1O2-

RTA)Re(0)(Me)(PPh3) catalyst provided substantially better activity, it was used in 

subsequent experiments and future references to (Si02-RTA)Re(0)(Me)(PPh3) refer to the 

sequentially prepared version. 

While the homogeneous catalyst (Table 1, entry 3, t\n = 1.49 h) showed slightly 

greater rates of reaction for methyltolylsulfide oxidation under our standard conditions, the 

supported immobilized catalyst (Table 1, entry 4, t\a = 1.42 h) was completely recyclable. 

Five consecutive oxidation reactions, where the catalyst was filtered and washed between 

reactions, were performed with no loss of catalyst activity (Table 3). No activity was seen in 

the mother liquors after reaction (representative example: Table 1, entry 8, X\a = 31.51 h) 
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above the level associated with that seen in blank solutions (Table 1, entry 9, X\n = 38.82 h) 

indicating that leaching is not prevalent. 

It should be noted that the oxidation of sulfides to sulfoxides and sulfones has been 

shown to be catalyzed by silica [27]. However under the reaction conditions used in this 

paper, methyltolylsulfide oxidation by TBHP catalyzed by silica (Table 1, entry 7, ti# = 

24.62 h) is only slightly faster than the oxidation that occurs with TBHP (Table 1, entry 9, X\n 

= 38.82 h) in the presence of only solvent and substrate, and both are an order of magnitude 

slower than the rhenium catalyzed reactions (Table 1, entries 1-4). Furthermore, other 

sulfide substrates are more resistant to silica catalyzed oxidation yet fully amenable to 

oxorhenium(V) dithiolate catalyzed oxidation, see section 3.3. 

The high activity of (SiC>2-RTA)Re(0)(Me)(PPh3) (Table 1, entry 4, t^ = 1.42 h) 

compared to the low activities of SiOz (Table 1, entry 7, ti# = 24.62 h) and mother liquors 

(Table 1, entry 8, Xm = 31.51 h) clearly shows the presence of an immobilized catalyst on the 

silica. The possibility that other catalytically active surface rhenium species contribute 

significantly to this activity was discounted by examination of the rhodium complex 

precursor adsorbed on silica (PhS)zRe2(0)(Me)(PPh3)/(Si02) (Table 1, entry 6, Xm = 10.76 h) 

which was more active than SiÛ2 yet much less active than (Si02-RTA)Re(0)(Me)(PPh3). 

These observations and the retention of activity of (Si02-RTA)Re(0)(Me)(PPh3) when 

reused all indicate that the dithiolate rhenium complex is the active catalysts in these 

systems. 

3.3. Catalytic oxidation ofDBT and 4,6-Me2DBT 

Having established that the immobilized (Si02-RTA)Re(0)(Me)(PPh3) catalyst has 

similar reactivity as its homogeneous oxorhenium(V) dithiolate analog, oxidation of the HDS 
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relevant sulfides, dibenzothiophene (DBT) and 4,6 dimethyldibenzothiophene (4,6-

MezDBT), were examined. These substrates were not oxidized by TBHP (Table 5, entry 1) in 

solution or by TBHP in the presence of silica (Table 5, entry 2) when rhenium was not 

present. DBT was oxidized in toluene at 50 °C with TBHP using 0.1 mol% of 

(pdt)Re(0)(Me)(PPhs) as a catalyst (Table 5, entry 3, tia - 0.832 h). However, the 

homogeneous (pdt)Re(0)(Me)(PPh3) catalyst was incapable of oxidizing 10,000 equivalents 

of DBT, losing activity after approximately 1,000 turnovers (Table 5, entry 5). In contrast, 

the immobilized (Si02-RTA)Re(0)(Me)(PPh3) catalyst was more efficient for DBT 

oxidation, oxidizing 1,000 equivalents of DBT (Table 5, entry 4, X\a = 0.478 h) in almost half 

the time needed by the homogeneous analog. Furthermore, (SiC>2-RTA)Re(0)(Me)(PPh3) 

was capable of oxidizing 10,000 equivalents of DBT (Table 5, entry 6, t\a = 2.52 h). 

When (Si02-RTA)Re(0)(Me)(PPh3) was used as catalyst for the oxidation of a 

mixture of 1,000 eq. of MTS and 1,000 eq. of DBT in toluene at 50 °C with 2,000 

equivalents of TBHP, graph 1, the catalyst reacted exclusively with MTS until it had been 

converted into the sulfoxide, 1 h. After the initial oxidation, MTS(O) effectively competed 

with DBT for further oxidation by the catalyst. The ratio of rates was approximately 2:3 with 

DBT oxidation being only slightly faster than MTS(O) overoxidation to the sulfone. The 

reaction proceeded for 6 h before all of the TBHP had been consumed. Complete oxidation 

of all of the sulfur could be achieved by addition of excess TBHP (not shown). 

3.4. HDS conditions 

To model HDS relevant conditions, the solvent system of toluene:hexanes (45:55%) 

and substrate concentration of 9.45 mM (DBT or 4,6-MezDBT; corresponding to 400 ppm 

sulfur) was used to simulate conditions found in gasoline. For DBT oxidation at these 
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concentrations (Table 6), using 0.625 mol% of (Si02-RTA)Re(0)(Me)(PPh3) at 50°C with 3 

equivalents of TBHP, half-lives of0.275 h were observed for DBT (Table 6, entry 1, t\a = 

0.275 h). By lowering the catalyst amount to 0.156 mol%, a four-fold reduction in catalyst, 

reaction times and half-lives were extended just over four-fold (Table 6, entry 2, i\a = 1.304 

h, tgs = 5.216 h). Under these conditions, 4,6-MezDBT was also oxidized by (S1O2-

RTA)Re(0)(Me)(PPh3) (Table 6, entries 3-6). A series of reuse experiments showed the 

catalyst as capable of 4,6-Me2DBT oxidation (Table 6, entries 3-6, X\a - 0.329,0.241,0.241, 

and 0.309 h) as DBT oxidation (Table 6, entry 1, ti/2 = 0.275 h). Thus, this catalyst system is 

applicable for refractory oil sulfur content. The bulky DBT derivatives, such as 4,6-

MezDBT, which bedevil traditional HDS catalysts do not present a problem for our catalyst. 

Presumably, this is because the oxidation step is a nucleophilic attack of the sulfur on the 

coordinated oxo group and thus is an outer coordination sphere process occurring far enough 

from the rhenium center to be sterically less demanding. Thus, 395-398 ppm of the initial 

400 ppm of sulfur could be oxidized within 4 h, with less than 1 mol% of catalyst at 50 °C. 

3.5. Effect of temperature on catalytic sulfide oxidation 

For MTS oxidation by TBHP catalyzed by both (pdt)Re(0)(Me)(PPh]) and (SiOz-

RTA)Re(0)(Me)(PPhs), a substantial rate increase was observed on heating the reaction from 

20 °C to 50 °C in toluene. At 20 °C, 100 catalytic turnovers could be achieved in 6 h (Table 

1, entries 2 and 4), but 1,000 turnovers were obtained after 40 min at 50 °C (Table 4, entries 

4 and 5). Furthermore, at 50 °C, 10,000 equivalents of MTS could be cleanly oxidized in 18 

h with (Si02-RTA)Re(0)(Me)(PPh]) (Table 4, entry 7). It should be noted, however, at 50 

°C the oxidation of MTS by TBHP with S1O2 was also greatly increased (Table 4, entries 2 
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and 3), for example 1 ml of 0.6 M MTS in toluene could be oxidized by TBHP with 10.0 mg 

of SiOz within 10 h. 

DBT oxidation also showed a temperature dependence. For the oxidation of DBT (0.6 

M) with TBHP in toluene by 0.01 mol% (SiOz-RTA)Re(0)(Me)(PPh3) at 20 °C no reaction 

was observed even after 3 d (not shown). However, at 50 °C, as mentioned in section 3.2.3., 

DBT oxidation was facile (Table 5, entry 6, t\a = 2.52 h, tgs = 10.08 h). The reaction was 

even faster at 100 °C (Table 5, entry 7, t\n = 0.595 h, tgs = 2.38 h), proceeding almost five 

times faster. 

3.6. Catalyst lifetime and reuse 

To determine the catalyst lifetime of (Si0z-RTA)Re(0)(Me)(PPh]), series of 0.6 M 

DBT oxidations at 100 °C in toluene were performed. It was determined that (SiOz-

RTA)Re(0)(Me)(PPhs) could be recycled and used numerous times in 100 or 1,000 TON 

reactions without noticeable decrease in activity, but could only be used once with a 10,000 

TON DBT reaction at peak efficiency. A second use at 10,000 TON was very sluggish and 

normally provided less than 1,000 TO over a day of reaction. Thus, (SiOz-

RTA)Re(0)(Me)(PPhs) has a lifetime of just over 10,000 TON. 

The stability of the catalyst to the oxidant TBHP was probed by a series of catalyst 

pretreatments where the catalyst was exposed to TBHP in toluene at 50 °C prior to 4,6-

MezDBT oxidation, Table 7. Thus, catalyst, solvent, and TBHP were incubated at 50 °C 

before 4,6-MezDBT was added. The baseline activity of the catalyst corresponds to no 

pretreatments (Table 7, entry 1, ti/z = 0.329, h tgs = 1.32 h). After 3 h of pretreatment, there 

was no reduction in catalyst activity and the reaction was actually significantly faster (Table 
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7, entry 2, ti/z = 0.121 h, tg5 = 0.484 h). With 5 h of pretreatment, the catalyst showed normal 

activity (Table 7, entry 3, X\a = 0.331 h, tgs = 1.32 h). Pretreatment for 30 h reduced the 

catalyst activity (Table 7, entry 4, ti/2 = 1.27 h, tgs =5.08 h) to approximately V* of that 

exhibited by the untreated catalyst. Exposure to TBHP for 46 h at 50 °C, left the system 

inactive (Table 7, entry 5), but deactivation was due to TBHP decomposition. When fresh 

TBHP was added to the pretreated catalyst, oxidation of 4,6-Me2DBT preceded smoothly 

(Table 7, entry 6, i\a = 0.290 h, tgs = 1.16 h) and as rapidly as a non-pretreated sample (Table 

7, entry 1, t\n = 0.329 h, tgs = 1.32 h). Unfortunately, upon filtration of the 46 h pretreated 

sample, it was discovered that the silica retained no activity for 4,6-MezDBT oxidation even 

with fresh TBHP (Table 7, entry 7). Instead, the mother liquor was responsible for all of the 

observed activity with rates of the mother liquor (Table 7, entry 8, t1/2 = 0.315 h, t95 = 1.26 h) 

being nearly identical to those observed for the sample that had not been filtered (Table 7, 

entry 6, i\a = 0.290 h, tg5 = 1.16 h). Thus, prolonged exposure to TBHP at 50 °C removes the 

rhenium catalyst from the surface. This most likely occurs at the ester linkage, perhaps by 

hydrolysis of the ester bond. Since the liberated rhenium species in solution are still highly 

active for sulfide oxidation, an intact oxorhenium(V) dithiolate unit is implied. Thus, the 

immobilized catalyst system is susceptible to TBHP, but the rhenium catalyst itself is not. 

Furthermore, recycling experiments indicate that any TBHP cleavage from the surface when 

substrate is present is negligible. 

3.7. Epoxidation reactions 

Both (SiC>2-RTA)Re(0)(Me)(PPh3) and (pdt)Re(0)(Me)(PPh3) were tested for their 

activity towards the epoxidation of 1-hexene and cyclooctene. Both TBHP and 4-picoline-N-

oxide were examined as oxidants at 25, 50, or 100 °C in CDCI3 or toluene. Under none of 
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these conditions was 1-hexene or cyclooctene oxidized to epoxides or other products after 

several days 

4. Conclusion 

An immobilized oxorhenium(V) dithiolate selective sulfide oxidation catalyst, (SiOz-

RTA)Re(0)(Me)(PPh3), has been synthesized and characterized. The catalyst activity and 

selectivity closely mirrors those exhibited by its solution analog. In addition, the supported 

catalyst is recyclable and displays impressive robustness (TON > 10,000). Furthermore, the 

catalyst easily converts refractory sulfur compounds, such as 4,6 dimethyldibenzothiophene, 

to easily removable and more HDS amendable monoxide and dioxide sulfur compounds. 

This process occurs within reasonable timescales for the sulfur concentrations relevant to 

HDS processes, i.e. ppm concentrations that model gas feedstocks. 
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Table 1. Catalyst Activities for MTS oxidation by TBHP3 

Entry Catalyst ti^Ch) t95% (h) 

1 (edt)Re(0)(Me)(PPh3)b 2.65 10.6 

2 (pdt)Re(0)(Me)(PPh3)b 1.06 4.24 

3 (RTA)Re(0)(Me)(PPh3)b 1.49 5.96 

4 (Si02-RTA)Re(0)(Me)(PPh3)b'c 1.42 5.68 

5 (Si02-RTA)Re(0)(Me)(PPh3)b'c'd 16.7 67.0 

6 (PhS)2Re2(0)(Me)(PPh3)/(Si02)c 10.8 43.0 

7 Si02
c 24.6 98.5 

8 Mother Liquore,f 31.5 126 

9 Blank* 38.8 155 

a) Reaction Conditions: 0.1 ml of CDCI3 solvent, 0.60 M MTS, 0.66 M TBHP, 20 °C 
b) 1.0 mol% rhenium catalyst 
c) 10.0 mg of solid catalyst 
d) (Si02-RTA)Re(0)(Me)(PPh3) prepared by Method (A) 
e) no catalyst 
f) from entry 4 
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Table 2. Solvent Effects on MTS oxidation by TBHP3 

Entry Solvent System ti/2 (h) t95% (h) 

1 CeHfi 0.94 3.76 

2 CDCI3 1.06 4.24 

3 CHCl3b 1.54 6.16 

4 CH2CI2 2.13 8.52 

5 CDCI3 with 10% EtOH 6.52 26.1 

a) Reaction Conditions: 0.1 ml of solvent, MTS 0.60 M, 0.66 M TBHP, 20 °C, 1.0 mol% 
(pdt)Re(0)(Me)(PPh3) catalyst 
b) Commercial CHC13 contains 1% EtOH as inhibiter. 
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Table 3. Supported Catalyst Reuse for MTS oxidation by TBHP3 

Use# Solvent ti/2(h) t95% (h) 

1 CDC13 1.42 5.68 

2 CDCI3 1.34 5.36 

3 CDCb 1.38 5.52 

4 CDCI3 1.32 5.28 

5 CDCI3 1.37 5.48 

a) Reaction Conditions: 0.1 ml of solvent, MTS 0.60 M, 0.66 M TBHP, 20 °C, 1.0 mol% 
(Si02-RTA)Re(0)(Me)(PPh3) catalyst (10.0 mg of solid catalyst) 
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Table 4. Catalyst Activities for MTS oxidation by TBHP at 50 °Ca 

Entry Catalyst Re Mol % ti/2 (h) t95% (h) 

1 Blank6 0 14.8 59.0 

2 Si02
c 0 2.29 9.16 

3 Si02
d 0 20.6 82.6 

4 (pdt)Re(0)(Me)(PPh3)e 0.1 0.0670 0.268 

5 (Si02-RTA)Re (0)(Me)(PPh3)c'e 0.1 0.156 0.624 

6 (pdt)Re(0)(Me)(PPh3)f 0.01 14.4 57.8 

7 (Si02-RTA)Re(0)(Me)(PPh3)d'f 0.01 4.50 18.0 

a) Reaction Conditions: 1.0 ml of toluene solvent, 0.60 M MTS, 0.66 M TBHP, 50 °C 
b) no catalyst 
c) 10 mg of solid catalyst 
d) 1.0 mg of solid catalyst 
e) 0.1 mol% rhenium catalyst 
f) 0.01 mol% rhenium catalyst 
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Table 5. Catalyst Activities for DBT oxidation by TBHP at 50 °Ca 

Entry Catalyst Re Mol % T tl/2 G1) *95% 

1 Blank" 0 50 NRC 

2 Si02
d 0 50 NR° 

3 (pdt)Re(0)(Me)(PPh3)f 0.1 50 0.832 3.33 

4 (SiOz-RTA)Re (0)(Me)(PPh3)d'f 0.1 50 0.478 1.91 

5 (pdt)Re(0)(Me)(PPh3)g 0.01 50 NAh NAh 

6 (SiOz-RTA)Re (0)(Me)(PPh3)eg 0.01 50 2.52 10.1 

7 (Si02-RTA)Re (0)(Me)(PPh3)e'g'i 0.01 100 0.595 2.38 

a) Reaction Conditions: 1.0 ml of toluene solvent, 0.60 M MTS, 0.66 M TBHP, 50 °C 
b) no catalyst 
c) no reaction observed over 12 h 
d) 10 mg of solid catalyst 
e) 1.0 mg of solid catalyst 
f) 0.1 mol% rhenium catalyst 
g) 0.01 mol% rhenium catalyst 
h) catalyst losses activity after 1,000 TO (10% reaction) 
i) 100 °C 
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Table 6. (Si02-RTA)Re (0)(Me)(PPhj) catalyzed oxidation of DBT and 4,6-Me2DBT by 
TBHP at 50 °Ca 

Entry Substrate Re Mol % ti/2(h) t95% 

1 DBT 0.625 0.275 1.10 

2 DBTb 0.156 1.30 5.22 

3 4,6-Me2DBTc 0.625 0.329 1.57 

4 4,6-Me2DBTd 0.625 0.241 0.964 

5 4,6-Me2DBr 0.625 0.241 0.964 

6 4,6-Me2DBTf 0.625 0.309 1.24 

a) Reaction Conditions: 1.0 ml of solvent mixture of toluene:hexanes (45:55), 9.45 mM DBT 
or 4,6-Me2DBT, 28.4 mM TBHP, 50 °C, 1.0 mg of solid catalyst 
b) [DBT] = 4.75 mM 
c) first use 
d) second use 
e) third use 
f) fourth use 
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Table 7. Effect of 50°C TBHP pretreatments on (Si02-RTA)Re (0)(Me)(PPh3) catalyzed 
oxidation of 4,6-MezDBT by TBHP at 50 °Ca 

Entry Pretreatment (h) ti/2 (h) t95% (h) 

1 0 0.329 1.32 

2 3 0.121 0.484 

3 5 0.331 1.32 

4 30 1.27 5.08 

5 46 NRb NA 

6 46c 0.290 1.16 

7 46d,c slow6 NA 

8 46* 0.315 1.26 

a) Reaction Conditions: 1.0 ml of solvent mixture of toluene:hexanes (45:55), 9.45 mM DBT 
or 4,6-MezDBT, 28.4 mM TBHP, 50 °C, 1.0 mg of solid catalyst, 0.625 mol% rhenium 
b) no reaction observed over 1 day 
c) fresh TBHP added 
d) immobilized catalyst washed after pretreatment prior to use 
e) less than 1% reaction in 1 day 
f) mother liquor from washed catalyst 
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Graph 1. (SiÛ2-RTA)Re (0)(Me)(PPh3) catalyzed oxidation of mixed sulfur compounds, 
MTS and DBT, with TBHP at 50 °Ca 
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a) Reaction conditions: 0.60 M DBT and 0.60 M MTS in toluene, 50 °C, 1.2 M TBHP, 10.0 

mg (SiOz-RTA)Re (0)(Me)(PPh3), 0.10 mol% Re. Reaction stopped after 6 h due to total 

consumption of TBHP; addition of excess TBHP led to complete oxidation of both MTS and 

DBT. W DBT, (4)MTS , ( • ) MTS(O), ( # ) MTS(0)2, (-) DBTO 
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Figure 1. Synthesis of RTA and RTAH2. 
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Figure 2. Synthesis of (Si02-RTA)Re(0)(Me)(PPh3) catalyst. 
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General Conclusions 

The desire to recover and reuse catalysts after reactions is a powerful driving force for 

the development of new methodologies and the refinement of existing techniques. The 

projects described in this dissertation outline some of the successes that can be obtained by 

the immobilization of homogeneous catalysts via tethering to silica. In addition, they 

illustrate the need for thorough characterization and control experimentation. The first 

project, in Chapter 2, expanded the realm of tethered enantioselective rhodium hydrogénation 

catalysts to silica supports containing palladium metal. A comprehensive picture of the 

tethered surface catalyst was obtained that showed it to have the same structure, reactivity, 

and reaction pathway as its solution analog. It was shown that the intact PPM-Rh unit was 

required for enantioselective hydrogénation of MAC, but was inactive for arene 

hydrogénation. New insights were gained about tethered rhodium complexes with palladium 

metal on inert supports. The presence of palladium failed to accelerate the rate of 

hydrogénation by the tethered rhodium catalyst. However, trace decomposition of the 

tethered rhodium catalyst resulted in surface bound rhodium species not attached to the 

tethered PPM ligand that were activated by palladium on the silica surface to a highly active 

racemic hydrogénation species, presumably rhodium metal. This rhodium metal on the silica 

surface was responsible for arene hydrogénation activity. 

The activation of rhodium species, generated from the decomposition of tethered 

rhodium complexes, on silica surfaces by palladium metal prompted further examination of 

this phenomenon with model systems consisting of absorbed rhodium(I) complexes on silica 

and silica containing palladium metal (Chapter 3). These experiments clearly showed that 

palladium on the silica surface accelerated the reduction of adsorbed rhodium(I) species to 
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rhodium metal under reaction conditions. Also, the palladium metal assisted reduction of 

rhodium avoids high temperature reduction conditions that decrease the activity of rhodium 

metal in mixed rhodium-palladium systems. This rhodium metal is responsible for the arene 

hydrogénation activity in the tethered and adsorbed systems. 

The possibility that the activity of tethered rhodium complexes, especially on silica 

with supported palladium metal, may actually be due to reduced rhodium metal prompted a 

re-evaluation of the hydrodefluorination reaction over rhodium catalysts in Chapter 4 and 

resulted in the elucidation of several interesting solvent and base effects. The rhodium metal 

catalyzed reaction of fluorobenzene (PhF) with % was shown to exhibit selectivities 

dependent on the solvent used. Non-polar, aprotic solvents (heptane and DCE) favor arene 

hydrogénation to fluorocyclohexane (CyF), while polar, protic solvents (heptane/methanol 

and heptane/water) exclusively favor hydrodefluorination to cyclohexane (CyH). A benzene 

(PhH) intermediate, on the way to CyH, was detected in the heptane/methanol and 

heptane/water reactions and was found to inhibit the hydrodefluorination of PhF to PhH. 

Because of this, complete hydrodefluorination of PhF to CyH proceeds best in heptane/water 

under acidic conditions, where the hydrogénation of PhH to CyH is fastest. Since the 

supported rhodium catalysts most active for toluene hydrogénation are also the most active 

hydrodefluorination catalysts and benzene is observed to inhibit the hydrodefluorination 

reaction, the same catalytic sites on rhodium metal are probably used for both arene 

hydrogénation and fluorobenzene hydrodefluorination. A side reaction between CyF and 

HF, not catalyzed by rhodium, was also revealed that resulted in the production of 

cyclohexene. Thus, reaction conditions can be chosen to selectively yield fluorocyclohexane, 

cyclohexene, benzene, or cyclohexane. 
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Not only was the preparation of a tethered hydrogénation catalyst successful, but also 

the first tethered oxorhenium(V) dithiolate oxygen transfer catalyst was conceived, 

synthesized, and characterized (Chapter 5). Again, the rational for this work was the same as 

those in the previous chapters. Immobilized catalysts were produced that are selective and 

recyclable. The resulting catalysts were characterized and experiments performed to help 

understand the catalyst form, mode of activity, and limitations. For the tethered 

oxorhenium(V) dithiolate catalysts in Chapter 5, the catalyst activity and selectivity closely 

mirrors that exhibited by its solution analog. In addition, the supported catalyst is recyclable 

and displays impressive robustness (TON > 50,000). Furthermore, the catalyst easily 

converts refractory sulfur compounds, such as 4,6 dimethyldibenzothiophene, to the easily 

separated and more HDS-amendable monoxide and dioxide sulfur compounds. This process 

occurs within reasonable timescales for sulfur concentrations relevant to HDS processes, i.e. 

ppm concentrations that model gas feedstocks. 
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