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FOREWORD 

The A D V A N C E S IN C H E M I S T R Y S E R I E S was founded in 1949 by the American 

Chemical Society as an outlet for symposia and collections of data in special 
areas of topical interest that could not be accommodated in the Society's 
journals. It provides a medium for symposia that would otherwise be frag
mented because their papers would be distributed among several journals 
or not published at all. 

Papers are reviewed critically according to A C S editorial standards and 
receive the careful attention and processing characteristic of A C S publica
tions. Volumes in the A D V A N C E S IN C H E M I S T R Y S E R I E S maintain the integrity 
of the symposia on which they are based; however, verbatim reproductions 
of previously published papers are not accepted. Papers may include reports 
of research as well as reviews, because symposia may embrace both types 
of presentation. 
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PREFACE 
τ τ 
X X O M O G E N E O U S CATALYSIS is now a relatively mature field with 
numerous and diverse reactions being explored alongside informative studies 
of mechanism and theory. Relationships to important areas such as heter
ogeneous catalysis, organometallic chemistry, and biocatalysis have been 
firmly established. From a personal perspective, the field of transition metal 
homogeneous catalysis has grown dramatically since we organized our first 
conference and volume in this area (The Place of Transition Metals in Organic 
Synthesis, New York Academy of Sciences, Volume 295, 1977) and has made 
impressive advances since our last conference and volume for the New York 
Academy (Catalytic Transition Metal Hydndes, New York Academy of Sci
ences, Volume 415, 1983). 

Homogeneous catalysis remains a relatively untapped resource whose 
importance cannot be overestimated. As industry becomes more oriented 
toward specialty chemicals, methods to catalyze functional group transfor
mations, hydrocarbon activations, polymerizations, and inductions of asym
metry will be increasingly in demand. Also, catalysis in general needs a 
wider dissemination in graduate schools, with some introduction to the sub
ject at the advanced undergraduate level. Therefore, we hope that this 
Advances in Chemistry volume will become a valuable resource not only to 
practitioners in the field but also to educators not necessarily in the field. 

During the organization of the symposium on which this book is based, 
we contacted and received replies from both Professor John Stille, Colorado 
State University, and Professor Piero Pino, Eidgenossische Technische 
Hochschule, shortly before their untimely deaths. Both had been forces in 
the field of homogeneous catalysis for many years. They shall be missed. 

DONALD W. SLOCUM 

Western Kentucky University 
Bowling Green, KY 42101 

W I L L I A M R. M O S E R 

Worcester Polytechnic Institute 
Worcester, M A 01609-5250 

November 1991 
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1 
Reaction Monitoring by High-Pressure 
Cylindrical Internal-Reflectance and 
Optical-Fiber Coupled Reactors 

William R. Moser 

Department of Chemical Engineering, Worcester Polytechnic Institute, 
Worcester, MA 01609 

The development of high-pressure, well-stirred cylindrical internal
-reflectance (CIR) reactors for infrared reaction monitoring provided 
an unusual capability for examining the contents of high-pressure 
reactors under typical commercial conditions for many processes. 
The reactors utilize a crystal of a high-performance ceramic such as 
zinc selenide, silicon, or zinc sulfide. The crystal is mounted directly 
within the high-pressure zone of the chemical reaction. Through an 
IR beam directed into one end of the crystal, an attenuated total 
reflectance (ATR) analysis of the reactor contents is obtained. The 
technique was used for reaction monitoring up to 100 atm (10.1 MPa) 
for the in situ analysis of several homogeneous catalyzed chemical 
processes, hydrothermal zeolite synthesis, and heterogeneous metal
-catalyzed reactions. The most recent development in the technology 
uses optical-fiber CIR (OFCIR) coupled high-pressure reactors to 
achieve, in addition, truly remote sensing. 

A H E OBJECTIVE O F ANY REACTION-MONITORINC T E C H N I Q U E IS to examine 

the desired chemical reaction under a specific set of reaction conditions 
without disturbing the contents of the reactor in any way. Some basic pa
rameters that should not be disturbed by the monitoring technique are 
pressure, temperature, and efficient stirring. For liquid-phase reactions, a 
general technique must also be able to monitor reactions in corrosive sol
vents, dilute or concentrated solutions, reactions containing suspended sol
ids, and strongly absorbing solvents. Few reaction-monitoring techniques 
described in the literature meet these specifications. 

0065-2393/92/0230-0003$06.00/0 
© 1992 American Chemical Society 
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4 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

High-pressure, well-stirred autoclaves equipped with cylindrical inter
nal-reflectance crystals embedded in their high-pressure reaction zone for 
infrared analysis (CIR reactors) were first described (1-3) in the mid-1980s. 
Their reaction-monitoring capabilities meet most of these criteria. Following 
the design, fabrication, and testing of several reactor configurations (I), the 
low-volume (30-mL) reactor shown in Figure 1 was designed and used for 
most of the reaction-monitoring studies undertaken in this laboratory. 

Figure 1. Cylindrical internal-reflectance (CIR) reactor, showing the 50-mL 
internal-volume autoclave equipped with a high-speed stirrer, thermocouple, 
high-pressure gauge, base-mounted cartridge heater, and high-pressure seal 

for the cylindrical internal-reflectance crystal. 

The schematic view shown in Figure 2 illustrates the high-speed stirring 
facilities and pressure closure for the crystal used by the CIR reactors to 
provide instantaneous in situ analyses. Although CIR reactors have been 
used mainly for IR analysis, studies of cobalt-catalyzed carbonylation of meth
anol (4) showed that the visible region of the spectrum could also be analyzed 
to provide information on catalyst compositions. 

Techniques previously described in the literature for high-pressure in 
situ reaction monitoring of homogeneous metal-catalyzed reactions by in
frared spectroscopy were mainly based on transmission cells (5-10). With 
this type of equipment, the homogeneous catalyst solution was either purged 
from a high-pressure autoclave into a high-pressure transmission cell (5, 8, 
10) or internally recycled from an autoclave through a high-pressure cell of 
short path length (7, 9). 
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1. MOSER Reaction Monitoring by Coupled Reactors 5 

DIRECT DRIVE STIRRER 
HIGH PRESSURE 

AUTOCLAVE 

DETECTOR 

HIGH PRESSURE 
CLOSURE 

DISSOLVED OR SUSPENDED 
CATALYST 

INFRARED 
BEAM 

Figure 2. Cross-sectional view of a CIR reactor with high-pressure closure for 
a cylindrical internal-reflectance crystal. The crystal, commonly fabricated 

from ZnSe, ZnS, St, or Gey is polished and conical at each end. 

The transmission method works exceptionally well for reactions in sol
vents that are not strongly absorbing and for homogeneous catalysis solutions 
in which the catalyst is in exceptionally low concentration. Often important 
regions of the spectra are obscured in high-pressure studies by either dis
solved gases or gas bubbles. Because the transmission cell is not located 
directly within the stirred reaction zone, the method may not always give 
an instantaneous view of the reactor contents. 

The wide range of studies using CIR reactors in the monitoring of ho
mogeneous catalyzed reactions, zeolite synthesis, and heterogeneous gas-
solid reactions have demonstrated that the reactors 

• lead to truly in situ results in equipment that provides excellent 
mixing; 

• are able to provide analyses in strongly absorbing solvents such 
as water or acetic acid; 

• provide analyses that show no path-length dependence on pres
sure and little on temperature; and 

• are exceptionally easy to run and to obtain instantaneous anal
yses as the reaction parameters are altered. 

The CIR reactors have few disadvantages. Most important, the smaller-
diameter crystals used in the low-volume reactors shown in Figure 1 are 
fragile, especially ZnSe, unless they are initially mounted with care and not 
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6 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

heated too rapidly during the catalytic investigation. The only other disad
vantage appears in monitoring the synthesis of zeolites or other chemical 
reactions where the solution p H is above 12. In these cases all of the com
monly available crystals become etched, leading to loss of signal. The most 
corrosive acidic conditions we have employed, HI in aqueous acetic 
acid-methanol solutions, are easily handled by using a silicon crystal. Zinc 
selenide works well for most acidic solutions. Its advantage over silicon is 
its useful IR spectral range (4000-700 cm"1). The range achieved by using 
silicon is 4000-1400 c m 1 . 

Experimental Procedure 

The CIR reactors used in these studies were fabricated from corrosion-resistant 
316 stainless steel and were equipped with a variable-speed direct-drive stirrer, 
thermocouple within the reacting solution, high-pressure gas valves, and high-
pressure gauge. The internal volume of the autoclave was 50 mL, and the total 
volume of solutions studied was usually 10-15 mL. The autoclave was heated 
by two cartridge heaters built directly into the body of the reactor, and the 
temperature was controlled by a thermocouple mounted within this same part 
of the autoclave. 

The CIR crystal was mounted within the reactor by high-pressure closures 
as shown in Figure 1 and usually used poly(tetrafluoroethylene) (Teflon) O-rings 
within the fastening mechanism. The autoclaves were fabricated according to 
our design by Parr Instrument Company (Moline, IL) and were obtained from 
Spectra-Tech (Stamford, CT). The silicon, zinc selenide, or zinc sulfide crystals 
used in these studies were obtained from Spectral Systems (Irvington, NY), 
Harrick Scientific Corporation (Ossining, NY), or Spectra-Tech (Stamford, CT). 

Crystals that lose their polish through either long use or chemical attack 
could be repolished through the application of a commercial toothpaste and 
polishing with a soft cloth. More corroded surfaces were repolished by the 
application of a commercial polishing-grade alumina with the crystal mounted 
on a lathe. 

The optical-fiber cylindrical internal-reflectance (OFCIR) reactor (JJ) was 
operated by directing an IR beam into a chalcogenide fiber obtained from Galileo 
Electro-Optics Corporation (Sturbridge, MA). The beam was transmitted in the 
4000-850-cm"1 spectral region directly into a CIR crystal fabricated out of either 
zinc selenide or silicon. The opposite end of the crystal was coupled to another 
optical-fiber cable, which was coupled to a mercury-cadmium telluride (MCT) 
A detector. 

The dried CIR reactors were filled with catalysts, solvents, and any liquid 
or solid reactants in a dry box; closed; and then mounted within the sampling 
compartment of a mid-infrared-range spectrometer (Nicolet 60SX). After pres-
surization of the reactor with gaseous reactants, spectral data were collected at 
four-wavenumber resolution by using an M C T A or Β detector. Spectra were 
taken at various time intervals, as dictated by the kinetics of the reaction. In
stantaneous concentrations of reactants, products, and metal-containing inter
mediates were usually determined by comparison to calibration standards of 
these materials, matched to the temperature of the reaction under study. In 
some cases liquid samples were withdrawn from the reactor under pressurized 
conditions. This procedure permitted gas chromatographic data to be collected 
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1. MOSER Reaction Monitoring by Coupled Reactors 7 

for species determinations that were not easily done by IR spectroscopy, such 
as the determination of linear-to-branched aldehyde ratios in the hydroformyl
ation studies. 

Reaction Mechanisms and Reaction Monitoring 
by CIR-FT1R Reactors 

Since our initial 1984 description of the design of the CIR reactors and their 
capabilities for reaction monitoring, they have been used in our laboratory 
for examining the mechanisms of several homogeneous catalyzed reactions. 
These studies include 

• the phosphine-modified rhodium-catalyzed hydroformylation 
of olefins (12); 

• the phosphine-modified palladium-catalyzed carbonylation of 
aryl halides to aromatic esters (13, 14) and the double carbon
ylation of aryl halides affording α-keto esters (15); 

• the mechanism of the cobalt-catalyzed carbonylation of meth
anol to form methyl acetate (16); 

• the cobalt-catalyzed hydroformylation of olefins (17); and 

• the cobalt-catalyzed oxidation of substituted alkyl aromatics 
{17). 

The reactors were successfully used in examining synthetic phospho-
aluminate (ALPO) molecular sieve syntheses by comparing the effects of 
templates such as triethanolamine, tripropylamine, dipropylamine, and is-
opropylamine (18) on zeolite formation. In addition, monitoring of the syn
thesis of the synthetic zeolite, ZSM-5, was successful with a modified syn
thesis technique that avoids high p H conditions (I). 

Another design of CIR reactor has a small annular space around the CIR 
crystal, where the catalyst was tightly packed (19). This apparatus made 
possible high-pressure Fourier transform infrared (FTIR) monitoring of het
erogeneous catalyzed reactions, such as the reaction of synthesis gas (syngas) 
or pure C O with 2% rhodium on alumina or silica. Recently developed high-
temperature seals led to high-quality monitoring of the reaction of butane 
with a solid-state P - V - O catalyst for the formation of maleic anhydride. 
Finally, the stirred CIR reactors were used to follow the course of the soluble 
reactants and gel formation in a typical sol-gel synthesis of metal oxides in 
the formation of solid-state inorganic metal oxides. 

Reaction Monitoring of Homogeneous Metal-Catalyzed Reac
tions. Mechanistic studies of homogeneous catalyzed reactions by in situ 
reaction-monitoring techniques such as CIR reactors or transmission reactors 
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8 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

are principally based on the observation of certain coordination compounds 
under a variety of autogenous reaction conditions. Positive identification of 
a specific coordination compound under autogenous conditions is taken as 
evidence of the possibility that it is an intermediate that participates in one 
of the elementary reactions contained within the catalytic cycle. 

However, observation of a specific coordination compound alone does 
not permit its unequivocal assignment as an intermediate within the catalytic 
cycle. It may be an exceptionally stable compound that lies outside of the 
catalytic cycle and merely serves as a reservoir for the intermediates within 
the cycle. The assignment of a species as a participant in the catalytic cycle 
must be made with caution. When possible, it must be verified with si
multaneous kinetic experiments, parallel stoichiometric reactions that in
volve the species, and reaction perturbation by altering the reaction param
eters to determine whether the slate of observable intermediates changes 
in a way that can be logically predicted by any proposed reaction mechanism. 

In the studies described here the homogeneous catalyzed reaction was 
conducted under steady-state temperature, pressure, and concentration con
ditions that are as similar as possible to those used in a commercial process. 
Then reaction parameters were altered in an attempt to change the slate of 
observable species. After this information was accumulated, various reaction 
mechanisms were postulated on the basis of observable intermediates and 
prior teachings of coordination chemistry. 

When several reactants were fed to the reactor, the concentration of 
each reactant was individually varied from normal to low in an attempt to 
force the elementary reaction involving that material and metal complex to 
become the slow step. For an intermediate within the catalytic cycle, the 
rate of the reaction involving this species is often sufficiently slowed to allow 
its observation in the reaction solution. 

A basic assumption in this analysis is that if a specific coordination 
compound is observed in solution during the in situ reaction-monitoring 
experiment, only two conclusions are permissible: 

1. The species is not within the catalytic cycle, is catalytically 
inactive as such, and may serve as a reservoir for the various 
species within the catalytic cycle. 

2. The species is within the catalytic cycle and participates in an 
elementary reaction. Kinetically, it is either one of the slow 
steps in the process under the given set of reaction conditions 
or a complex in equilibrium with a species that participates 
in the rate-limiting step. 

The following examples summarize some of the particular advantages of 
CIR reactors for in situ reaction monitoring of homogeneous metal-catalyzed 
processes. 
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1. MOSER Reaction Monitoring by Coupled Reactors 9 

Mechanism of the Palladium-Catalyzed Carbonylation of Aryl 
Halides. The approach used in the investigation of homogeneous catalytic 
mechanisms is illustrated by the phosphine-modified carbonylation of bro-
mobenzene in methanol under C O pressure to produce methyl benzoate. 
Stoichiometric studies with CIR reactors suggested the catalytic cycle shown 
in Scheme I (13). Compounds 1 and 3, two of the stable, well-characterized 
species shown in the catalytic cycle, were synthesized. Their stoichiometric 
reactions with each of the compounds were studied under a variety of con
ditions. 

Then the reaction was carried out under typical catalytic conditions with 
all reactants in large excess and at temperatures and pressures appropriate 
for obtaining high rates of methyl benzoate formation at steady state. Under 
these conditions, the steady-state in situ spectrum shown in Figure 3 was 
obtained. The quality of the displayed spectrum is typical of CIR reactor 
experiments, even at much higher pressures (100 atm, 10.1 MPa). 

An expansion of the spectrum in the 1500-1800-cm"1 IR region dem
onstrated no acyl metal frequencies and showed only bands for bromoben-
zene at 1578 cm" 1 and for triphenylphosphine-palladium compounds, 
P d L ^ ) , at 1583 c m 1 . When the methanol concentration was reduced from 
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10 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

1 

4000 3500 3000 2500 2000 1500 
Wavenumbers 

Figure 3. In situ CIR catalytic reaction of a 10-mL solution of hromobenzene, 
1 M; triethylamine, 1 M; methanol, 18.7 M; palladium acetate, 0.05 M; and 
tnphenylphosphine, 0.20 M; under 40 psig (0.28 M Pa) of carbon monoxide at 
90 °C. Spectra were recorded at 4-cml spectral resolution using 500 signal-
averaged scans. Methyl benzoate appears in the spectrum at 1727 cm1 and 

hromobenzene at 1578 cm1. 

18.7 to 1 M , the overall rate of methyl benzoate formation decreased and 
the in situ spectrum exhibited the acyl absorption at 1648 cm" 1 for the 
palladium acyl complex 3, as seen in Figure 4. When all of the normal 
reactant concentrations were used in experiments except for the exclusion 
of C O , the in situ spectrum (not shown) exhibited only bands for the pal-
ladium-aryl complex 1 at 1562 c m 1 . 

The results of these studies were combined with those of kinetic studies 
on both stoichiometric and catalytic reactions. Amine and methanol were 
both clearly required in the step involving the conversion of the metal acyl 
3 to methyl benzoate. The kinetic data were gathered by directly observing 
the concentrations of all of the subject species by the CIR technique. This 
method usually reveals the instantaneous concentrations of reactants, prod
ucts, and the dominant or competing catalytic intermediates simultaneously. 
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1727 

- H 1 , , , 1 J 

1750 1500 

Wavenumbers 
Figure 4. Difference spectrum (ratio of steady state to initial solution) of in 
situ CIR steady-state catalytic reaction in 1 M methanol (i.e., low concentra
tion); hromobenzene, 1 M; triethylamine, 1 M; palladium acetate, 0.05 M; and 
triphenylphosphine, 0.20 M; in benzene under 40 psig (0.28 MPa) of carbon 
monoxide at 90 °C. The CIR reactor spectra were measured as described in 

Figure 3. 

Mechanism of the Phosphine-Modified Rhodium-Catalyzed Hy
droformylation of Olefins. Mechanistic studies of the phosphine-mod
ified rhodium-catalyzed oxo reaction (12) illustrate a particular feature of the 
CIR reactor analyses that may be either an advantage or a disadvantage. 
The initial mechanistic study of this system involved a typical hydrocarbon 
solvent system that had been widely reported in the literature. Its kinetics 
data, the effects of P/Rh ratios, reactant gas pressures, and structures of 
various phosphines were related to the activity and selectivity of the rhodium 
catalyst system. 

For our studies of this system we used 1-hexene in an isooctane solvent. 
The resulting reaction rates were 4 . 3 times slower when we used triphen
ylphosphine as a ligand than rates for the identical reaction in dichloroethane. 

2000 
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12 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

The in situ CIR results on the isooctane system (Figure 5) show an intensity 
of IR bands in the carbonylrhodium absorption region of 1950-2150 cm" 1 

for the observable catalyst that was much stronger than the intensity of the 
bands for either the olefin or the product aldehyde, which were in much 
higher concentrations. This result is in sharp contrast to the results of re
actions carried out in dichloroethane (Figure 6), where the carbonylrhodium 
bands in the same spectral region were much weaker. At the end of the 
isooctane study reaction, a careful examination of the crystal revealed a fine 
layer of crystallized material that was identified as the yellow dimer, 
[Rh(CO) 2 L 2 ] 2 . 

This example illustrates a benefit of the CIR technique. In most cases 
one may detect the presence of a catalyst that becomes insoluble during the 
reaction because the high concentration of the complex near the face of the 
crystal leads to unreasonably high absorption bands. This boundary effect is 
normally not a problem in soluble-system CIR reactor analyses because the 
depth of penetration per reflection is typically in the range of 1-1.2 μπι for 
most solutions. 

On the other hand, a small amount of a complex may crystallize and 
shield the analysis of the reactor contents. Worse, an inactive complex may 
appear in the IR spectrum as a normally intense band, which could lead to 

85· 

75 

UJ 65 
U 
Ζ 

h— 

Χ 45 
ω 
ζ 

ι— 
25 

15 
3240 2540 2040 1440 

WAVENUMBERS 

Figure 5. In situ CIR broad-band spectrum of a steady-state, active hydro
formylation reaction in isooctane at 70 ° C under 200 psi (1.38 MPa) of 1:1 
H2-CO at low olefin conversion. The solution charged to the reactor was 
initially RhH(CO)^PRe)2> 0.010 M; triphenylphosphine, 0.060 M; andl-hexene, 

1.372 M; in isooctane solvent. 
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Figure 6. In situ CIR broad-band spectrum of a steady-state, active hydro
formylation reaction in dichloroethane at 70 ° C under 200 psi (1.38 MPa) of 
1:1 H2-CO at low olefin conversion. The solution charged to the reactor was 
initially RhHfCOMPRak, 0.010 M; triphenylphosphine, 0.060 M; andl-hexene, 

1.372 M; in dichloroethane solvent. 

its erroneous assignment as a solution species. This problem can often be 
solved by a careful examination of all postreaction solutions, alteration of the 
reaction conditions during the in situ study to observe disappearance of the 
species, kinetic studies on the stoichiometric reaction using the subject 
complex, or all of these procedures. 

A further example of the advantages of CIR in situ analyses was illus
trated in another rhodium-catalyzed oxo study (20) of deactivation. It was 
shown that the kinetics of reactant disappearance and product appearance 
could be rapidly and reliably monitored while the composition of the catalyst 
is monitored. By using this technique, the changes in the instantaneous rate 
of olefin disappearance were monitored while the changes in the rhodium 
species composition were observed. In this case the rate slowed and even
tually became zero after several hours under autogenous conditions while 
the catalyst made transitions between three complexes that were progres
sively less active. 

Mechanism of the Cobalt-Catalyzed Hydroformylation of Ole
fins. Data on the cobalt-catalyzed hydroformylation of 1-hexene are pre
sented here to illustrate the point that the contents of the reactor may be 
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14 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

monitored rapidly. The results may be used to answer current mechanistic 
questions concerning homogeneous catalyzed reactions that are difficult to 
answer by other means. Figure 7 illustrates the reaction concentration versus 
time profile for the carbonylcobalt species, olefin disappearance, and alde
hyde formation when 1-hexene was converted to heptaldehyde under syngas 
by cobalt catalysis. 

0.25 

UJ -
fc= 0.20 3 

Ο 
,2 0.15 

Ζ 
Ο 

< 0.10 
oc 

HEPTALDEHYDE 
.080 M/MIN 

Lu 
α 

; 0.05 H 

0.00 
0.00 

TIME (MIN) 
Figure 7. Reaction profile of cobalt-catalyzed hydroformyfotion of 1-hexene 
under 600 psi (4.14 MPa) of CO and 400 psi (2.76 MPa) of hydrogen, at 
90 ° C in a decane solvent. HCo(CO)4 was injected at time zero to pro
vide an initial cobalt concentration of 0.18 M under 600 psi (4.14 MPa) of 
pure CO. At 1.2 min, an equal amount of HCo(CO)4 was again injected. At 
4.8 min, 400 psi (2.76 MPa) of hydrogen was injected under pressure into the 

reactor. 

The experiment reported in Figure 8 was carried out by heating a 
1-hexene solution in decane under 600 psi (4.14 MPa) of pure C O at 90 °C 
in a CIR reactor. Then a solution of HCo(CO) 4 in decane was injected into 
the reactor under these conditions at time zero, and the C I R - F T I R spectra 
were recorded at 30-s intervals. These data show a rapid decrease in the 
concentration of HCo(CO) 4 with the simultaneous formation of the acyl cobalt 
species, C 6 H 1 3 C O C o ( C O ) 4 and Co 2 (CO) 8 . At 1.2 min into the reaction an
other portion of the H C o ( C O ) 4 solution was injected into the reactor. The 
composition of the autoclave was monitored at 30-s intervals. 

The key mechanistic information provided by these experiments was 
the fact that no heptaldehyde was formed in the two regions of the profile 
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Figure 8. In situ CIR medium-range spectrum of a steady-state, active cobalt-
catalyzed hydroformylation reaction at 50 °C and a constant syngas pressure 
of 1200 psi (8.28 MPa) of 2:1 H2-CO. 1-Hexene, 1.85 M in decane, 10 mL, 
was heated to reaction temperature. At that point HCo(CO)4 was injected to 
give an initial solution of 0.15 M. Absorption bands at 2104 cm1 are due to 
the acyl tetracarbonylcobalt, those at 1867 cm'1 show the bridging carbonyk 
in octacarbonyldicobalt, heptaldehyde appears at 1724 cm1, and 1-hexene 

appears at 1641 cm'1. 

where both H C o ( C O ) 4 and C 6 H 1 3 C O C o ( C O ) 4 were observed at high con
centrations (i.e., 0.0-0.6 and 1.2-2.0 min). At 4.8 min hydrogen (400 psi, 
2.76 MPa) was injected under pressure into the reactor. Heptaldehyde was 
immediately formed, and its rate remained constant over the next 20 min. 
Furthermore, in this region where catalysis is rapid, the concentration of 
C 6 H 1 3 C O C o ( C O ) 4 is low but observable; in contrast, H C o ( C O ) 4 could not 
be detected. This situation is illustrated in the steady-state spectra at a 
reaction time of —12 min into the profile (Figure 8). These data strongly 
suggest that the reaction of acyl cobalt species with HCo(CO) 4 is very slow, 
compared to the reaction of hydrogen with the acyl complex. Thus, an 
important step in the formation of aldehyde in cobalt-catalyzed hydrofor
mylation is the direct hydrogénation of the acyl cobalt species. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

00
1

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



16 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Reaction Monitoring by OFCIR Reactors. In collaboration with 
Galileo Electro Optics, we developed a new method of remote sensing that 
uses optical fibers coupled to a CIR reactor (J J). This equipment consists of 
linking a mid-infrared-transmitting optical-fiber bundle with both the inlet 
and exit of the CIR crystal. The inlet is connected to the IR source and the 
exit to the detector. This equipment was used in monitoring the cobalt-
catalyzed hydroformylation of 1-hexene, and a typical steady-state spectrum 
at 50 °C and 1000 psi (6.9 MPa) of syngas (2:1 H 2 - C O ) is illustrated in Fig
ure 9. 

1 τ ζ 1 

0 3 H 

2,200 2,100 2,000 1,900 1,800 1,700 1,600 1,500 

WAVENUMBERS 

Figure 9. OFCIR coupled reaction of a cobalt-catalyzed hydroformylation of 
1-hexene under 400 psi (2.76 MPa) of CO (top), and after addition of 600 psi 
(4.14 MPa) of hydrogen (bottom), at 50 °C in a decane solvent. The IR beam 
was directed into one end of an optical fiber, which was coupled to a high-
pressure CIR reactor. The exit beam from the CIR crystal was coupled to 
another fiber and into an MCT A detector. The top curve illustrates the cobalt 
complex distribution under a pure CO atmosphere after the reaction of 
HCo(CO)4 with 1-hexene in a decane solvent. The bottom curve was taken 
after the hydrogen was added after —40% conversion of the olefin. The reaction 
contents and conditions were otherwise carried out as described in Figure 8. 
The additional band seen in the top spectrum at 2114 cm'1 is due to 

HCo(CO)4. 
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1. MOSER Reaction Monitoring by Coupled Reactors 17 

The method gives high-quality midrange IR spectra under autogenous 
conditions. The equipment can be placed in a remote high-pressure facility, 
separated from the spectrometer and operators. Thus, this method offers 
the possibility of multiplexing to monitor several chemical reactions simul
taneously with a single spectrometer. 

Conclusions 

CIR reactors offer an excellent method for the direct observation of homo
geneous metal-catalyzed reactions and all other chemical reactions under 
well-mixed high-temperature and high-pressure conditions. They can reli
ably and simultaneously measure the concentrations of IR-observable metal 
complexes and reactant and product concentrations. Thus, the real-time 
observation of catalytic species can be coupled with kinetic data to provide 
a more confident assignment of the catalytic roles of observable species. 
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In Situ Spectroscopic Studies 
in Homogeneous Catalysis 

Robin Whyman 

Research and Technology Department, ICI Chemicals and Polymers Ltd., P.O. 
Box 8, The Heath, Runcorn, Cheshire WA7 4QD, United Kingdom 

This chapter describes the various methods that have been developed 
for in situ spectroscopic studies on homogeneously catalyzed reactions 
requiring the use of elevated pressures and temperatures for optimum 
performance. The advantages and disadvantages of the two most 
commonly used techniques, vibrational and nuclear magnetic reso
nance spectroscopies, are discussed. A critical evaluation of the types 
of spectroscopic cells that have been developed for high-pressure 
infrared studies is presented. Examples of applications of the latter 
illustrate the ease with which (under favorable circumstances) un
stable intermediates can be identified, the level of information that 
can be extracted from the spectra of relatively complex mixtures by 
using advanced instrumentation techniques, and the correlations be
tween spectroscopic data and catalytic performance that can be ob
tained even with multicomponent catalyst systems, harsh and highly 
IR-absorbing reaction media, and extreme conditions of pressure and 
temperature. 

MLANY I N D U S T R I A L L Y I M P O R T A N T C A T A L Y Z E D R E A C T I O N S require, for op
timum performance, the use of high pressures and high temperatures. To 
provide as much insight as possible into the nature of the species present 
under such reaction conditions, it is highly desirable to have available, by 
the use of appropriate physical techniques, in situ methods of measurement. 

Clearly the use of such methods provides a significant advance over the 
traditional method of withdrawal of samples from high-pressure-high-tem
perature reactions followed by analysis under ambient conditions. Even if 
the catalyst precursor and the nature of the species obtained after withdrawal 

0065-2393/92/0230-0019$06.00/0 
© 1992 American Chemical Society 
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20 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

and depressurization are identical, it is highly likely that they exist in quite 
different forms under operating conditions. 

However, the use of in situ methods per se is extremely unlikely to lead 
directly to the identification of the actual catalytically active species, partic
ularly with highly active catalysts. As Rooney (I) and others have pointed 
out, true catalytically active intermediates in solutions are very unstable and 
transient. Therefore, in most cases it is extremely difficult (by using spec
troscopic techniques) to identify them among the much more numerous and 
more stable complexes that are also frequently present. These more stable 
complexes only transform, if at all, with a much lower frequency than those 
that form an intrinsic part of the catalytic cycle. 

In situ techniques can provide only a detailed insight into the most 
stable species present under a particular set of reaction conditions. Never
theless, even if the results of in situ spectroscopic measurements taken in 
isolation are less than ideal, more meaningful information can emerge when 
they are assessed in parallel with kinetic studies and measurements of prod
uct distributions. Such a course should therefore provide the maximum 
benefit from in situ spectroscopic studies on catalyzed reactions. 

Techniques for In Situ Studies 

For homogeneously catalyzed reactions an assessment of the information 
provided by appropriate physical techniques, together with factors such as 
general applicability and ease of experimentation, leads to the conclusion 
that vibrational spectroscopy and nuclear magnetic resonance spectroscopy 
are the techniques of choice. O f these, high-pressure infrared (HPIR) spec
troscopy has become well established during the past 20 years (2), and the 
technique has become part of the traditional armory of physical methods, 
particularly in industrial laboratories. The application of nuclear magnetic 
resonance (NMR) spectroscopy is of rather more recent vintage, largely as 
a result of the generally greater degree of difficulty in the experimentation 
required (3-5). 

The two techniques are in many respects complementary. Thus, infrared 
(IR) spectroscopy has the particular advantages of speed and high sensitivity. 
The high sensitivity is compatible with the low catalyst concentrations typ
ically used in many catalyzed processes. In contrast, N M R spectroscopy is 
characterized by slow time scale and low sensitivity. It frequently requires 
more concentrated solutions than those typically used in catalyzed reactions. 
In addition, instrumental limitations impose severe restrictions on the upper 
temperature limits that can be tolerated. 

On the positive side, however, N M R data are typified by highly dis
persed spectra from which, by the measurement of chemical shifts and 
couplings and by multinuclear operation, detailed structural information can 
be derived. This aspect is in sharp contrast to the data obtained from IR 
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2. W H Y M A N In Situ Spectroscopic Studies in Homogeneous Catalysis 21 

spectroscopy, in which overlapping spectra from closely related species are 
commonly observed. Such spectra are frequently difficult to separate, even 
with access to Fourier transform instrumentation. 

The quantitative nature of N M R spectra also provides a contrast with 
vibrational spectroscopy because quantitative IR data can be generated only 
in favorable circumstances. The ability to operate these two complementary 
techniques in tandem can provide a distinct advantage. 

Following this introduction to the subject of in situ spectroscopic mea
surements, I shall concentrate on high-pressure IR studies. This chapter 
describes, in general terms, the key design criteria and the advantages and 
disadvantages of the various types of cells. I shall use examples taken from 
our work to illustrate various points such as the level (and limitations) of 
information that can be extracted by using current instrumentation and the 
harsh and corrosive chemical environments under which such cells can be 
used to provide meaningful data. 

Design of High-Pressure Infrared Cells 

Some key items in the design of a high-pressure cell for in situ spectroscopic 
measurements are 

• the material of construction, 
• the nature of the window material, 
• the design of the window-sealing arrangement, and 
• the ability to operate in a safe manner. 

Key requirements for construction material are high mechanical strength 
and corrosion resistance toward reactants and products. Suitable materials 
are austenitic stainless steels such as type 316, nickel-molybdenum-
chromium alloys such as Hastelloy C-276, and various titanium alloys. Stain
less steel is satisfactory for fairly mild pressure and temperature conditions. 
However, under certain conditions it reacts slowly with carbon monoxide 
to form small amounts of Fe(CO) 5 and Ni(CO) 4 , which give rise to spurious 
bands in the IR spectra. Titanium alloys are strong, tough, and inert toward 
carbon monoxide. However, they are attacked at high temperatures by, for 
example, primary alcohols such as methanol and related molecules that 
contain active hydrogen atoms. Hastelloy C has the advantages of high 
strength and exceptional resistance to a wide variety of chemical process 
environments including strong oxidizing agents, mineral acids, carboxylic 
acids, and acetic anhydride. For reactions involving high hydrogen pressures 
the question of hydrogen embrittlement must also be considered, although 
this phenomenon generally becomes a problem only at temperatures higher 
than 200 °C. 
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The primary requirements for window materials are high mechanical 
strength and corrosion resistance, together with transparency over the max
imum infrared range. The strength of the window material frequently limits 
the maximum operating pressure of the cell because the window materials 
available for long-wavelength transmission are generally mechanically weak. 
A compromise has to be reached. A summary of the properties of a variety 
of materials suitable for different pressure, temperature, and wavelength 
ranges is given in Table I. For much of the work with the ICI cells, we have 
found calcium fluoride windows to be very suitable. 

Table I. Window Materials for High-Pressure IR Transmission Studies 
Youngs Modulus Spectral Pressure Temperature 

Material (psi x JO6) Range (cm'1) (atm) (°C) 
Sapphire 50 4000-2000 10,000 >25() 
ZnS (Irtran 2) 14 4000-700 1,000 250 
CaF 2 11 4000-1200 650 250 
NaCl 5.8 4000-650 200 100 

The window-sealing arrangement is also very important and a range of 
designs has been considered. These are best illustrated by reference to the 
various cell designs. 

Types of High-Pressure Cells. The many types of high-pressure 
cells for vibrational spectroscopic studies in homogeneously catalyzed re
actions fall into two basic categories. The first includes self-contained units, 
such as autoclaves fitted with windows, that can be stirred and heated. Thus 
chemical reactions can be monitored continuously from start to finish without 
perturbing the system (i.e., a truly in situ experiment). Typical of this cat
egory are the cells we have developed in ICI (6) and the Moser cells (7), 
which take advantage of the data-acquisition method involving cylindrical 
internal reflectance (the C I R C L E cell). 

High-pressure cells comprising the second category are those in which 
the cell and autoclave are separate components operated in conjunction with 
one another. Reacting solutions from an autoclave are circulated through 
the IR cell by means of either gravity or a pump. Typical of these flow cells 
are the Monsanto cell (8), which can also be used for UV-visible spectroscopic 
measurements, and the Penninger cell (9), which can be used for the study 
of slurries and of the gas-solid systems typical of heterogeneous catalysts. 
The Penninger cell was originally designed for studies of the liquid-phase 
hydroformylation reaction using Co 2 (CO) H immobilized on cross-linked poly
styrene. A modification of the Monsanto cell has been developed by Union 
Carbide (10) to allow operation under more severe reaction conditions. The 
operating ranges of these cells are summarized in Table II. 
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Table II. High-Pressure IR Cells 
Maximum Operating Maximum Operating 

Reactors Pressure (atm) Temperature (°C) Windows 
Batch reactors 

ICI cell 1000 250 CaF 2, ZnS 
Moser CIR cell 80 160 ZnSe crystal 

Flow type reactors 
Monsanto cell 100 200 CaF 2 

Penninger cell 600 450 CaF 2 

Advantages of Specific Cell Designs. The various cell designs have 
their advantages and disadvantages. Although the details are described else
where (2, 6-10), a few general comments are appropriate. 

ICI and Moser cells are complete reaction vessels with integral stirrers. 
Thus, chemical reactions can be followed from start to finish in a truly in 
situ manner. In both cell designs the windows are surrounded on all sides 
by the reaction solution. This arrangement minimizes the possibility of a 
"stagnant" area between the cell windows that would not be representative 
of the composition of the bulk solution. 

The importance of effective stirring, which is not necessarily a feature 
of all the reported cell designs, may be easily demonstrated by monitoring 
the spectrum of a solvent (e.g., η-heptane) under pressures of gaseous carbon 
monoxide. After initial pressurization to about 100 atm, followed by acti
vation of the stirrer, strong absorptions are observed immediately at ca. 
2140 cm" 1 , showing dissolved carbon monoxide. The intensity of these ab
sorptions does not increase significantly with time. In contrast, only very 
weak peaks are observed when the system is not stirred. The intensity of 
these peaks increases only slowly with time, and the system requires many 
hours in which to establish the equilibrium concentration of dissolved 
gas (6). 

The advantage of the Monsanto-Penninger-type flow cells is that they 
are separate small-volume units that can be isolated from the autoclave, 
which contains the bulk of the reacting fluids. Thus any damage to the 
spectrometer in the event of a window failure is minimized. Continuous-
flow reactions can be monitored easily. Thus these cells can be very useful 
adjuncts as side stream reactors to monitor, for example, the progressive 
changes in reacting species or catalyst change-decay on chemical plants. 

However, they are not truly in situ experiments. The contents of the 
autoclave must be circulated through the cell and back again. This process 
inevitably leads to a pressure drop across the system, which can have two 
significant consequences. First, dissolved gases may be released. These gases 
usually tend to accumulate at the narrowest part of the system, namely the 
gap between the windows of the cell. Such accumulations lead to experi
mental difficulties, particularly if quantitative measurements are required. 
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Second, and more seriously, the equilibria between different species in 
solution can be very sensitive to changes in pressure. This condition is 
particularly true for reactions involving C O - H 2 and carbonylmetals. 

A very clear example of this disadvantage is shown in data obtained on 
the Co-Ru-catalyzed conversion of methanol and C O to methyl acetate (7). 
A comparison of the spectra obtained under nominally identical conditions 
shows that the major species, [Ru(CO) 3I 3]~, observed in the in situ cell 
apparently partially decomposes during the time taken to pump the sample 
from an autoclave through a flow cell. This observation indicates that caution 
is required in interpreting data obtained from flow cells where a true in
stantaneous view of the reacting species is not available. 

Identification and Characterization of Unstable Molecules 
and Reactive Intermediates 

Reaction of Ru(CO)4PPh3 with Dihydrogen. A classic example of 
the use of high-pressure infrared spectroscopy for the identification of un
stable species derives from a study of the reaction of dihydrogen with hy
drocarbon solutions of Ru(CO) 4 PPh 3 (11). Convincing evidence was obtained 
for the reversible formation of Ru(CO) 3 (H) 2 PPh 3 according to the equilibrium 
in reaction 1. 

Ru(CO) 4 PPh 3 + H 2 «± Ru(CO) 3(H) 2PPh 3 + C O (1) 

The reasons for the unequivocal nature of this example are as follows: 

• both ruthenium-containing species displayed relatively simple 
well-resolved spectra that were spatially separated and there
fore easily distinguishable, 

• the spectra were not complicated by strong absorption bands 
caused by dissolved gases (e.g., CO), and 

• the stable osmium analog had been isolated and characterized 
previously, and spectroscopic data were therefore available for 
comparison. 

Intense interest has recently arisen in the characterization of complexes 
containing molecular dihydrogen. This system was therefore reexamined, 
as part of a collaborative exercise with the University of Nottingham, to seek 
spectroscopic evidence for the formation of Ru(CO) 3 (H) 2 PPh 3 as a possible 
precursor state to the dihydride. Supercritical xenon was used as the solvent. 
Although the dihydride was readily obtained by photolysis at ca. 50 atm of 
hydrogen pressure, no spectroscopic evidence for the intermediacy of the 
proposed molecular dihydrogen complex was obtained (12). 
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Reactions of Rh 4(CO) 1 2 with Carbon Monoxide and Dihydrogen. 
B y analogy w i t h the k n o w n chemistry of the carbonylcobalts, two key species, 
interrelated through reactions of R h 4 ( C O ) 1 2 w i t h carbon monoxide and d i 
hydrogen , are l i k e l y reactive intermediates . 

T h e reversible formation of R h 2 ( C O ) 8 d u r i n g the reaction of R h 4 ( C O ) 1 2 

u n d e r pressures of carbon monoxide was first reported 20 years ago (13). 
F u r t h e r spectroscopic evidence i n support of the b r i d g e d form of R h 2 ( C O ) 8 

was p r o v i d e d b y the matrix isolation experiments of H a n l a n and O z i n (14) 
and later b y the m u c h more detai led quantitative w o r k of O l d a n i and B o r 

R h 4 ( C O ) 1 2 has been used for many years as a catalyst precursor for 
reactions i n v o l v i n g the addi t ion of hydrogen to organic substrates. H o w e v e r , 
def ini t ive evidence for the second species, H R h ( C O ) 4 , or its coordinat ively 
unsaturated derivat ive , H R h ( C O ) 3 , is v i r tual ly nonexistent. In spite of i n 
tensive w o r l d w i d e research efforts, there is only a single report of the de
tection of H R h ( C O ) 4 (16) u n d e r extreme reaction condit ions (at 1542 atm 
pressure). T h e very h i g h pressure requirement is somewhat surpr is ing i n 
v i e w of the k n o w n catalytic activity of R h 4 ( C O ) 1 2 under reaction condit ions 
that are not far r e m o v e d f rom ambient . It occurred to us that the apparent 
nonobservation of H R h ( C O ) 4 u n d e r m i l d e r reaction condit ions might s i m p l y 
be a consequence of coincident absorption bands. 

I n our or ig inal work , us ing a dispersive grating spectrometer, a deta i led 
study of this system was h a m p e r e d b y strong absorptions caused b y dissolved 
carbon monoxide . T h e situation has been considerably i m p r o v e d w i t h access 
to F o u r i e r transform instrumentat ion, but problems st i l l r emain . F i r s t , the 
subtraction of inf ini te absorbance f rom inf ini te absorbance gives meaningless 
information. Second, the subtraction of the spectrum of R h 4 ( C O ) 1 2 f r o m a 
composite R h 4 ( C O ) 1 2 - R h 2 ( C O ) 8 spectrum is not t r iv ia l because ve ry sl ight 
pressure-dependent shifts i n the band maxima positions result i n the ap
pearance of differential peaks i n the subtracted spectra. 

Nevertheless w e d e c i d e d to investigate this system again b y in i t ia l ly 
generating the R h 4 ( C O ) 1 2 - R h 2 ( C O ) 8 e q u i l i b r i u m mixture at 600 a tm of 
carbon monoxide pressure and r o o m temperature. D i h y d r o g e n was t h e n 
i n t r o d u c e d and spectral changes carefully moni tored . Inspect ion of the re
sultant spectra (F igure 1) reveals that the absorbances of the 2041- and 1884-
c m " 1 bands characteristic of R h 4 ( C O ) 1 2 do not r e m a i n constant w i t h respect 
to each other u p o n the addi t ion of d ihydrogen . T h e relative absorbance of 
the 2041-cm" 1 b a n d increases b y ca. 20-25%. I n addi t ion , there is a paral le l 
increase i n the half-height b a n d w i d t h of this peak (Table III). A s imilar t r e n d , 

(2) 

(IS). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

00
2

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



26 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

00
2

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



2. WIIYMAN In Situ Spectroscopic Studies in Homogeneous Catalysis 27 

Table III. Addition of H 2 to Rh4(CO)i i-Rh1(CO)e-CO 
System in η-Heptane 

Absorbance Half-Height 
Reaction Conditions Ratios" Bandwidth1" 
250 atm CO 0.83 1.00 
400 atm CO 0.78 1.00 
600 atm CO 0.83 1.04 
600 atm C O - H 2 (1:1) 0.98 1.18 
600 atm C O - H 2 (1:2) 1.10 1.18 
600 atm C O - H 2 (1:3) 1.01 1.15 
130 atm H 2 0.84 1.04 

"2041 cm"l/1883 cm" 1 maxima. 
''2041-em-1 band. 

although much less marked (ca. 5-10% increase), is noted in the absorbance 
of the 2068-cm 1 band. 

Furthermore, when the C O - H 2 pressure is slowly released and replaced 
by H 2 alone, the absorbance ratios and half-height bandwidths return, within 
experimental error, to their initial values. During this operation, as expected 
from previous work (13), the spectrum reverts to that of R h 4 ( C O ) 1 2 alone. 
The addition of dihydrogen to the R h 4 ( C O ) 1 2 - R h 2 ( C O ) 8 equilibrium mixture 
thus appears to result in the generation of a transient species that is char
acterized by absorption bands at ca. 2041 and 2068 cm" 1 . Of these values, 
the former peak is significantly more intense. 

Carbonyl stretching frequencies for Rh 4 (CO)j 2 , Rh 2 (CO) 8 , and their co
balt analogs, including HCo(CO) 4 , are collected in Chart I. Comparison 

Chart I. Metal Carbonyl Stretching Frequencies 

Co2(CO)8 

Bridged Nonbridged 
Rh4(CO)l2 Co4(CO)l2 Rh2(CO)8 Isomer Isomer HCo(CO)4 

2118 vw 
2084 s 

2075 vs 
2070 vs 2071 vs 2069 vs 

2063 vs 2060 s 
2055 vs 2052 m 

2044 vs 2044 vs 
2038 m 2042 vs 
2028 m 2031 ms 2029 s 

2022 vs 

1884 s 1867 s 1861 mw 1866 sh 
1845 s 1857 s 

1996 vw 

N O T E : Spectra measured in paraffin hydrocarbon solvents. Frequencies measured in wave-
numbers (reciprocal centimeters). 
ABBREVIATIONS: s, strong; m, medium; w, weak; v, very; sh, shoulder. 
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between the terminal carbonyl stretching frequencies of the various com
plexes leads to an estimate of the position of the absorption maxima for the 
purported HRh(CO) 4 to occur at ca. 2043 (s) and 2067 (m) cm" 1 . The analysis 
of the high-pressure spectroscopic data presented here is therefore consistent 
with the transient presence, at room temperature, of HRh(CO) 4 upon ad
dition of dihydrogen to the R h 4 ( C O ) 1 2 - R h 2 ( C O ) 8 equilibrium mixtures gen
erated under carbon monoxide. 

Synthesis Gas Chemistry Under Extreme Reaction Conditions 

During our work on synthesis gas chemistry, we discovered a range of 
composite homogeneous catalysts for the selective production of C 2 -
oxygenate esters, particularly ethylene glycol diacetate, directly from syn
thesis gas (17). 

C O + H 2
 R u : ^ (

A
1 0 1 ) > C H 3 O A c + C 2 H 5 O A c + C H 2 O A c + C H 2 O A c (3) 

t lvlAC J I 

C H 2 O A c C H 2 O H 

In glacial acetic acid as solvent (eq 3), these complex catalyst combi
nations (which contain mixtures of ruthenium and rhodium as major and 
minor components, respectively) are promoted by both nitrogen-containing 
bases and alkali metal cations. Genuine synergistic effects on both catalytic 
activity and selectivity to C 2 products were observed (Table IV). This be
havior is unusual in the light of the commonly observed inverse relationship 
between catalytic activity and selectivity. Severe reactions conditions (1000 
atm C O - H 2 , 230 °C) were required for optimum selectivities to C 2 products. 

To gain some insight into the nature of the species present in solution, 
we decided to make IR spectroscopic measurements on the various catalyst 

Table IV. Activity-Selectivity Behavior of Ru-Rh-Et 3 N-HOAc Catalyst 
Combinations 

Catalyst Component 
Catalyst (mmo1) 
Combination Ru Rh Et3N Activity0 Selectivity11 

1 2.0 — _ 0.23 0.09 
2 2.0 - 2.0 0.20 0.06 
3 — 0.2 - 0.22 0.06 
4 - 0.2 2.0 0.44 1.38 
5 2.0 0.2 2.0 0.89 1.31 

N O T E : Reaction conditions were as follows: 50 mL of glacial acetic acid solvent; 1000 atm of 
pressure; C O - H 2 (1:1); 230 °C; and 2 h. 
flCO consumed, moles per liter per hour. 
fcMoles of CH 2 OAc per mole of CH 3 OAc. 

CH 2OAc(H) 
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components at pressures and temperatures approaching those under which 
the catalytic reactions were investigated. These experiments were difficult, 
partly because the effective spectral range imposed by the strongly absorbing 
background spectrum of glacial acetic acid, even at extremely narrow path 
lengths of ca. 20-30 μπι between the cell windows, is only 2200-1900 cm 1 

and partly because of the corrosive nature of acetic acid toward O-rings 
and ancillary equipment. 

Some interesting correlations between the spectroscopic data and the 
catalytic activities-selectivities have been identified. For the ruthenium cat
alyst alone the addition of E t 3 N has, within experimental error, no influence 
on either catalytic activity or product selectivity. Infrared spectra of both 
systems measured at 750 atm and 200 °C are essentially identical and are 
consistent with the presence of predominantly [ Ru(CO) 3 0Ac] 2 together with 
much smaller concentrations of Ru(CO) 5 and Ru 3 (CO) 1 2 . 

The addition of E t 3 N to the rhodium catalyst doubles the activity and 
dramatically increases the selectivity to C 2 oxygenate esters. The IR spectra 
of the two systems show distinct differences. Whereas R h 6 ( C O ) 1 6 is the only 
detectable species with rhodium alone, the effect of the addition of E t 3 N is 
reflected in the additional formation of [Rh 6(CO) 1 5X]~ (X is either Η or OAc). 
In the composite R u - R h - E t 3 N (Ru:Rh = 10:1) catalyst, the spectrum (Figure 
2) is dominated by an absorption at 2040 cm" 1 . The most likely assignment 
of this peak is to a species HRu(CO) n OAc (n is 3 or 4) formed by a homolytic 
cleavage reaction between [Ru(CO) 3 OAc] 2 and H 2 , presumably mediated 
by the presence of the rhodium complex in solution. In addition, minor 
amounts of [Rh 6 (CO) 1 5 X]~ may be present. 

Although it is not precisely clear how the spectroscopic data relate to 
the catalytically active species in these complex systems, direct correlations 
between the spectroscopic data and the catalytic performance are readily 
apparent. 

Conclusion 

In this overview of in situ spectroscopic studies, with emphasis on high-
pressure IR measurements, examples of applications have illustrated the 
following points: 

• the ease with which, under favorable circumstances, unstable 
intermediates can be identified, 

• the level of information that can be extracted from the spectra 
of relatively complex mixtures by using advanced instrumen
tation techniques, and 

• the correlations between spectroscopic data and catalytic per
formance that can be obtained even with multicomponent cat-
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2200 2150 2100 2050 2000 1950 1900 
cm" 1 

Figure 2. Reactions of synthesis gas with a Ru-Rh-Et3N (10:1:10) composite 
catalyst in glacial acetic acid. Reaction conditions: a, 750 atm, 100 °C; b, 850 

atm, 175 ° C , c, 880 atm, 200 °C. 

alyst systems, harsh and highly IR-absorbing reaction media, 
and extreme conditions of pressure and temperature. 
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NMR Techniques for Studies 
of Homogeneous Catalysis 

D. Christopher Roe 

Central Research & Development, Experimental Station, Ε. I. du Pont 
de Nemours and Company, Wilmington, DE 19880-0328 

Sapphire NMR tubes have proven to be particularly useful for study
ing catalytic reactions under conditions of moderate pressure (viz, 
100-2000 psi). The tubes, which are commercially available, are 
grown as single crystals in the required shape and used without 
further machining. A nonmagnetic valve caps the tube and is used 
both for the introduction of reactant gases and for making the static 
seal. Inert gases may also be used to pressurize the sample for high
-temperature studies in relatively low-boiling solvents. In addition to 
straightforward kinetic studies, we have frequently found that mag
netization-transfer studies of slow exchange are uniquely well suited 
to unraveling discrete equilibria in catalytic cycles. Examples in
volving reactions of CO and C2H4 are described. 

NMR S P E C T R O S C O P Y IS O N E O F T H E M O S T U S E F U L T E C H N I Q U E S for ob

taining detailed information about catalytic systems. Typical approaches in
clude monitoring substrate conversion as a function of temperature or com
ponent concentrations. It may also be possible to relate ligand dynamics 
(studied by variable temperature, line shape, or magnetization-transfer 
methods) to certain aspects of catalytic activity. 

One of the most obvious limitations of conventional N M R approaches 
is the difficulty encountered when working with reactant gases such as C O 
or H 2 , which require substantial pressures in order to obtain reasonable 
concentrations in solution. In this chapter, applications involving sapphire 
N M R tubes, which can withstand such pressures, are described along with 
a variety of approaches that have been found useful for studying catalytic 
systems. 

0065-2393/92/0230-0033$06.00/0 
© 1992 American Chemical Society 
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High-Pressure NMR Spectroscopy 

A number of approaches to high-pressure N M R spectroscopy have been 
reported in the literature. Their design differences reflect a variety of chem
ical objectives and engineering compromises. Many of these approaches have 
been reviewed previously (i), but may be briefly restated here along with 
some current developments. 

Commercially available glass N M R tubes provide the most economical 
and convenient means for working with gases at modest pressures (less than 
150 psi). These medium-wall tubes are fitted with a symmetrical 
poly(tetrafluoroethylene) (Teflon) valve that can be connected either to a 
high-pressure line from a gas cylinder or to a vacuum line for the introduction 
of condensable gases. Great care must be exercised when working with glass 
tubes under pressure because surface scratches may make the glass increas
ingly unreliable as a function of repeated use. Despite the caveat associated 
with these pressure tubes and the limited pressure range available, much 
practical work can still be accomplished. An early example that inspired the 
development of commercially available tubes involved the reaction of H 2 at 
100 psi with R h C l L 3 (2). 

A medium-pressure N M R tube based on a polyimide resin (Vespel) was 
described by Kinrade and Swaddle (3). The tube features a 16-mm outside 
diameter and either 9- or 13-mm inside diameter so as to provide a mod
erately large sample volume (e.g., 4 mL). This device was found suitable 
for use up to 225 °C. It was sufficiently chemically inert to strong alkali that 
it permitted high-temperature studies of alkaline silicate solutions at pres
sures around 250 psi. 

A pressure probe specifically designed for studies of homogeneous cat
alysts has also been reported (4). This interesting design involves a stainless 
steel alloy pressure vessel attached to an external stirred reactor. The Teflon-
lined sample compartment contains a toroidal-shaped detector coil to in
crease the proximity of the coil to the sample and thereby improve sensitivity. 
Although Β γ homogeneity was not particularly good, the reported perfor
mance in terms of sensitivity and line shape were very promising. ( 1 3 C sen
sitivity was greater than that obtained with a conventional 10-mm broad
band probe.) Initial pressure testing at 8500 psi was successful. 

More traditional high-pressure N M R probes are generally associated 
with physical studies at extremes of pressure, 2000 atm or more. N M R 
studies at these pressures have provided, for example, descriptions for the 
dynamic structure of liquids (5) and the conformational isomerization of 
cyclohexane (6). O f greater relevance for catalytic studies is the possibility 
of using such pressures to obtain (for individual reaction steps) volumes of 
activation, which may at times be more mechanistically meaningful than the 
corresponding entropy of activation. 

Much early work in this area (e.g., reference 7) involved exchange of 
relatively hard ligands (e.g., [ L n ( D M F ) 8 ] 3 + , where Ln is C e - N d andTb-Yb), 
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for which the volume of activation is expected to be a relatively sensitive 
indicator of mechanism. However, when a reaction is clearly associative or 
dissociative in nature, even soft ligands can be associated with substantial 
activation volumes. Results of this sort were described (8) for the carbon
ylation of H 3 R u 3 ^ 3 - C O M e ) ( C O ) 9 and the hydrogénation of H R u 3 ^ -
COMe)(CO) 1 ( ) ; both reaction steps follow a dissociative mechanism. It is 
presumed that future applications of this approach may give rise to unique 
mechanistic information for catalytic systems. 

Development of Sapphire NMR Tubes. The remainder of this 
chapter will focus on a more limited pressure region (100 psi to ~2000 psi) 
in which the effect of pressure is simply to control the concentration of 
reactant gas in solution. With these pressure limits in mind, it is possible 
to take advantage of the great tensile strength of sapphire (J). This material 
is commercially available (from Saphikon, Milford, NH) as tubular single 
crystals that are literally grown in the shape of an N M R tube. After the tubes 
have been annealed, there is no machining or stressing of the crystal. There
fore, the tubes should retain their tensile strength properties with a high 
degree of reliability. In addition, sapphire is relatively chemically inert and 
has a small thermal expansion coefficient. 

The open end of the sapphire tube is sealed by means of a nonmagnetic 
Ti-alloy valve, the details of which have been published (I). Subsequent 
refinement of that design reduced the outer diameter of the valve from 36 
to 25 mm to accommodate conventional-bore superconducting magnets. This 
change brought about a corresponding reduction in weight (from 110 to 74 
g) that makes the tubes easier to spin. The epoxy that was originally used 
to attach the Ti-alloy flange to the tube is no longer available. Its replacement 
(Aremco-Bond 630) appears to be entirely suitable, at least within its spec
ified operating temperature range of-65 to + 155 °C. Methods for the direct 
attachment of the sapphire tube to the Ti-alloy flange, and for even more 
convenient valve designs, are being developed (9). The present design re
mains reasonably convenient to manipulate inside a dry box. Once the sam
ples are syringed into the tube, the valve top is bolted in place and the 
tube-valve assembly is removed from the dry box for subsequent pressur-
ization. 

The tube and valve are sufficiently lightweight and symmetrical that 
they spin and achieve a typical resolution of about 1 Hz. The exterior surface 
of the tube is not perfectly concentric. Instead, it consists of a large number 
of parallel ridges that run the length of the tube. These surface imperfections 
undoubtedly limit the resolution and the line shape. However, spinning side 
bands do not appear to be a problem, and line separations of 0.25 H z have 
been observed without recourse to resolution enhancement. In hydrostatic 
pressure testing, the burst pressure of one tube was found to be approxi
mately 14,500 psi. It is therefore possible to carry out operations up to 
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2000 psi (or more) with a reasonable margin of safety. In our hands, the 
tubes have been operated without incident over a period of years, from -150 
to +150 °C at nominal pressures up to 1200 psi, and at lower pressures up 
to +250 °C. 

Operation of the Sapphire NMR Tube. As with any technique 
involving samples under pressure, safety considerations are of paramount 
importance when working with sapphire tubes. Sample pressurization and 
transportation to the spectrometer are carried out with the tube and spinner 
resting inside a cylindrical poly(methyl methacrylate) safety shield that has 
a wall thickness of approximately 1/4 inch. It is important to protect the 
tube from scratches or from any sort of mechanical stress that might come 
about from even a short drop (e.g., while a tube is being cleaned, the flange 
end may drop to the bench top). Because the tubes are single crystalline, 
vibration sources such as ultrasonic baths can shatter them. Given the pos
sibility of damaging the crystal by inadvertent or routine wear and tear, it 
is important to routinely test the tubes hydrostatically at pressures several 
times that of intended use, but still well below the burst limit. As a matter 
of routine, we pressure-check our tubes at 5000-6000 psi initially and then 
again after four or five experiments. 

When the sample tube is ready for pressurization, the bottom of the 
flange is made to rest on top of the spinner, and the assembly is transported 
inside the safety shield to the appropriate gas cylinder. The gas is introduced 
through 1/16-inch stainless steel tubing fitted with a standard Valco 1/16-
inch ferrule and male nut that screws into the side of the valve. Rotation of 
the valve stem handle effects the opening and closing of the valve. Once 
the sample is sealed under pressure, it may be detached from the line and 
gently rocked on its side (while still inside its safety shield) to mix the gas 
with the solution. 

The pressurized sample can be placed in the probe while avoiding direct 
operator exposure to the tube. The base plate of the safety shield is removed, 
and the remaining safety shield and tube are made to rest on top of the 
upper probe stack. If spinning the sample is critical, the tube is restrained 
by means of a removable string or lasso while the supports at the bottom of 
the spinner are removed. The tube can then be lowered to the top of the 
probe stack, where it can be supported by the eject air system, and lowered 
into the probe once the string has been removed. More conveniently, if 
spinning the sample is not an important goal, the tube can be lowered all 
the way into the probe with the string still attached for later sample retrieval. 

Pressure Stabilization of Reactive Species 

Many catalysts (or their precursors) are susceptible to decomposition via 
dissociative loss of a ligand such as C O , but can be effectively stabilized by 
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operating under pressure. Perhaps the most obvious such example involves 
species like C o 2 ( C O ) 8 or C H 3 C O - C o ( C O ) 4 . These compounds are, from a 
synthetic point of view, relatively unstable above 0 °C because they tend to 
lose C O and form carbonylcobalt clusters. However, these same materials 
can provide useful entries into the catalytic hydroformylation cycle that 
typically operates around 100-140 °C and 3000 psi. 

Although the instability and volatility of C o 2 ( C O ) 8 and H C o ( C O ) 4 pres
ent problems for product purification and catalyst recycle, it is clear that a 
reasonable trade-off can be found between catalyst stability at elevated tem
perature and the requirement for open coordination sites for subsequent 
reactions. It should therefore be possible to directly quantitate the exchange 
of free (dissolved) C O with C o 2 ( C O ) 8 by 1 3 C N M R spectroscopy under con
ditions closely analogous to those employed in catalytic hydroformylation. 

The expectations just stated were borne out in a limited study of C O 
exchange with C o 2 ( C O ) 8 and C H 3 C O - C o ( C O ) 4 for C O pressures from 100 
to 1100 psi and temperatures from 40 to 80 °C (10). Cyclohexane-d 1 2 and 
methylcyclohexane-d1 4 were used as solvents to minimize any effects of 
solvent coordination. The highest C O pressures were limited by available 
cylinder pressure. 1 3C-enriched C O was used to overcome the low signal-
to-noise ratio, particularly in the case of C H 3 C O - C o ( C O ) 4 , where the 1 3 C 
C O spin-lattice relaxation times (Tx) are around 30 and 13 s, respectively. 
C O scrambling ensures that the degree of enrichment is uniform. Therefore, 
no kinetic complications are introduced by the fact that the net enrichment 
may be 50% in one case and 70% in another. 

In the case of Co 2 (CO) 8 , 1 3 C N M R spectra reveal peaks for the cobalt 
complex around 200.6 ppm and free C O at 184.6 ppm. At 80 °C and above, 
exchange broadening of the two resonances is evident. However, the quad-
rupolar cobalt nucleus contributes substantially to the line width of the 
complex in a temperature-dependent way. A partial line-shape analysis (of 
the free C O alone) could have been pursued over a limited range of tem
peratures, but it was decided to avoid these limitations by using magneti
zation-transfer techniques to study the exchange. 

The variant of this approach that appears to offer the most reliable 
exchange rates is inversion transfer. Selective inversion of one resonance by 
a soft 180° pulse, followed by a variable time delay and signal acquisition, 
provides a series of spectra in which a transient decrease in intensity at the 
noninverted site characterizes the exchange. Whenever possible, the com
plementary experiment involving selective inversion of the other resonance 
is also performed. The combined data sets are analyzed to provide a single 
consistent rate constant, along with estimates for the individual site T{s. 

Rate constants thus obtained for C O exchange with C o 2 ( C O ) 8 from 40 
to 80 °C showed no dependence on C O concentration from 0.08 to 1.43 M ; 
the averaged results are 40 °C, 0.8 s 1 ; 50 °C, 3.1 s 1 ; 60 °C, 11.4 s 1 ; 70 °C, 
32.5 s"1; and 80 °C, 93.6 s 1 . The independence of the observed exchange 
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rate and C O concentration is consistent with the small value of the equilib
rium dissociation constant, which is estimated to be l O ^ M " 1 (11, 12). The 
observed rates therefore correspond directly to the forward rate constant kl 

in eq 1. 

Co 2 (CO) 8 = = ± Co 2 (CO) 7 + C O (1) 

The cited rate constants provide the activation enthalpy Δ/ί* = 25.5 ( ± 1 . 5 ) 
kcal mol 1 along with the activation entropy AS* = 22 ( ± 4 ) eu. The cor
responding free energy of activation is A G * (300 K) = 18.8 ( ± 0 . 2 ) kcal mol" 1 . 

An alternative interpretation of the exchange process involves rate-lim
iting cobalt-cobalt bond breaking followed by very rapid exchange of C O 
with *Co(CO) 4 . The observed invariance of exchange rate constants to 
changes in the accessible C O and cobalt concentrations is in fact consistent 
with a radical mechanism. However, the process described by eq 1 is pre
ferred for this discussion because it allows for a direct analogy with C O 
exchange in the monomeric tetracarbonylcobalt complex. 

Exchange Involving CH 3 CO-Co(CO) 4 . Results entirely similar to 
those just described were obtained with solutions of C H 3 C O - C o ( C O ) 4 (JO). 
In view of the greater instability of this complex [compared to Co 2 (CO) 8 ] , 
it is interesting that under 1000-psi nominal C O pressure samples appeared 
to be stable for many hours at 100 °C. Additionally, at 100 psi one sample 
remained unchanged after 2 months at room temperature. 

Exchange of free C O with the Co(CO) 4 moiety was studied in the same 
manner from 50 to 80 °C and was found to be independent of C O concen
tration from 0.4 to 1.4 M . The dissociation rate constants k2 (eq 2) appear 
to be inherently severalfold slower than those observed for Co 2 (CO) 8 . These 
rate constants lead to the activation parameters ΔΗ* = 22.0 ( ± 0 . 2 ) kcal 
m o l 1 and AS* = 8 ( ± 0 . 5 ) eu; at 300 K, A G * = 19.5 ( ± 0 . 0 2 ) kcal m o l 1 . 

C H 3 C O - C o ( C O ) 4 J=± C H 3 C O - C o ( C O ) 3 + C O (2) 
k_2 

The smaller entropy of activation observed in this case is consistent with 
the idea that the coordinately unsaturated C o 2 ( C O ) 7 remains unbridging, 
although formation of C H 3 C O - C o ( C O ) 3 is accompanied by an increase in 
structure in the transition state. Presumably, this increase in structure cor
responds to coordination of the acyl oxygen to give an η 2 -bound acyl, as 
observed in matrix isolation Fourier transform infrared (FTIR) studies (13) 
and supported by theoretical studies (14). 

*3 
C H 3 C O - C o ( C O ) 3 = = ± C H 3 - C o ( C O ) 4 

(3) 
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In addition to the dissociation process, a slower scrambling of the acyl 
and terminal COs can be observed. This exchange process (eq 3) is markedly 
inhibited by increasing C O concentrations, as expected for the reverse of 
eq 2. Unfortunately, it is not possible to identify the observed exchange rate 
fcacyi with individual rate constants indicated by eqs 2 and 3. However, if fc_3 

< < fc3, the steady-state condition yields eq 4 and a plot of l/fc a c yi versus C O 
concentration should yield a straight line. 

ι _ &2&3 , Λ \ 
a c y l " Jt.2[CO] + * 3 

Such a plot does appear to be linear. From the slope one can estimate 
the ratio of the rates of reassociation to deinsertion. For [CO] = 1.0 M at 
70 °C, this ratio is approximately 21. The notion that 3 is small compared 
to fc3 may seem to be rather nonintuitive, although it is fully consistent with 
the density-functional M O calculations of Versluis et al. (14). 

Additional High-Pressure Studies. It would also be of interest to 
follow C O dissociation from HCo(CO) 4 . However, it appears that the 1 3 C 
chemical shift of this species is coincident with that of free C O . Under this 
circumstance, little dynamic information can be gathered from 1 3 C N M R 
studies. Nevertheless, in a preliminary series of experiments, the formation 
of HCo(CO) 4 from C o 2 ( C O ) 8 and H 2 (derived from a 1:1 C O - H 2 mixture) 
could be followed by *H N M R spectroscopy over a period of several hours 
at 70 °C. By enriching the gas mixture with either C O or H 2 , the anticipated 
C O inhibition of the reaction was observed (Figure 1). Further quantitative 
details were not pursued. 

A point of caution is that the titanium alloy valve is potentially subject 
to hydrogen embrittlement at high temperature. No adverse effects were 
noted following the present study, presumably because of the relatively low 
H 2 pressure and the fact that, in the spectrometer, the valve remains close 
to ambient temperature even though the bottom of the tube is being heated 
in the probe. 

Intermolecular hydroacylation, specifically the reaction of ethylene and 
benzaldehyde to give propiophenone, is catalyzed by the indenyl complex 
^ 5 - C 9 H 7 ) R h ^ 2 - C 2 H 4 ) 2 (15). The reaction is rather slow at 80 °C and 80 psi 
C 2 H 4 . Although no organic side products were observed, substantial catalyst 
decomposition occurred. Under a nominal pressure of 1000 psi C 2 H 4 , the 
sample consists of approximately 70% liquid ethylene. When heated to 
100 °C in the sapphire N M R tube, this sample yields smooth N M R kinetics 
overnight. Additional 2 H and 1 3 C labeling studies led to the suggestion that 
the reaction proceeds via dissociative loss of one ethylene, oxidative addition 
of the aldehyde C - H , and subsequent insertion of ethylene into the R h - H 
bond, followed by reductive elimination of the alkyl-acyl. 
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300.—I 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 

Time (s, χ 104) 
Figure 1. Rate of HC o(C Ο )4 formation as followed by the integrated intensity 

of the hydride resonance (δ -11.6 ppm). 

The same sort of sapphire N M R tubes were used to study reversible 
ring slippage in a coordinately saturated C r complex (16). This process is of 
general interest in the context of providing a possible pathway for accom
modating reactive ligands in catalytic cycles. Reaction of ( η 5 - 0 5 Η 5 ) 2 Ο with 
1.5 atm of C O resulted in the formation of (ir^-C^Hs^Cr-CO. Increasing 
the pressure to 130 atm of C O brought about the formation of ( η 5 - 0 5 Η 5 ) ( η 3 -
C 5 H 5 ) C r ( C O ) 2 . 

Although rapid ring rotation of the C 5 H 5 ligands makes the ring carbons 
equivalent even at -140 °C, two different C 5 H 5 ligands are evident at 
-70 °C. Simulations of the variable-temperature 1 3 C N M R line shapes led 
to an estimate of 13.5 kcal mol" 1 as the activation energy for this process. It 
was estimated that the exchange rate of the two C 5 H 5 ligands at room 
temperature was 76,000 s 1 . At the same time, saturation-transfer experi
ments failed to detect any exchange between the coordinated C O ligands 
and free C O . Interconversion of the bent η 3 and the flat η 5 rings therefore 
appeared to occur by a simultaneous straightening and bending of the two 
rings. 
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Magnetization Transfer 

Magnetization-transfer techniques are frequently useful for studying slow 
exchange in discrete equilibria in catalytic cycles or model complexes. This 
methodology is suitable for systems that can basically be described by mod
ified Bloch equations (first-order spectra), where the exchange rate is slow 
enough to give resolved spectral lines but fast enough to be comparable to 
the spin-lattice relaxation rate. The most general benefit of this approach is 
extension of the temperature range of conventional line-shape analysis to 
improve the quality of the estimate of the activation parameters. It is gen
erally found that once a static line shape has been reached, magnetization 
transfer can still provide rate information at 40 or perhaps 50 °C lower. 

A number of additional advantages may contribute to the utility of mag
netization-transfer experiments in a given application. It may be difficult to 
study thermally labile complexes at temperatures high enough to approach 
coalescence (where line-shape studies provide their most accurate infor
mation). Such thermal lability may be anticipated for model compounds or 
reactive intermediates related to catalytic processes. Compared to line-shape 
analysis, magnetization-transfer studies may be more practical to implement 
for large spin systems and for situations where multisite exchange occurs by 
a variety of pathways. In connection with this latter point, qualitative inter
pretation of magnetization-transfer results can sometimes lead to mechanistic 
insights that would be extremely difficult to deduce from line-shape changes 
occurring at higher temperatures. Almost any system (nucleus) that gives 
well-resolved resonances is a candidate for this sort of study, and even partial 
overlap can be tolerated (10, 17). Finally, the range of rate constants that 
can be measured in this way is relatively unique (typically 0.05 to 50 s'1). 

Of course, such a technique is not without its disadvantages. It is unlikely 
to find use in highly second-order systems, although such studies are at least 
possible (18). For cases involving exchange of proton sites that are spatially 
close, nuclear Overhauser effects may compete with (and counteract) the 
exchange effects. In this instance, however, it may still be possible to obtain 
the competing cross relaxation rate at lower temperatures and thereby cor
rect the observed exchange rate (19, 20). 

The range of temperatures for which magnetization-transfer results can 
be obtained is seldom more than 50 °C, which is barely enough to provide 
reasonably accurate activation parameters. Within this temperature range, 
the most accurate rate information is gathered from a series of selective 
inversion recovery experiments, which may be relatively time-consuming 
to complete if each exchanging site is selectively irradiated in turn. Never
theless, given the importance of kinetic information to an understanding of 
catalytic processes, it is little wonder that magnetization-transfer techniques 
play an important role in such studies. 

Techniques. The site intensity or population perturbation that is 
required to initiate these experiments can involve either selective saturation 
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or inversion of a particular resonance. In the former case, exchange rates 
can be estimated either from the equilibrium degree of saturation at the 
exchanging sites or from the transient changes in intensity when the satu
rating field is turned on or off (21). Because selective inversion provides a 
larger perturbation than does saturation, the inversion-transfer approach [as 
described for C O exchange with Co 2 (CO) 8 ] is the one that we prefer. Early 
reports that exemplify the inversion-transfer technique include references 
22 and 23. 

The selective pulse is most easily derived from the low-power transmitter 
(available on some older spectrometers) or by direct attenuation of the trans
mitter on those newer spectrometers that permit fast switching among a 
number of power levels. The time-scaling property of Fourier transforms is 
such that time-scale expansion corresponds to frequency-scale compression 
(24) . Because the power spectrum of excitation provided by a rectangular 
pulse of length t has the shape [(sin ωή/ωί]2, the excitation bandwidth is 
roughly lit and is centered at the spectrometer frequency ω (placed on 
resonance). 

To invert a region of the spectrum encompassed by 10 Hz, a 0.1-s pulse 
would be reasonably appropriate. The attenuation of the transmitter would 
then be adjusted so that this "soft pulse" length corresponded to a tip angle 
of 180°. This calibration is most accurately done by estimating the power 
level required and searching for a null signal corresponding to a 360° pulse 
(i.e., twice as long as the pulse used for selective inversion) by making minor 
adjustments to the pulse length. This calibration can be performed quickly 
because relaxation effects are unimportant for 360° pulses. 

A related technique for obtaining selective excitation is the so-called 
D A N T E pulse sequence, which involves the application of a large number 
(e.g., 20-40) of small flip-angle pulses separated by an appropriate delay 
(25) . The acronym is meant to remind us of the pulse sequence, namely 
"delays alternated with nutations for tailored excitation". In turn, nutation 
refers to the action of the pulse on the magnetization. 

The frequency domain profile of this excitation sequence consists of 
discrete side bands separated by the pulse repetition frequency. Because it 
is typically desirable to have these side bands fall outside the spectral region 
of interest (e.g., 2 kHz or more), the interpulse delay should be no longer 
than 0.5 ms. The small flip-angle pulse length is chosen such that the total 
pulse time corresponds to a normal 180° pulse. The selectivity is determined 
by the overall length of the excitation sequence (pulse plus delay repeated 
n times). 

The principal advantage of this approach is that there is no need for 
switching between power levels. As a matter of practice, 10-15 dB of at
tenuation would be placed in the transmitter line so that the short pulses 
could still be made significantly longer than the transmitter turn-on time. 
Additional possibilities exist for generating slow-exchange spectra by using 
only nonselective transmitter pulses (26, 27). 
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Quantitative analysis of inversion-transfer data hinges on the construc
tion of the appropriate exchange and relaxation matrix. Usually the chemical 
mechanisms underlying the exchange process permit the exchange matrix 
to be written in terms of a rate constant for a given process times a statistical 
matrix of exchange coefficients (17). The off-diagonal elements (ij) specify 
the probability that transfer from site j terminates in site t, and the diagonal 
elements are then written to maintain detailed balancing (28). Johnson and 
Moreland (29) gave a useful prescription for constructing exchange matrices 
for multisite systems. However, for the line-shape calculations they consider, 
the elements (ij) refer to transfers from i to j. 

Examples of Magnetization Transfer. Olefin hydride complexes 
of the sort HRh(ol)(P-i-Pr 3) 2 are of interest in the context of providing models 
for olefin insertion and subsequent product distribution in Rh(I)-catalyzed 
hydroformylation. Although these complexes are obviously somewhat re
moved from the "real" catalytic system, they are sufficiently simple that rate 
constants for insertion may be obtained (30). The ethylene hydride undergoes 
insertion as outlined in eq 5 [L = P(t-Pr)3]. 

The equilibrium between cis and trans complexes involves exchange 
rates that are greater than 105 s"1 (as judged by 3 1 P dynamic line-shape 
analysis) at temperatures for which olefin insertion can be observed. Selec
tive inversion of the coordinated ethylene resonance brings about a signif
icant decrease in the hydride intensity from -40 to 0 °C. The observed 
exchange rates can be related to the specific rate constant for insertion from 
the cis complex by means of eq 6 (31). 

The equilibrium constant Κ = kjk 4 can be approximated by extrap
olation of the low-temperature 3 1 P N M R results (K = 1 at -130 °C) and 
room-temperature FTIR results (K = 0.3). By using the value Κ = 0.4, 
estimates for the insertion rate k5 were obtained (Table I). The rate constant 
for β-hydride elimination (k_5) must be considerably faster because no direct 
evidence for the alkyl species is observed. 

Analogous results were obtained for the corresponding propylene hy
dride, although in this case the low-temperature 3 1 P N M R results are not 
so readily assigned to simple cis and trans species. Less confidence can be 
placed in mechanistic interpretations for this system. Nevertheless, the li-
gand isomerization kinetics are similarly rapid and so do not affect the results 

trans *-4 cis 

(6) 
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Table I. Exchange Rates for HRWQHjXP-t-Prak 
T(°C) ko** 
-40 0.29 1.5 
-30 0.78 4.1 
-20 2.62 13.8 
-10 8.01 42.0 

0 18.60 97.6 

N O T E : Exchange rates are given in reciprocal seconds. 

in a markedly different way compared to the ethylene hydride. Pertinent 
*H N M R assignments are presented in Figure 2. 

Linear insertion scrambles the hydride H 5 with vinylic proton H j at an 
exchange rate that is comparable to that for ethylene insertion. At -10 °C 
the branched insertion pathway brings about observable scrambling of H 5 

with the other vinylic protons H 2 and H 3 and, by symmetry, with the methyl 
protons H 4 . This latter result indicates that the isopropyl-rhodium inter
mediate has a lifetime substantially longer than the time required for rotation 
about the metal-carbon bond. At this temperature, it is estimated that the 
exchange rate constant for linear insertion is 5.7 s"1; that for branched in
sertion is 3.0 s _ 1. 

r-r-r-r 

5.0 4.5 

H(T) C H 3 ® 

H ® H © 

Θ 
-A. 

D <D 
UK 

4.0 3.5 3.0 2.5 
" T T T " 
2.0 1.5 PPM 

Figure 2. Partial Ή NMR spectrum of HRh(C3H6XP'i'Pr3)2 in toluene-d8 at 
-40 ° C . Coordinated propylene sites are hbeled. Free propylene accounts for 
the peaks at the extremities of the spectrum. Peaks around 2.0 ppm arise from 

toluene-d? and the isopropyl methine resonances of the phosphine ligands. 
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A different study involving nickel-catalyzed hydrocyanation of ethylene 
(32) determined the kinetics of ligand dissociation from H - N i ( C N ) L 3 [L is 
P(0-o-tolyl)3]. The thermal instability of this complex again precluded rate 
measurements by line-shape analysis at temperatures above 10 °C. 3 1 Ρ mag
netization-transfer experiments permitted an analysis of exchange rates from 
-40 to 0 °C. In this range, the rates were found to vary from 0.1 to 22.2 s~\ 
and from this data the activation parameters for this step could be estimated. 
Ligand exchange kinetics for the key intermediate (C 2 H5)Ni(C 2 H 4 )L(CN) 
could also be studied by 3 1 P magnetization transfer from -90 to -60 °C. 

It is hoped that the examples presented here give an indication of the 
general utility of magnetization-transfer techniques in studies of homoge
neous catalysis. Efforts are underway to make the data analysis more robust 
and to codify the generation of the appropriate exchange and relaxation 
matrix. 
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Parahydrogen-Induced Polarization and 
Polarization Transfer in Hydrogenation 
and Oxidative Addition Reactions 
A Mechanistic Probe 

Richard Eisenberg, Thomas C. Eisenschmid, Mitchell S. Chinn, and 
Rein U. Kirss 

Department of Chemistry, University of Rochester, Rochester, N Y 14627 

Parahydrogen-induced polarization (PHIP), its occurrence and mech
anistic implications in homogeneous hydrogenation chemistry, and 
its appearance in the oxidative addition of H2 to transition metal 
centers are described and analyzed. The PHIP phenomenon, which 
is characterized by unusual NMR absorptions and emissions in prod
uct spectra, arises when para-enriched H2 is employed in hydrogen
ation of unsaturated organic substrates with a homogeneous metal 
catalyst or when para-enriched H2 is added to a metal complex to 
form a stable metal dihydride. Both multiplet and net types of po
larization are seen. The nature of the polarization is determined by 
the rate of reaction relative to the rate at which the sample is placed 
in the magnetic field. Examples of PHIP are found in ruthenium 
phosphine-catalyzed hydrogenations, catalysis by binuclear rhodium 
complexes, and in H2 oxidative addition to Ir(I) complexes. Finally, 
polarization transfer using parahydrogen results in signal enhance
ment of other NMR nuclei such as 31P and 13C in the product com
pounds. 

X J L N O M A L O U S EMISSIONS A N D E N H A N C E D A B S O R P T I O N S in N M R spectra of 

reaction samples have been interpreted during the past 20 years as evidence 
of chemically induced dynamic nuclear polarization (CIDNP) and a reaction 
mechanism involving a radical pair (1-9). Examples of C I D N P involving 

()065-2393/92/0230-0047$08.()0/0 
© 1992 American Chemical Society 
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transition metal hydrides in hydrogénation and hydrogen-transfer reactions 
have been reported (10-17). These cases are exemplified by Halpern and 
Sweanys study (10) of the hydrogénation of α-methylstyrene by H M n ( C O ) 5 , 
which proceeds as shown in Scheme I. 

+ HMn(CO) 3 

"So 

•Mn(CO)s 

HMn(CO) 5 

+ · Mn(CO) s 

Mn(CO) 5 

+ -Mn(CO) 5 Mn : (CO) 1 0 

Scheme 1. 

In 1986 a fundamentally different way of achieving polarization was 
described by Bowers and Weitekamp (18, 19), in which parahydrogen is 
transferred pairwise to substrate without loss of spin correlation during the 
reaction. In this chapter, we focus on this phenomenon, its observation, and 
its significance. 

Our own studies with parahydrogen-induced polarization (PHIP) com
menced in 1986 when we witnessed unusual N M R absorptions and emissions 
in the reaction of the binuclear complex Rh 2H 2(CO)2(dppm)2 [dppm is 
bis(diphenylphosphino)methane] with alkynes as in eq 1 (20). 

R — C Ξ Ξ C — Η Rh2H2(CX))2(cippm)2 

Η 

Η 
ce 

+ Rh20i-CCHRXC»)2(dppm)2 (1) 

H H 
gen tram 

Figure 1 shows one of the earliest of these observations, in which po
larization is seen in the resonances of styrene formed by hydrogenating 
phenylacetylene. The major polarizations occur in the trans and gem proton 
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χ 

» « « 1 ' 

8 7 6 5 4 

ppm 
Figure 1. Ή NMR spectra at 400 M Hz for the reaction of Rh2H2(CO)2(dppm)2 
with PhC=CH in CeDe under parahydrogen during the first 5 min of reaction. 
The resonances labeled a are due to the vinylidene product, Rh2(μ-
CCHPh)(CO)2(dppm)2. Peak x, which is truncated in later spectra, is due to 
henzene-d:,. (Reproduced from reference 20. Copyright 1986 American Chem

ical Society.) 

resonances and are of an antiphase type. That is, the trans proton, which is 
normally a doublet through coupling to H g e m , exhibits an absorption-
emission or A - E pattern. H g e m , which is coupled to both trans and cis 
protons, shows an A - E - A - E pattern. The antiphase polarization has been 
referred to in the C I D N P literature as a multiplet effect, and we will use 
that terminology here. The stacked plot of Figure 1 also shows that the 
phenomenon rapidly diminishes with time. 

We investigated these early observations in the context of C I D N P and 
showed through labeling studies that this phenomenon did not originate 
from a mechanism involving organic radicals (20). However, inconsistencies 
in the magnitude of enhancement and an inability to explain the type of 
polarization seen in specially designed experiments led to a reassessment of 
the basis of our observations. When the Weitekamp manner of achieving 
polarization became known, our results were reexamined in this context. 
Experiments rapidly established that we were indeed seeing parahydrogen-
induced polarization. 
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The Weitekamp Proposal 

At ambient temperatures, normal hydrogen is composed of an approximately 
3:1 mixture of ortho- and parahydrogen, reflecting the threefold degeneracy 
of the nuclear spin functions of the former (αα, β β , and α β + βα) and the 
nondegeneracy of the latter ( α β - β α ; the nuclear "singlet"). The ratio of ortho-
to parahydrogen at 298 Κ is virtually statistical (3:1), but an energy difference 
between these two forms makes parahydrogen increasingly favorable as the 
temperature is lowered. At 80 K, the equilibrium Boltzmann distribution is 
51.61% ortho and 48.39% para; at 20 K, it is 0.18% ortho and 99.82% para. 
Despite the small energy difference between ortho- and parahydrogen, in-
terconversion requires a catalyst and does not occur readily in its absence 
(21). Paramagnetic solids are the most effective catalysts, but other materials 
and compounds work as well, including systems that have quadrupolar nuclei 
and nuclei with large spin-orbit coupling constants. 

For PHIP to occur, hydrogen enriched in the para form is required. 
According to Weitekamp and co-workers (18, 19, 22), polarization can arise 
if parahydrogen is transferred pairwise to a substrate to yield a product in 
which the two transferred protons are magnetically distinct. If the reaction 
occurs fast relative to proton relaxation, then the transferred protons will 
initially reflect the nuclear spin populations of the starting dihydrogen. This 
condition is shown in Scheme II for hydrogénation of an internal alkyne with 
parahydrogen. Because only the α β and β α states of the product olefin 
correlate with the nuclear spin function of the reactant parahydrogen, these 
states will be overpopulated relative to a normal Boltzmann distribution and 
give rise to polarized A - E or Ε - A transitions similar to a multiplet effect. 

R R' 
R - C E C - R ' + P-H2 

Scheme 11. 

Experimental Observations 

In retrospect, the occurrence of PHIP in our studies (23-25) arose from storing 
sample tubes at 77 Κ for several hours prior to thawing and performing the 
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reaction in the NMR probe. During this period, the platinum group complex 
in the frozen solution served to catalyze conversion of the hydrogen atmosphere 
from its normal room-temperature composition to a nearly 1:1 mixture of the 
two isomers. Thus when the sample tube was thawed and shaken, the reaction 
commenced using para-enriched H 2 . 

This effect was demonstrated in a series of experiments shown in Figure 2. 
The trinuclear complex [Rh 3 Cl 2 H 2 (CO) 2 ((Ph 2 PCH 2 ) 2 PPh) 2 ] + (23) serves as a hy
drogénation catalyst, with P h C ^ C H as the substrate in CDC1 3 . For trace a the 
reaction sample was stored under H 2 for several hours at 77 Κ prior to reaction; 
for trace b an identical sample was stored under vacuum at 77 Κ prior to addition 
of "normal" H 2 and immediate reaction; and for trace c the same procedure as 
for trace b was followed, except that para-enriched Η 2 , prepared independently, 
was added just prior to reaction. Normal H 2 was enriched in the para form by 
pressurizing a 250-mL bulb to 1 atm of Η 2 at -196 °C over activated charcoal 
and iron oxide (rust) and allowing it to stand for 24 h at -196 °C. Only traces a 
and c exhibit PHIP. Product resonances are seen in trace b, but without polar
ization because of the absence of para-enriched H 2 . 

Λ_ C 

Figure 2. Ή NMR spectra at 400 MHz showing parahydrogen-induced 
polarization in the resonances of styrene from the reaction of 
[RhChHiiCOMPh.PCHihPPhh]* with PhC=CH in CDCU under H2. Key: a, 
after storage at -196 °C under H2; b> after storage at -196 °C under vacuum 
followed by addition of tank H2; c, after storage at -196 °C under vacuum 
followed by addition of para-enriched H2. The resonances marked χ are due 
to the catalyst complex and those marked ρ are due to excess PhC=CH. 
(Reproduced from reference 23. Copyright 1987 American Chemical Society.) 
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Another feature of the PHIP spectra of Figure 2 is the weaker Ε - A polar
ization of the cis proton signal of styrene at δ 5.59 ppm. This result contrasts 
with the H c i s signal in Figure 1, which possesses only slight and irregular en
hancement. The Ε-A polarization of H d J 5 , which was never part of the original 
parahydrogen molecule, results from cross relaxation by dipolar coupling. 

The decay of polarization in Figure 1 is representative. Enhancements result 
from PHIP decay over periods of minutes. The dominant factor is dipolar re
laxation, as measured by Tu the spin-lattice relaxation time. To increase the 
magnitude and duration of PHIP, we reasoned that deuterated substrates would 
function better by virtue of longer relaxation times of the transferred protons in 
the products. This strategy worked as projected, especially with olefinic sub
strates, for which PHIP was difficult to observe. 

Hydrogénations of styrene-i/8, propylene-cf6, and ethylene-d4 with para-
enriched H 2 and a variety of metal complexes as catalysts have led to im
pressive PHIP of the diproteo alkane products. For example, Figure 3 shows 
the effect in the hydrogénation of styrene-d8 catalyzed by RuH 4 (PPh 3 ) 3 (24). 
Figure 4 illustrates PHIP in the hydrogénation of ethylene-*^ with 
[Rh 3 Cl 2 H 2 (CO) 2 ((Ph 2 PCH 2 ) 2 PPh) 2 ] + as the catalyst (23). The parahydrogen-in
duced polarization for C H D 2 C H D 2 in Figure 4 arises, despite the equivalence 
of the two protons, because it is a complex A A ' X 2 X ' 2 spin system due to H - D 
coupling. 

Recently Bargon et al. (26) demonstrated that similar enhanced absorp
tion-emission patterns can be observed when hydrogénations are performed 
using orthohydrogen, which must be separated by low-temperature chromatog-

4-

r 

- Λ Λ . 

t 

1 I I I I I I I I I I I I I I i I I I I I I > I I I I I I I 1 
-.5 

ppm 

Figure 3. lH NMR spectrum of the reaction of styrene-ds with para-enriched 
Η2 catalyzed by RuH4(PPh3)3 in C6D6 at ~23 °C. Key: a, spectrum taken 
—30 s after thawing from -196 °C; b-e, sequential spectra recorded at 15-s 

intervals. 
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Figure 4. Parahydrogen-induced polarization in the ethane resonances of 
CHD2CHD2. Resonances marked s are due to impurities in the solvent. (Re
produced from reference 23. Copyright 1987 American Chemical Society.) 
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raphy from the para isomer. As expected from the foregoing analysis, the sense 
of polarization is reversed when comparing hydrogénations using ortho- rather 
than parahydrogen (i.e., Ε -A rather than A-E). 

From a reaction mechanism standpoint, the observation of PHIP means that 
the two H atoms added during the hydrogénation reaction must have originated 
as part of the same H 2 molecule. Mechanisms such as those invoked for the 
monohydride catalysts RhH(CO)(PPh 3) 3 (27) and RuHCl(PPh 3) 3 (28-30) have the 
two added hydrogens originating in different H 2 molecules. Consequently, they 
cannot have spins of the added H atoms correlated. The observation of PHIP 
rules definitively against this type of mechanism. A cautionary note must be 
added because NMR spectroscopy is an extremely sensitive technique and the 
magnitudes of polarization are highly variable. Simply put, the occurrence of 
PHIP does not a priori rule out other parallel paths of reaction. Although quan
tification of the magnitudes of PHIP may be a way of tackling this problem, 
further work is needed, both experimentally and theoretically. 

Net Polarization and Magnetic Field Effects 

Early in the course of our studies, polarizations that were observed differed 
greatly from those shown in Figures 1 and 2. Specifically, the resonances of 
product multiplets showed either emission or enhanced absorption (net po
larization) rather than antiphase character (multiplet polarization). An ex
ample occurred in the hydrogénation of propylene-d 6 catalyzed by 
Rh 2 H 2 (CO) 2 (dppm)2 (20). In C 6 D 6 the hydrogénation proceeded with net 
polarization, whereas in C D 2 C 1 2 multiplet polarization was seen. 

In Figure 5, trace a corresponds to the reaction in C D 2 C 1 2 with the 
methylene resonance (δ 1.32 ppm) and the methyl resonance (δ 0.89 ppm) 
of the product propane-d 6 in A - E polarization. In trace b for the reaction 
in C e D 6 , the methylene resonance appears as a single enhanced absorption; 
the methyl resonance is seen as a single emission. The spectrum in trace b 
thus exhibits not only net polarization but also missing lines (each product 
resonance is only a single line rather than a doublet). Interestingly, the net 
polarization appeared more intense and decayed more quickly than the 
corresponding multiplet polarization. 

The basis of net polarization, presented in 1988 by Pravica and Weite
kamp (22), derives directly from zero-field polarization and the notion put 
forth by Glarum (4) of (η - 1) multiplets in field-dependent C I D N P This 
explanation proposes that parahydrogen adds to the substrate prior to place
ment of the sample into the magnetic field of the N M R spectrometer. If the 
hydrogénation takes place without loss of spin correlation while outside the 
magnetic field, the product protons are characterized by the ( α β - β α ) spin 
state even though the symmetry of the H 2 molecule no longer holds. As the 
sample is lowered into the spectrometer, the correlation diagram of Figure 
6 is obtained. The transport of the sample into the field occurs adiabatically 
so that the overpopulation of the ( α β - β α ) state is transferred solely to the 
lower of the α β and β α product states. Thus only one of the spins can 
undergo enhanced absorption; the other is restricted to emission. 
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1 

V u . a 

Figure 5. Ή NMR of the hydrogénation of CjDe by RhiHifCOkidppmh under 
~3 atm of para-enriched H_> at 48 °C. Key: a, reaction run using CD2Ck as 
the solvent; b, reaction run using C 6 D 6 as the solvent. Resonances marked χ 
are from RhiHiiCO^dppm)! catalyst; resonances marked s are solvent peaks. 
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Net Polarizations 

(a) 

ortho 

» 1 \ 
para — ^ 

v a - ν b - 0 
H - 0 

(transfer of H 2 occurs 
outside of field) 

(b) 

~ (αβ + βα) 

~ (αβ - βα) 

(C) 

- αα 

ν - ν a D 

H - i r /G 

ββ 

βο 

αβ 

αα 

ν _v>>J 
Β D 

Η - 10*G 

Η -

Figure 6. Correlation diagram leading to net effect polarization in an HH' 
spin system. Key: a, energy levels for the protons transferred from para-
enriched Η2 to substrate in the absence of a magnetic field (the labels "ortho" 
and "para" indicate the origin of the spin wave functions); h, energy levels in 
the fringe of the magnetic field of the spectrometer with v„ - v/, « J; c, energy 
levels within the high field of the spectrometer with only the αβ product spin 
state overpopulated by correlation with the low-field (αβ - βα) spin state. 
Here the difference in frequency of the two protons becomes much greater 

than the coupling constant J. 

The influence of magnetic field on polarization type is illustrated by the 
hydrogénation of styrene-e/8 in C 6 D 6 using Rh 2H 2(CO)2(dppm)2 as the cat
alyst (24), as shown in Figure 7. When the sample is lowered into the probe 
of the spectrometer immediately after thawing, multiplet polarization occurs 
in the ethylbenzene-c/8 product, as seen in trace a, in which the first of 16 
scans is collected within 30 s of the samples removal from liquid nitrogen. 
This spectrum, characteristic of multiplet PHIP, exhibits both methylene (δ 
2.48 ppm) and methyl (δ 1.05 ppm) protons as absorption-emission (A-E) 
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a 

J v 1 . 

H a 

H b H a 
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Figure 7. lH NMR spectra of the hydrogénation of styrene-d8 by 
Rh2H2(CO)2(dppm)2 under ~3 atm of para-enriched H2 in benzene-da solvent. 
HH and Hi, are the methylene and methyl resonances, respectively, of ethyl-
benzene-dH. Key: a, first scan of the 16-scan spectrum recorded —30 s after 
removing the sample from a liquid N2 bath; b, first scan of a 16-scan spectrum 
recorded starting —140 s after thawing from -196 °C, with the sample re

maining outside of the spectrometer for ~60 s at 23 °C. 

doublets. The difference Δν between the absorption and emission of each 
resonance is equal to the coupling between the two protons (3/IIH = 13 Hz). 
In the unpolarized spectrum of ethylbenzene-d 8, / Η ! Ι coupling is unresolved, 
partly because of additional coupling to deuterium. With multiplet PHIP it 
is readily observed. 

On the other hand, when the sample is allowed to react away from the 
high field of the spectrometer, net polarization is observed. Trace b of Figure 
7 shows the spectrum of the same sample after it was allowed to react away 
from high field for 60 s, with a total of 140 s elapsing from the time of its 
removal from liquid N 2 to the first scan of the 16-scan spectrum. In this 
polarization, the methylene (-COH-) proton is solely in enhanced absorption 
and the methyl ( - C D 2 H ) proton shows only emission. The observed positions 
of these resonances correspond to the downfield absorption and upfield 
emission of the corresponding doublets of trace a. This positioning of lines 
is what would be expected if the ethylbenzene-d 8 spin system were simplified 
to two coupled protons with no additional coupling to deuterium. The en-

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

00
4

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



58 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

ergy-level diagram for this system is that shown in Figure 6, with only the 
α β level overpopulated through adiabatic transport into the field. The ob
served PHIP transitions are thus at vA-l/2j and v%+ViJ. 

The proposal of reaction outside the field followed by adiabatic transport 
into the magnet yields an immediate interpretation of the results of Figure 
5. The sample in C D 2 C 1 2 (Figure 5a) was introduced into the probe at ca. 
-50 °C, leading solely to reaction in the probe and multiplet polarization. 
In contrast, the sample in C 6 D 6 (Figure 5b) was warmed outside the probe 
until thawing at 5 °C. This procedure yielded immediate hydrogénation prior 
to placement in the spectrometer and consequent net polarization. 

Because net polarization results from reaction outside the magnetic field 
of the spectrometer, its decay was anticipated to relate to the spin-lattice 
relaxation time (TJ of the hydrogenated product. The decay of net polari
zation was found to show simple first-order behavior in a plot of In (signal 
intensity) versus time, from which tl/2 of 46 s was obtained for the ethyl-
benzene-c/8 product. This result compares favorably with Tx of ~80 s for the 
protons of ethylbenzene-d 8 measured by progressive saturation (31). 

One important feature of net polarization is the very large signal en
hancements seen relative to multiplet polarization for the same reaction. To 
date we have achieved 200-fold enhancement in the hydrogénation of sty-
rene-rf8 by using Rh 2 H 2 (CO) 2 (dppm) 2 as the catalyst. This value, however, 
is still well below the 10 3-10 4 enhancement predicted to be possible by using 
a 1:1 mixture of ortho- and parahydrogen. Theoretical signal enhancements 
based on the fraction of parahydrogen to total hydrogen can be calculated 
with eq 2 (18). 

where S is signal enhancement; x p is mole fraction of parahydrogen; k is 
Boltzmann's constant (1.381 Χ 1 0 2 3 J · Κ" 1 ) ; Τ is temperature in kelvins; h 
is Plank's constant (6.626 Χ 10"34 J · s); and v 0 is frequency of the applied 

Because net polarization results when hydrogénation takes place prior 
to sample placement in the field, this phenomenon can serve as a qualitative 
indicator of relative rate. For example, RuH 4(PPh 3) 3-promoted hydrogén
ation of P h C = C H in C 6 D 6 yields only net polarization, whereas the same 
reaction promoted by Rh 2 H 2 (CO) 2 (dppm) 2 leads to multiplet alignment. This 
difference suggests that hydrogénation proceeds more rapidly under the 
reaction conditions using RuH 4 (PPh 3 ) 3 . The relative reactivity of substrates 
can be assessed analogously. For RuH 4 (PPh 3 ) 3 in C 6 D 6 , both phenylacet-
ylene and methyl aery late yield net polarization, whereas styrene-d 8 shows 
only multiplet alignment from a similarly handled sample (24). 

(1/3) (4x„ - 1) kT 
3hv{) 

(2) 

field. 
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Competition Experiments 

These results led (31) to the notion of PHIP as a means of investigating 
competition reactions of different substrates. This notion was explored b) 
using styrene-c/8 and ethylene-c/4 in C 6 D 6 with Rh 2H 2(CO)2(dppm)2 as the 
catalyst. These deuterated substrates were chosen over their proteo analog: 
to minimize relaxation effects. In a series of experiments, the initial pressure 
of C 2 D 4 was kept constant while the quantity of styrene-d 8 was varied. Th< 
ethylbenzene-d 8 product in these runs exhibited net polarization; ethane 
d4 appeared as an antiphase multiplet similar to that in Figure 4. The ethane 
d4 polarization was expected to be solely of the antiphase or multiplet type 
because the α β and β α proton spin states of the C H D 2 C H D 2 product an 
of the same energy. The similarity obviates selective overpopulation of one 
of them on transport of the sample into the field. 

For a series of runs of the same sample under "fresh" para-enrichec 
hydrogen, the ratio of ethylbenzene-c/8 to ethane-d 4 increased. Figure t 
shows the first spectrum of three successive runs. In this series the ratio ô 
polarization of ethylbenzene-d 8 to ethane-d 4 increased from 0.15 to 0.46 t( 
1.06. This result is rationalized by the assumption that the hydrogenatior 
of ethylene is more rapid than that of styrene. Therefore, as ethylene i: 
consumed more quickly, the ratio of [styrene]Methylene] increases. As ί 
result, polarization in the ethylbenzene product increases with successive 
runs. 

a b c 
Figure 8. Ή NMR spectra of the competitive hydrogénation of styrene-d* and 
ethylene-dt under ~3 atm of para-enriched H2 in CeDe at ~23 °C. Resonances 
marked χ are from ethtjlbenzene-dH, and those marked ζ are from ethane-di. 
Key: a, spectrum after 60 s from thawing, which exhibits an enhancement ratio 
(ethylbenzene-d^ethane-di) of 0.15; b, spectrum after 300 s under fresh para-
enriched H2, showing an enhancement ratio of 0.46; c, spectrum after 600 s 

under fresh para-enriched H2y showing an enhancement ratio of 1.06. 
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Plots of polarization decay were made for both products in each run. 
Surprisingly, the decay rate for the two products appeared to be the same 
in each run. Moreover, the values obtained were similar to those determined 
from analogous runs involving only single substrates. Although the feasibility 
of competition experiments based on PHIP has been demonstrated at least 
in concept, practical application appears limited because of an inability to 
quantify the magnitude of parahydrogen-induced polarization. 

Hydrogénations by Ruthenium Complexes 

The occurrence of PHIP means that the two H atoms added to substrate 
during hydrogénation originate from the same H 2 molecule and maintain 
correlation during the hydrogénation process. Two well-known homogene
ous hydrogénation catalysts of ruthenium that have been examined from a 
mechanistic standpoint using PHIP are RuH 4 (PPh 3 ) 3 and RuHCl(PPh 3 ) 3 . 

The tetrahydride species readily exchanges H 2 and has recently been 
shown to be a dihydrogen complex (32-36). The hydrogénation of styrene-
d8 catalyzed by RuH 4 (PPh 3 ) 3 in benzene-d 6 under 2-3 atm of para-enriched 
hydrogen yields strong multiplet polarization, as shown in Figure 3. The 
polarization, observable for up to 2 min, decays exponentially with a first-
order rate constant of 0.044 s"1. During this period the broad hydride res
onance of RuH 4 (PPh 3 ) 3 at δ -7.52 ppm is observable and remains unchanged. 
When methyl acrylate and the alkynes P h C = C H , t - B u C = C H , and Me-
O C H 2 C = C H are employed as substrates, the polarization changes dramat
ically to a net effect indicative of a faster reaction for these substrates relative 
to styrene-d 8 (24). In these experiments, the sample tubes are treated iden
tically, with immediate insertion into the probe of the spectrometer upon 
sample thawing. 

RuHCl(PPh 3 ) 3 is another active catalyst for olefin hydrogénation. A l 
though its mechanism for catalysis has not been established definitively, it 
is thought to function via phosphine loss, olefin coordination, insertion into 
the R u - H bond followed by hydrogenolysis ( H 2 addition and alkane elimi
nation) (28-30). Hence, the two hydrogen atoms transferred to the substrate 
are thought to originate from different H 2 molecules, and catalysis by 
RuHCl(PPh 3 ) 3 would not be expected to produce PHIP. However, when 
RuHCl(PPh 3 ) 3 is used to catalyze hydrogénation of styrene-d 8 in C D C 1 3 or 
C D 2 C 1 2 under para-enriched H 2 , A - E polarization of the methylene and 
methyl resonances of ethylbenzene-t/8 is observed, albeit of much smaller 
magnitude than that obtained from RuH 4 (PPh 3 ) 3 (24). The polarization de
cays within 90 s, but it can be regenerated by evacuation and addition of 
more parahydrogen. PHIP thus establishes that for at least some fraction of 
the product, hydrogénation takes place with pairwise transfer of H 2 to sub
strate. 
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That RuHCl(PPh 3 ) 3 is not the primary active catalyst in this reaction is 
suggested by l H N M R observations of the upfleld hydride region. At room 
temperature, a solution of RuHCl(PPh 3 ) 3 under N 2 exhibits a hydride res
onance as a sharp quartet in either C D 2 C 1 2 (δ -18.22 ppm; / P ! l = 26 Hz) 
or C D C 1 3 (δ -17.85 ppm; / P H = 26 Hz). The complex is fluxional, as has 
been confirmed by low-temperature lH N M R studies (24). In contrast with 
the behavior under N 2 , when RuHCl(PPh 3 ) 3 is placed under H 2 at 298 K, 
the hydride resonance appears broad and without coupling. Under D 2 

(~3 atm) it disappears within seconds, indicative of facile exchange. 
When examined under catalytic hydrogénation conditions, the hydride 

resonance shows strikingly different behavior. In the presence of styrene in 
C D 2 C 1 2 under ~3 atm of either H 2 or D 2 , a quartet similar to that for the 
complex under N 2 is observed. Moreover, in experiments using D 2 there 
is no reduction in hydride intensity for up to 2 h, during which several 
turnovers of ethylbenzene-c/2 are noted. Only after styrene has been con
sumed is loss of hydride intensity observed. 

Although it appears that olefin substrate suppresses h y d r i d e - H 2 (or D 2 ) 
exchange, no olefin complex [i.e., RuHCl(PPh3)(olefin)] is observed when 
RuHCl(PPh 3 ) 3 and substrate (styrene-dg, methyl acrylate, or 1-hexene) are 
combined in C D 2 C 1 2 at -66 °C. Because the same hydride resonance as seen 
in the absence of substrate under N 2 is observed, rapid exchange of significant 
amounts of free and complexed olefin can be excluded. Although these results 
might at first appear contradictory, they do indicate that RuHCl(PPh 3 ) is 
not the active hydrogénation catalyst nor is it connected to the active catalyst 
by an equilibrium rapid on the N M R time scale. 

Observations suggestive of an active catalyst capable of PHIP are noted 
when hydrogénations catalyzed by RuH 4 (PPh 3 ) 3 are carried out in halogen-
ated solvents (CDC1 3 or C H 2 C 1 2 ) . The color of these reaction solutions 
changes from colorless to purple-red, and the same hydride resonance seen 
in RuHCl(PPh 3) 3-catalyzed systems is noted. In concordance with this color 
change, the intensity of PHIP is greatly diminished. Thus in halogenated 
solvents, the nature of the RuH 4 (PPh 3 ) 3 catalyst system changes to that of 
RuHCl(PPh 3 ) 3 systems (24). 

A species capable of hydrogénation by pairwise hydrogen transfer 
and therefore of yielding PHIP is RuH 2 (PPh 3 ) 3 , which forms readily 
from RuH 4 (PPh 3 ) 3 and can be generated by dehydrohalogenation from 
RuHCl(PPh 3 ) 3 . This latter pathway has in fact been proposed previously (37, 
38), and the species RuH 2 (PPh 3 ) 3 has been invoked as an intermediate in 
RuH 4(PPh 3) 3-catalyzed hydrogénations (39, 40). We therefore suggest that 
even in halogenated solvents, if PHIP is observed, a small amount of 
RuH 2 (PPh 3 ) 3 is present as an active catalyst. The qualitative differences in 
the magnitudes of PHIP, large for RuH 4 (PPh 3 ) 3 catalysis in C 6 D 6 and weak 
for RuHCl(PPh 3 ) 3 in halogenated solvents, support this notion. 
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Hydrogénation using the asymmetric hydrogénation catalyst Ru-
(binap)(OAc)2, which was synthesized and studied by Noyori et al. (41, 42), 
was also examined by using PHIP. 

(S)-BINAP 

Because most of the reported reaction chemistry using this catalyst 
employed protic solvents, the intermediacy of a monohydride species formed 
via protonation was possible. Although the hydrogénation of prochiral sub
strates proved to be too slow under mild conditions to show any N M R 
polarization in the products, a number of simpler olefins and alkynes were 
found to react faster and yielded PHIP. For example, Figure 9 shows the 
multiplet polarization observed in the hydrogénation of methyl acrylate using 
Ru(binap)(OAc)2 under para-enriched H 2 . This result contrasts with the net 
polarization seen for RuH 4 (PPh 3 ) 3 with the same substrate. The duration of 
the PHIP in Figure 9 is short (<1 min), as would be expected because of 
the short relaxation times of the product protons. Similar results were 
achieved by using allyl alcohol as the substrate, although the PHIP was 
significantly less pronounced. At this point, it is uncertain if all of the H 2 

transfers in these Ru(binap)(OAc)2-catalyzed hydrogénations take place pair-
wise or if the polarizations result from only a small percentage of reaction 
via pairwise transfer. 

The hydrogénation of P h C ^ C H catalyzed by Ru(binap)(OAc)2 in C D 2 C 1 2 

or C D 3 O D under ~3 atm of para-enriched H 2 provided a significant con
trast to other hydrogénations of this substrate using binuclear and tri-
nuclear complexes as catalysts. Figure 10 shows the spectrum observed 
~36 s after thawing from -196 °C and insertion into the spectrometer probe 
at 53 °C. The striking features of the PHIP in this hydrogénation are 

1. the approximately equal A - E polarizations of the trans and 
cis proton resonances of the styrene product, 
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JJU a 

• j ι ι ι I J I I I 1 j I " 

8 . 0 7 5 7 . 0 

ι ι I I I I I j I I I I j I I j 

6 . 5 6 0 5 . 5 2 . 5 

- τ γ τ τ τ η 
1 ύ 

Figure 9. lH NMR spectrum of the reaction of methyl acrylate with para-
enriched Η2 catalyzed by Ru(binap)(OAc)2 in CD3OD. Key: a, spectrum taken 
~37 s after thawing from -196 °C and insertion into the spectrometer probe 
at 53 °C; by spectrum taken after ~I50 s of reaction in probe. Resonances 
between δ 6.0 and 6.7 ppm are due to excess methyl acrylate and between δ 

6.8 and 8.1 ppm are due to Ru(binap) catalyst. 

2. a simple A - E pattern for the gem proton, 

3. a long-lasting polarization with a distinctly non-first-order de
cay, and 

4. significant PHIP in the secondary hydrogénation product 
ethylbenzene. 

Points 1 and 2 are illustrated by comparing Figure 10 with Figures 1 
and 2. 

The differences in PHIP for P h C = C H hydrogénation must be supported 
by differences in the mechanism of hydrogénation for the various catalyst 
systems examined. For the binuclear and trinuclear complexes, the cis pro
ton polarization was variable and weak, and the gem proton appeared as an 
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- C H r I 
-CH 3 

Figure 10. lH NMR spectra of the reaction of PhC=CH with para-enriched 
H2 catalyzed by Ru(binapXOAc)2 in CD3OD at 53 ° C . Peaks marked s are from 

orthohydrogen or methanol-dv 

A - E - A - E pattern. This observation and additional experiments with labeled 
substrate show that hydrogénation catalyzed by the bi- and trinuclear com
plexes takes place by cis addition across the triple bond. The weak polari
zation in the cis proton resonance of the product styrene thus arises from 
cross relaxation. 

In contrast, the results from using Ru(binap)(OAc)2 as the catalyst sup
port the notion that for phenylacetylene hydrogénation, the catalysis pro
ceeds in a nonstereoselective manner. One of the protons originating on the 
parahydrogen molecule adds to the gem position; the other ends up in either 
the cis or trans position of the product styrene with approximately equal 
probability. Thus, the catalysis does not proceed by simple cis addition. 

Also of note in the hydrogénation of P h C ^ C H by Ru(binap)(OAc)2 is 
the pronounced polarization in the resonances of the secondary product 
ethylbenzene. This feature contrasts with observations in the hydrogénation 
of styrene-ii 8 catalyzed by Ru(binap)(OAc)2, in which only weak PHIP occurs 
in the ethylbenzene-cf8 resonances. The difference between these results is 
rationalized by the notion that in P h C = C H hydrogénation, the substrate 
remains coordinated throughout the double hydrogénation, but with styrene 
as the substrate the initial binding of substrate is unfavorable. An overall 
slower rate is manifested by a lower PHIP intensity. 

Oxidative Addition Reactions 

In the hydrogénation reactions described, the polarization was observed 
only in the organic product; the role of the metal catalyst was not considered. 
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The process of Η 2 oxidative addition is of central importance in homogeneous 
catalysis. Therefore, several complexes with well-understood H 2 addition 
chemistry were examined to focus on the interactions of para-enriched H 2 

with the metal center. The reaction chemistry essential to understanding 
these interactions, shown in eq 3, corresponds to the oxidative addition of 
H 2 to iridium(I) complexes of the type IrX(CO)(p-p), where p-p is 
P h 2 P C H 2 C H 2 P P h 2 (dppe) (43), m - P h 2 P C H = C H P P h 2 (dppv) (44), and o 
( P h 2 P ) 2 C 6 H 4 (dppb) (44). 

Η 

O s C - l r - P ^ + H 2 H _ , r _ p ^ (3) 

c 
III 
ο 

The Ir(III) ds-dihydride product of eq 3 forms stereoselectively and 
under kinetic control. At longer reaction times, conversion to a thermody-
namically preferred isomer takes place (39). However, in the context of PHIP 
only the cts-dihydride is important. The thermodynamically preferred isomer 
forms slowly relative to both proton relaxation and orthohydrogen-
parahydrogen equilibration in solution, obviating the possibility of PHIP in 
its hydride resonances. 

The reaction of a C D 2 C 1 2 solution of IrBr(CO)(dppb) under 3 atm of 
para-enriched H 2 yields the N M R spectrum shown in Figure 11. This 
spectrum, taken after 1 min of reaction, shows polarized resonances at δ 
-8.73 and -9.32 ppm corresponding, respectively, to the hydride trans to 
Ρ and the hydride trans to C O of the kinetic isomer. In this spectrum, each 
of the 3 1 P coupled lines exists as an Ε - A doublet with a splitting between 
the emission minimum and absorption maximum of 3.7 Hz corresponding 
* ° / H H coupling, which is not resolved in the unpolarized spectrum. From 
the phase of the doublets as Ε - A rather than A - E , the sign of / H H can be 
assigned as negative. At 23 °C, PHIP due to these hydrides has been ob
served to last for up to 5 min. 

Only multiplet polarizations are seen; reaction within the magnetic field 
of the spectrometer yields the observable polarization. Because the kinetic 
dihydride product of eq 3 forms immediately upon shaking the sample out
side the spectrometer, any net polarization must decay too quickly to be 
seen. This conclusion was supported by independent Tx measurements of 
the hydrides, which were found through the inversion-recovery method to 
be 1.49 s for H trans to Ρ and 0.73 s for H trans to C O . The observed 
multiplet polarization thus results from the reversibility of H 2 oxidative 
addition, which continues in the probe. 

The process of oxidative addition-reductive elimination has also been 
established to equilibrate ortho- and parahydrogen (18, 19, 22, 45). Despite 
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Figure 11. 7/ NMR spectrum at 400 MHz oflrll2Br(CO)(dpph)formed in the 
reaction of lrBr(CO)(dpph) with ~3 atm of para-enriched H2 in CD2Cl2 at 48 
°C, 40 s after thawing from-196 °C. (Reproduced from reference 46. Copyright 

1989 American Chemical Society.) 

generating newly polarized product, this process would ultimately remove 
parahydrogen enrichment and eliminate PHIP. This prediction is supported 
by the fact that raising the reaction temperature to 48 °C increases the rate 
of H 2 oxidative addition-reductive elimination, thus hastening equilibration 
of the orthohydrogen-parahydrogen mixture in solution. If the rate of equil
ibration is increased, the duration over which PHIP is seen is shortened to 
less than 3 min. However, gas-solution mixing in an N M R tube and hence 
the relative enrichment of parahydrogen over the solution are little affected 
on this time scale. As an illustration, after shaking the sample tube and 
reinserting it into the spectrometer, nearly identical PHIP is reestablished. 
At room temperature, the orthohydrogen-parahydrogen mixture of the en
tire closed system is equilibrated on standing over a period of hours. These 
observations indicate that the rate of PHIP decay is due to a combination 
of proton relaxation, reaction to generate newly polarized product, and de
pletion of the parahydrogen enrichment in solution. 

The magnitude of enhancement of polarization has been estimated semi-
quantitatively in two ways. The first method involves measurement of the 
relative peak heights of the polarized hydride resonances compared to those 
when the PHIP has decayed. This method resulted in enhancements of up 
to 23-fold by comparing the peak difference between the absorption maxi
mum and the emission minimum. As peak height is commonly used in the 
measurement of relaxation times, this procedure has some merit. However, 
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line-shape variations and signal-to-noise ratios introduce errors. Alterna
tively, integration of peak areas of polarized versus unpolarized resonances 
gives an estimate of enhancement. By using this method, 12-fold enhance
ments were measured for the same spectrum. 

Dipolar Relaxation and Yolarization Transfer to Other Nuclei 

The notion of dipolar relaxation together with the establishment of non-
equilibrium proton spin populations through chemical means using parahy
drogen suggested the possibility that these spin populations could be trans
ferred to other nuclei, resulting in polarization and signal enhancement in 
their resonances. These studies commenced by using the chemistry of eq 3 
and 3 1 Ρ N M R spectroscopy to determine if the oxidative addition of para
hydrogen would lead to polarization in the 3 1 Ρ resonances of the phosphine 
donors of the product dihydride complex (46). 

As seen in trace a of Figure 12 for the dppb system, polarization transfer 
does indeed occur. The two 3 1 Ρ resonances show antiphase polarization with 
a signal enhancement of ~7.4 estimated from integration relative to the 
normal spectrum of IrH 2Br(CO)(dppb), trace b, taken several minutes later. 
The 3 1 Ρ polarization decays over a period of ~3 min, similar to the decay 
of lH polarization in the hydride resonances already discussed. 

For Ρ trans to one hydride and cis to the other, phosphorus-proton 
coupling yields a doublet of doublets or, if J?Hcis is unresolved, a doublet 
of broad resonances. Trace a of Figure 12 shows that this resonance at δ 
21.3 ppm exhibits strong Ε - A polarization with a peak separation corre
sponding to the sum of 2JPHtrans + 2JpnCis (148.0 and 14.8 Hz). The two 
inner lines of this doublet of doublets are not observed; an explanation for 
their absence and the observed polarization is offered later. The other 3 l P 
resonance at δ 34.2 ppm for the phosphorus cis to both hydrides exists as a 
weaker Ε - A pattern with a separation of 34 Hz or approximately twice 
2JPHcis. In this multiplet polarization, only the outer lines of the expected 
triplet are seen, with the central line absent. The polarization of the reso
nance at δ 34.2 ppm is temperature-dependent, with the Ε - A pattern 
stronger and better defined at 48 °C than at 23 °C. Its duration is very short
lived, however. It is observed only during the first minute after thawing 
from 77 K, possibly because the phosphorus cis to both hydrides experiences 
dipolar relaxation by each one, which leads to more rapid loss of any non-
equilibrium spin population. 

For the other IrH 2Br(CO)(P-P) complexes formed by oxidative addition 
of parahydrogen, polarization transfer to 3 1 P yielded similar results. The 
more pronounced effect was observed in the resonance of the phosphorus 
trans to one of the hydrides. All examples show an Ε - A phase, a peak 
separation of 2]mtrans 4- 2]mcis, and an estimated signal enhancement of 
6-10-fold. Experimentally, the spectrum generated by using parahydrogen 
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(c) 

(b) 

(a) 

-J L 
35 

J L -0—I I L· 
30 ppm 25 20 

Figure 12. nΡ NMR spectra at 162 MHz of IrH2Br(CO)(dppb) formed in the 
reaction of lrBr(CO)(dppb) with ~3 atm of para-enriched H2 in CD2Cl2 at 48 
°C. Key: a, 42 s after thawing from -196 ° C , 16 scans; b, 2 min later, 16 scans; 
c, INEPT spectrum of the same sample with room-temperature equilibrium of 
ortho- and parahydrogen, 64 scans with J = 148 Hz for lA] delay in pulse 
sequence. (Reproducedfrom reference 46. Copyright 1989 American Chemical 

Society.) 

(Figure 12, trace a) can be duplicated by using the I N E P T pulse sequence 
(46). This spectrum is shown as trace c in Figure 12. In INEPT, the hydride 
nuclear spin populations are selectively inverted through a pulse sequence 
to give antiphase character in the *H resonances. These population differ
ences are transferred onto the 3 i P transitions. With PHIP, the lH populations 
are perturbed chemically, with the population differences transferred to 3 1 P 
by dipolar relaxation. 

The observed polarization in the resonance of Ρ trans to Η can be 
understood in terms of the energy-level diagrams of Figure 13 for the H H ' P 
(ABX) spin system, with individual level spin functions designated in the 
order H t r a n s H c i s P . In Figure 13a, only the lH α β and β α levels are over-
populated as a result of the oxidative addition reaction using parahydrogen. 
Upon introduction of coupling with / mtrans > 0 and / mcis < 0, the level 
ordering is modified to that of Figure 13b. Dipolar relaxation via two-quan
tum transitions is distance dependent. Therefore, it occurs preferentially 
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(a) (b) (c) 

Figure 13. Energy-level diagrams for the HH'P (ABX) spin system with in
dividual spin designations in the order o/H, r u n s H c i s P. Key: a, no31 Ρ-1 H coupling. 
Only the Ή αβ and βα levels are overpopulatedfrom addition of para-enriched 
H2; hy the same diagram after introduction of couplings with Jwtrans > 0 and 
Jp//cis < 0 with dipolar relaxation between levels connected by dotted lines; c, 
ordering after dipole-dipole relaxation, with enhanced transitions shown as 
solid arrows. (Reproduced from reference 46. Copyright 1989 American Chem

ical Society.) 

through cis partners, as shown by the dotted lines on Figure 13b for H c i 5 - P 
and H - H , and leads to the energy-level diagram given as Figure 13c. Only 
two levels, α β α and β α β, remain unaffected and, by virtue of parahydrogen 
addition, overpopulated. The 3 l P N M R transitions in enhancement are 
shown in Figure 13c by the solid arrows; those that are absent are indicated 
by dotted arrows. This analysis requires JPHtrans to be positive and JPHcis 
to be negative in order to get the separation between the emission and the 
enhanced absorption to equal JPHtrans + | / P H C M -

These experiments with iridium-phosphine complexes show that PHIP 
can be used to polarize and enhance N M R signals of less sensitive nuclei. 
The conditions necessary for this enhancement are that the less sensitive 
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nucleus has a positive nuclear Overhauser effect (NOE) with a proton that 
was originally part of a parahydrogen molecule, and the parahydrogen mol
ecule undergoes pairwise addition without loss of spin correlation. This 
approach can be applied to i 3 C nuclei in the hydrogénation reactions de
scribed earlier. Herein a preliminary observation is presented in support of 
this notion, in which polarization is found in the 1 3 C N M R spectrum of a 
hydrogénation product (31). 

The reaction leading to this result involves the hydrogénation of styrene-
dH that has been selectively labeled in the α position with l 3 C . The catalyst 
for this reaction is Rh 2 H 2 (CO) 2 (dppm) 2 in C 6 D 6 . The PHIP obtained in the 
*H N M R spectrum shows a 1 3 C coupling of 125 Hz to the polarized methylene 
proton of the ethylbenzene-c/8 product. When the reaction was performed 
and monitored by l 3 C N M R spectroscopy, the results of Figure 14 were 
obtained. Specifically, trace a shows a 32-scan spectrum of the reaction, with 
the first acquisition occurring approximately 2 min 40 s from the time when 
the sample was thawed and shaken to commence reaction. The second trace, 
b, is a 32-scan spectrum taken approximately 1 min later, in which all po
larization is gone. Trace a shows the viability of polarization transfer to l 3 C 

1 , 1 1 1 1 1 1 r 

30 ppm 25 

Figure 14. ,:iC NMR spectra at 125 MHz of the hydrogénation of a-nC-styrene-
d* by RhiH^COhidppm)* under ~3 atm of para-enriched H2 in benzene-άβ 
solvent. Key: a and b are sequential 32-scan spectra recorded at reaction times 

of 160 and 200 s, respectively. 
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and clearly reveals both the deuterium-carbon and proton-proton couplings. 
With shorter delays from the time of commencing reaction to the beginning 
of data acquisition, we anticipate more greatly enhanced effects. 

The polarization transfer in the spectrum of a- l 3 C-ethylbenzene-d 8 can 
be analyzed using a cross relaxation mechanism via N O E similar to that done 
for 3 1 P. If the effects of deuterium coupling are ignored, a- 1 3C-ethylbenzene-
dH can be reduced to an A B X spin system. In Figure 15a, the nuclear spin 
energy levels for this system are shown with the spin designators in the 
order H a H , , C . The initial overpopulation of the proton α β and β α levels is 
due to formation of a- 1 3C-ethylbenzene-c/ 8 with parahydrogen. Adjustment 

βββ 

ββα 

ααβ 

αα α 

(a) add1 3C 
coupling (b) 

W,CH 

β β β 

β β α 

β α β 

β α α 
ο β β 
αβ α 

ααβ 
ααα 

βα αα 

ββ αβ 

Figure 15. Energy-level diagram and expected transitions for <x-l3C-
ethylbenzene-d^ showing only the spin designations for the l3C-labeled carbon 
and the two protons. Deuterium coupling is omitted. Key: a, energy levels for 
the H„Hi,C spin system with individual spin designations in the order of H„Hi,C; 
energies are not to scale and arrows indicate dipolar relaxation; b, energy 
levels after introduction of couplings with !]Cna > 2]cnh and with enhanced l3C 

NMR transitions shown as solid arrows. 
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of the level energies to account for proton-carbon coupling with lJCH > 2JCH 

and adjustment of level populations for dipolar relaxation (between α α α and 
β α β , and between α β α and β β β ) yield the diagram shown as Figure 15b. 
The four 1 3 C transitions are thus predicted to be two doublets, each in A - E 
phase. The addition of deuterium coupling leads to the spectrum shown in 
Figure 14. 

Summary and Conclusions 

The relatively new phenomenon of parahydrogen-induced polarization was 
examined in hydrogénation and H 2 oxidative addition reactions. From a 
mechanistic standpoint, the occurrence of PHIP means that the reaction 
proceeds with pairwise addition of two atoms of H 2 into magnetically distinct 
sites and that, in the course of the addition, the two atoms maintain spin 
correlation and coupling. For PHIP to occur, a para-enriched H 2 atmosphere 
must be employed. This atmosphere can be generated independently or by 
storage of a sealed reaction sample under H 2 for several hours at 77 Κ prior 
to reaction. 

Two types of polarization were found. The first corresponds to a multiplet 
effect in which the lines of a multiplet resonance show both absorption and 
emission. The second, which is termed a net effect, shows individual res
onances in emission or enhanced absorption, but with lines missing in the 
spectrum. The net effect is closely related to the (η - 1) multiplet effect in 
CIDNP. The difference in polarization relates to the rate of reaction relative 
to placement of the sample into the magnetic field of the spectrometer. 
Sizable signal enhancements are possible with PHIP and may allow obser
vation of previously undetected species. 

Several homogeneous catalysts of Ru were examined by using PHIP. 
For RuII 4 (PPh 3 ) 3 large polarizations are obtained; for RuHCl(PPh 3 ) 3 the po
larization is significantly weaker. In halogenated solvents, the RuH 4 (PPh 3 ) 3 

catalyst system changes to that of the RuIICl(PPh 3) 3 system. One species 
proposed to be active for both catalyst systems and capable of generating 
PHIP is RuH 2 (PPh 3 ) 3 . The asymmetric hydrogénation catalyst Ru(binap)-
(OAc) 2 was also examined and found to produce PHIP in the hydrogénation 
of model substrates such as methyl acrylate and allyl alcohol. 

The oxidative addition of H 2 to the complexes IrBr(CO)(p-p) proceeds 
in a concerted way, and when para-enriched hydrogen is employed, im
pressive polarization is observed in the hydride resonances of the product. 

The notion of dipolar relaxation together with chemical perturbation of 
proton spin populations by para-enriched H 2 led to the observation of po
larization transfer to other nuclei. Specifically, enhancement in 3 1 Ρ and I 3 C 
resonances is found in systems exhibiting PHIP when dipolar relaxation 
pathways connect a proton originally on a parahydrogen molecule and the 
less sensitive nucleus of interest. This may have application for signal en
hancement in homogeneously catalyzed reactions involving H 2 . 
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5 

The Tricarbonylhydridocobalt-Based 
Hydroformylation Reaction 

A Theoretical Study 

Tom Ziegler and Louis Versluis 

Department of Chemistry, University of Calgary, Calgary, Alberta T2N 1N4, 
Canada 

Density functional calculations have been carried out on the mech
anism proposed by Heck and Breslow for the hydroformylation pro
cess based on tricarbonylhydridocobalt [HCo(CO)3]. Geometries and 
relative energies were determined for intermediates involved in each 
elementary step. Reaction profiles were further traced by an ap
proximate linear transit procedure. 

THE O X O O R H Y D R O F O R M Y L A T I O N R E A C T I O N , discovered in 1938 by Roe-

len, is used on a large industrial scale (1-3) to convert olefins and synthesis 
gas into aldehydes. The process employs homogeneous catalysts based on 
cobalt (1-3) or rhodium (4). The most commonly used precatalyst is 
HCo(CO) 4 , which is generated in situ from the hydrogénation of C o 2 ( C O ) 8 

by H 2 . 
A mechanism for the cobalt-based hydroformylation process was first 

proposed by Heck and Breslow (5) in 1961 (Scheme I). The catalytic cycle 
in Scheme I consists of a number of elementary reaction steps (a-e) that we 
will discuss. The emphasis of the investigation lies on the identification of 
the equilibrium geometries and the relative energies of stable intermediates 
in Scheme I. The energy profile of the reaction paths connecting the inter
mediates will be modeled by an approximate linear transit procedure (6, 7). 

0065-2393/92/0230-0()75$06.00/0 
© 1992 American Chemical Society 
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HCo(CO)4 

Scheme I. 

Computational Details 

The calculations were all based on the Hartree-Fock-Slater (HFS) model 
as implemented by Baerends and co-workers (8, 9). With it we used the 
latest version of the fully vectorized H F S - L C A O - S T O program developed 
by Ravenek (10). The bonding energies were calculated by the generalized 
transition-state method (II, 12) in conjunction with Becke's (13) nonlocal 
exchange corrections, as well as corrections to allow for correlations between 
electrons of different spins (14). The numerical integration scheme employed 
in this work was formulated by Becke (15). 

An uncontracted triple-ζ Slater-type orbitals (STO) basis set (16) was 
used for the 3s, 3p, 3d, 4s, and 4p shells of cobalt. The 2s and 2p shells of 
C and Ο and the Is shell of Η were described by a double-ζ STO basis set 
(16, 17), which was extended with one polarization function (2p on Η and 
3d on C and O). The electrons in the lower energy shells on Co, C , and Ο 
were considered as core electrons and treated by the frozen-core approxi
mation method according to Baerends and co-workers (8, 9). All molecular 
structures were optimized within the C s symmetry group. The geometry 
optimizations were carried out according to the algorithm developed by 
Versluis and Ziegler (18). 
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Application of Density Functional Methods to Organometallic 
Substances 

Calculations on metal carbonyls (19), binuclear metal complexes (20), alkyl 
and hydride complexes (21-23), and complexes containing metal-ligand 
bonds for a number of different ligands (24) have shown that the approximate 
density functional method employed here affords metal-ligand and 
metal-metal bond energies of nearly chemical accuracy ( ± 5 kcal mol"1). 
Approximate density functional methods have also been tested in connection 
with vibrational frequencies (25), conformational energies (6, 7), trip
let-singlet separations (26), and transition-state structures (27). More than 
50 molecular structures optimized by approximate density functional theory 
have been compared with experiment (18). The agreement between exper
iment and approximate density functional theory is excellent in most cases. 
The present method has also been applied to a study of C - H activation by 
late transition metals (28), as well as organosilane polymerization (29) and 
halogen abstraction by metal carbonyls (30). 

Dissociation of CO from HCo(CO)4 To Form the Catalyst 
HCo(CO)3 

The initial key step (a of Scheme I) in the hydroformylation process is rep
resented by the dissociation of a C O ligand from HCo(CO) 4 . The dissociation 
process results in the formation of the catalytically active species tricarbon-
ylhydridocobalt [HCo(CO) 3] (eq 1). 

HCo(CO) 4 HCo(CO) 3 + C O (1) 

The dissociation is assumed to take place prior to, or in concert with, the 
complexation of an olefin leading to the olefinic ττ complex H C o ( C O ) 3 ( η 2 

olefin) (step b of Scheme I). The coordinatively unsaturated 16-electron 
species, HCo(CO) 3 , has been identified by matrix isolation techniques (31), 
but its structure is unknown. We explored (6, 7) possible structures for 
HCo(CO) 3 . Our investigation was confined to singlet states of H C o ( C O ) 3 

because the carbonyl dissociation process of eq 1 probably takes place on 
the singlet surface. 

The precatalyst H C o ( C O ) 4 has (6, 7) a trigonal bipyramidal (TBP) ground-
state conformation with the hydride in an axial position. Dissociation of either 
an equatorial or axial C O ligand from H C o ( C O ) 4 will thus give rise to l a 
and lb , respectively. 

In our calculations both l a and l b constitute local minima on the singlet 
surface of HCo(CO) 3 . We calculate H Co (CO ) 3 with the butterfly shape (la) 
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1b 

to be 38 kj mol 1 lower in energy than the trigonal-shaped H C o ( C O ) 3 species, 
lb . The equatorial (HCo(CO) 4 - * la) and axial [HCo(CO) 4 lb] C O dis
sociation energies were found to be 186 and 224 kj mol" 1 , respectively. The 
C O dissociation energies for the d 8 complex HCo(CO) 4 are not known ex
perimentally. However, our calculated values compare well with an exper
imental (32) (singlet) dissociation energy of 183 kj mol" 1 in the d 8 complex 
Fe(CO) 5 . The energy required to convert the precatalyst H C o ( C O ) 4 into the 
active coordinatively unsaturated 16-electron species H C o ( C O ) 3 of structure 
la (186 kj mol 1 ) is substantial. We shall show that step a is the most en
ergetically demanding of the steps in Scheme I. 

Some experimental evidence for the existence of H C o ( C O ) 3 in different 
configurations was given by Sweany and Russell (33, 34), who inferred on 
the basis of results from the photolysis of HCo(CO) 4 in an argon matrix that 
H C o ( C O ) 3 forms two isomers consistent with structures la and lb . 
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Olefin Insertion into the Co-Η Bond 

The active catalyst H C o ( C O ) 3 of conformation la combines in step b of 
Scheme I with olefin to generate a ir-olefin complex where C 2 H 4 is coor
dinated to the vacant equatorial site and the C - C bond is placed either in 
the equatorial plane (2a) or parallel to the C o - Η bond (2b). Conformation 
2a was, as one might expect (35), calculated (7, 36) to be more stable than 
2b. However, the difference is only 20 kj mol l , and the C o - C 2 H 4 bond 
energy in 2a was estimated to be 70 kj mol" 1. 

According to step c of Scheme I, the olefin will undergo a migratory 
insertion into the C o - H bond after its complexation, and thus form an ethyl 
complex. 

HCo(CO) 3 en 2 -C 2 H 4 ) - » C o ( C O ) 3 C 2 H 5 (2) 

Only 2b has the proper relative orientation of ethylene and the hydride for 
the insertion. Conformation 2a must, as a consequence, rearrange to 2b 
before the process in eq 2 can take place. The reaction profile for the insertion 
is shown in Figure 1. The insertion process 2b —» 3a is exothermic by 8 kj 
mol 1 and has a small activation barrier of 5 kj m o l 1 . The calculated exo-
thermicity and modest activation for the process is in agreement with the 
experimental observation. Thus, the migration of a hydride to a coordinated 
olefin group is observed experimentally to be very facile (37). In fact, the 
hydride-olefin insertion reaction has, with a few exceptions (38), rarely been 
directly observed. As a consequence, metal complexes containing both hy
dride and olefin are scarce. 
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Reaction Coordinate 
Figure 1. Energy profile of the hydride migration to the ethylene group in 

HCo(CO)^f\2-C2H4). The energy zero refers to structure 3a. 

ο 

3a 

A hydrogen atom bound to carbon can interact weakly with a metal 
center. We shall in the following refer to such an interaction as agostic. The 
optimized structure, 3a, for the resulting ethyl complex exhibits a clear 
agostic interaction between a β-hydrogen and the vacant metal center. 

However, under catalytic conditions, with P ( : o = 200-300 atm, the 
coordinatively unsaturated complex 3a will coordinate a C O ligand to form 
the saturated complex, C 2 H 5 C o ( C O ) 4 , with the ethyl group in the equatorial 
position (3b). The coordinatively saturated ethyl complex of conformation 
3b can subsequently rearrange to the more stable (6) conformation 3c, in 
which the ethyl group is in the axial position, by a Berry pseudorotation for 
which the activation energy is predicted (39) to be low. 
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3b 3c 

We might conclude that the olefin insertion into the C o - Η bond (steps 
b and c of Scheme I) is very facile. Thus the olefin insertion should not 
constitute a bottleneck in the hydroformylation process. 

Migratory Insertion of Alkyl into the Co-CO Bond 

We modeled (6, 7) the migratory insertion process (step d of Scheme I) with 
C H 3 C o ( C O ) 4 (4) rather than C 2 H 5 C o ( C O ) 4 . 

RCo(CO) 4 -> RC(0)Co(CO) 3 (3) 

101 
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The process in eq 3 could in principle proceed by an insertion of a cis-CO 
into the C o - C H 3 bond. This insertion would produce the coordinatively 
unsaturated complex, 5a, with the acyl group in an axial position. Alterna
tively, the methyl group might migrate to a cis-earbonyl and thus form 
complex 5b with the acyl group in an equatorial position. Perhaps not sur
prisingly, we find that the energy profile for the C O insertion, 4 —> 5a, into 

5a 

5b 
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the C 0 - C H 3 bond (Figure 2a) has a prohibitively high activation barrier of 
200 kj mol" 1 . C O insertion, as a consequence, cannot be a viable mechanism 
for the process in eq 3. 

The migration of C H 3 to the cis~CO ligand, 4 —> 5b, was calculated 
(Figure 2b) to have an endothermicity, ΔΗ, of 71 kj mol" 1 and a very modest 
activation barrier, Δ£* , of only 9 kj mol" 1 . Thus the C H 3 migration, 4 —» 
5b, seems to be favored as the mechanism for the process in eq 3. The 
calculated reaction enthalpy and activation barrier for 4 —» 5b compare well 
with an earlier study (40) on the C H 3 - » C O migration in C H 3 M n ( C O ) 5 . In 
that study we found ΔΗ to be 75 kj mol" 1 and Δ £ * to be 11 kj mol" 1 . Our 
findings are also in agreement with a recent kinetic study by Roe (41), who 
found the rate constant of the methyl back migration of C H 3 C ( 0 ) C o ( C O ) 3 

to be considerably larger than the rate constant for the corresponding forward 
reaction. The structures in Figure 2a illustrate how the methyl group can 
slide almost parallel along the cis C - C o bond onto the cis carbonyl carbon 
while the remaining Co(CO) 3 framework stays almost unchanged. The 9 kj 
mol 1 calculated for Δ £ * in the present study is an upper bound (6, 7) to 
the actual value. We can thus conclude that the methyl migration, 4 —» 5b, 
should proceed with a rather modest activation barrier. 

The 1,2 shift reaction of an alkyl group in which a metal-alky 1 system 
is converted into a metal-acyl complex, 4 —> 5b, is well documented for a 
variety of alkyl complexes. The corresponding 1,2 shift reaction, 6a —» 6b, 
involving Η rather than alkyl, has proven to be rather elusive. The 1,2 
hydride shift reaction was inferred in earlier work (42-44) as an elementary 
reaction step. In spite of considerable efforts it has been detected with 
certainty only in a few cases (45-47). It is now widely accepted that the 
hydride migration, in contrast to the alkyl migration, is thermodynamically 
unfavorable, at least for middle to late transition metals. 

We studied (6, 7) the 1,2 shift reaction 6a —> 6b, which represents a 1,2 
shift of a hydride in HCo(CO) 4 with C 3 v symmetry. The formyl structures 
6b do not represent a local energy minima on the H F S energy surface. Thus, 
any attempt to optimize 6b resulted in a back migration of the formyl hy
drogen to the parent hydrido metal complexes 6a. Our findings indicate that 
the formyl complex 6b is kinetically unstable with respect to the parent 
hydrido complex 6a. That is, the decarbonylation reaction (6b —» 6a) should 
have at most a minimal activation barrier. Our findings can be reconciled 
with the experimental observation that most neutral metal formyl complexes 
decarbonylate readily to the corresponding hydrido complexes (48-51). The 
decomposition is believed to occur by a back migration of the formyl hy
drogen to the metal center under loss of a ligand of the coordinatively 
saturated formyl complex. We calculate (6, 7) the process in eq 4 to have 
an exothermicity of AH = -69 kj mol" 1 . 

HC(0)Co(CO) 4 -> H - C o ( C O ) 4 + C O (4) 
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260 J 

Reaction Coordinate 

Figure 2. a: Energy profile for the insertion of CO into the C0-CH3 bond, 
4 —• 5a. b: Energy profile for the migration of CH3 to C O , 4 -> 5b. The zero 

point refers to 4 in both plots. 
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H H CO CO 
O C - C i 

CO ο CO 
C 
ο 

C 
ο 

6a 6b 

Acyl complexes are, in contrast to their formyl counterparts, well-known 
molecules. We calculate the corresponding decarbonylation process of 
C H 3 C ( 0 ) C o ( C O ) 4 to be endothermic with ΔΗ - 20 kj mol" 1 . Thus the acyl 
complex is thermodynamically stable, although the formyl analog is unstable 
and decomposes to HCo(CO) 4 according to eq 4. The higher exothermicity 
of the decarbonylation process for the formyl compared to the acyl can largely 
be ascribed to the higher bond strength (21, 22, 52) of C o - Η compared to 
C o - C H 3 . For middle to late transition metals D ( M - H ) is -240 kj m o l 1 

whereas the corresponding D ( M - C H 3 ) bond strength is only ~160 kj m o l - 1 . 
The isoelectronic d 8 formyl complex HC(0)Fe(CO) 4 ~ has been found (53) to 
decompose slowly to HFe(CO) 4 " . The kinetic stability can probably be as
cribed to the stabilization of the M - C O bond through increased back-bond
ing interactions of the carbonyl ligands in the charged species. However, 
the overall reaction is thermodynamically favorable with a reported exo
thermicity of ΔΗ = -43 ± 30 kj mol" 1 (54). 

H2'lnduced Aldehyde Elimination 

The last step in the catalytic cycle of the hydroformylation process, e of 
Scheme I, is the reaction of the acyl intermediate with H 2 . This reaction 
results in the formation of the desired aldehyde molecule and the regen
eration of the catalyst HCo(CO) 3 . 

The aldehyde product can be formed from the acyl intermediate by 
several possible routes. Heck and Breslow (5) proposed a mechanism in 
which the coordinatively unsaturated acyl complex undergoes first an oxi
dative addition of H 2 to afford a dihydro acyl compound (eq 5a) followed by 
an irreversible reductive elimination of an aldehyde molecule (eq 5b). 

This type of process has been inferred for numerous catalytic and stoichio
metric systems (37). As a consequence, these reactions have been studied 

R(0)CCo(CO) 3 + H 2 -> R(0)CCo(CO) 3(H) 2 (5a) 

R(0)CCo(CO) 3(H) 2 R C H O + HCo(CO) 3 (5b) 
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extensively by both experimental (55-65) and theoretical (66-75) techniques. 
However, in the cobalt-based hydroformylation process it has not been es
tablished that the product formation proceeds in fact via the oxidative ad
dition-reductive elimination mechanism. Some experimental observations 
indicate (76-79) that the acyl complex might react with HCo(CO) 4 , and 
thereby form an aldehyde molecule and a binuclear cobalt compound (eq 
6a). 

C O 
R(0)CCo(CO) 3 + HCo(CO) 4 > R C H O + Co 2 (CO) 8 (6a) 

Co 2 (CO) 8 + H 2 > 2HCo(CO) 4 (6b) 

In a subsequent reaction C o 2 ( C O ) 8 is then (according to eq 6b) transformed 
back to the mononuclear hydrido-cobalt complex. Experimental studies (5) 
of the stoichiometric reactions (eqs 6a and 6b) revealed that the process is 
very facile. However, under catalytic conditions the overall concentration 
of cobalt species is low in comparison to the reactants. That is, the probability 
for reaction between two cobalt complexes is small (77). 

For electron-poor systems such as early transition metal complexes 
(80-83), the hydrogenolysis of the M - C bond proceeds via a mechanism in 
which an incoming H 2 molecule initially forms a η 2 adduct with the metal 
complex. This reaction is followed by the concerted cleavage of the hydrogen 
bond and the formation of H - M and H - C bonds by way of a four-center 
intermediary structure such as that illustrated by structure 7. 

Η Η 

/ \ / ° 
M C 

7 

This reaction mode thus omits the oxidative addition-reductive elimi
nation mechanism. Such a process could also be envisioned for the cobalt 
system studied here and was speculated upon by earlier workers (2, 48). In 
this section we will concentrate our efforts on the study of those cobalt 
complexes that can result from an interaction of the acyl intermediates with 
an incoming H 2 molecule. Furthermore, attention will be given to the ox
idative addition process of H 2 to the metal fragment as well as to the hy
drogenolysis reaction through a four-center intermediary structure. 
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The two most stable products from the interaction between an acyl 
complex and H 2 are the dihydrogen complexes 8a and 8b with H 2 in the 
equatorial position. Both represent energy minima on the H F S energy sur
face; 8b is about 19 kj mol" 1 above 8a in energy. 

8a 8b 

The mechanism by Heck and Breslow (5) suggests that H 2 adds oxida-
tively to the unsaturated acyl complex to form a dihydride, 8c. The dihydride 
complex of configuration 8c was found to be 25 kj m o l 1 higher in energy 
than the η 2 adduct 8a. Thus the H 2 complex is more stable than the product 
of the oxidative addition. Complex 8c is also 6 kj mol" 1 higher in energy 
than the η 2 compound 8b. This result is somewhat surprising because a 
number of d 8 complexes containing phosphine ligands are known to add H 2 

readily; this addition results in the formation of dihydrides (66-74). Ther
modynamically stable η 2 - Η 2 complexes have been prepared (85-91). The 
first of these complexes was the d 6 compound W[P(i-Pr) 3] 2(CO) 3(H 2) (85), 
for which the H - H distance was found to be 0.75 ± 0.16 Â. 

A theoretical study (92) on the related model systems W(PH 3 ) 2 (CO) 3 (H 2 ) 
and W(PH 3 ) 5 (H 2 ) revealed that the η 2 - Η 2 complex is stabilized by the ir-
acceptor C O ligands, which lower the energy levels of the metal d orbitals 
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8c 

w i t h respect to the corresponding orbitals i n W ( P H 3 ) 5 ( H 2 ) . A s a conse
quence, the capabil i ty of the metal fragment to donate electrons into the 
ant ibonding σ * orbi ta l of the H 2 molecule has d i m i n i s h e d . In t u r n , this 
restr ict ion prevents the system from undergoing oxidative addi t ion . It has 
also been found i n exper imental studies i n v o l v i n g d 8 and d 1 0 complexes that 
the oxidative addi t ion of Η 2 is facil itated b y electron-releasing ligands such 
as phosphines and retarded b y IT acceptors such as carbon monoxide (37). 

F i g u r e 3 displays the energy profi le for the oxidative addi t ion reaction 
8a —» 8c. W e calculated an activation energy Δ Ε * of 77 k j m o l " 1 . Th is value 
is markedly larger than the activation energies that have b e e n d e t e r m i n e d 
theoretical ly for the oxidative addi t ion of H 2 to transit ion meta l complexes 
containing phosphine ligands (49). This difference can be at tr ibuted to the 
stabil ization of the η 2 - Η 2 adduct b y the ττ-acceptor C O ligands. T h e energy 
curve m o d e l e d i n F i g u r e 3 ascends steeply d u r i n g the early stages of the 
reaction. T h e slope indicates that the activation energy arises largely f rom 
the in i t ia l elongation of the H - H b o n d distance. 

T h e fact that the oxidative addi t ion process, 8a —» 8c, exhibits a sizable 
activation barr ier l e d us to consider an alternative mechanism for the last 
product - forming step (e of Scheme I) i n the hydroformylat ion cycle . T h e 
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100 H 

0 4 
Reaction Coordinate 

Figure 3. Energy profile for the oxidative addition of H2 to CH3C(0)Co(CO)3. 

alternative mechanism assumes that one hydrogen atom of the η 2 - Η 2 com
plex shifts directly toward the acyl group and thereby forms an aldehyde 
molecule and regenerates the catalyst HCo(CO) 3 . This type of reaction mech
anism, in which a direct oxidative addition of Η 2 is avoided, has, to our 
knowledge, never been investigated theoretically for the cobalt-based hy
droformylation process. 

The approximate profile for the reaction 9a —> 9b —• 9c is given in Figure 
4. The first part of the profile connecting 9a and 9b was obtained by changing 
the internal coordinates of 9a into those of 9b in a linear and stepwise fashion. 
A total of six steps was used in the transit. We find the reaction proceeds 
with a minimal activation barrier (Figure 4). The activation energy for the 
first part, 9a —» 9b, is therefore essentially equivalent to the reaction enthalpy 
Δ£ for the reaction 9a —* 9b, which was calculated to be 83 kj mol" 1 . We 
have also traced the energy surface for the reaction 9b —> 9c by using a 
similar five-step linear transit procedure. The step 9b —• 9c, which is exo
thermic with a reaction enthalpy of Δ£ = -26 kj mol" 1 , has a negligible 
activation energy. Finally, the system, 9c, is lowered in energy by 69 kj 
m o l 1 as the adduct 9c breaks up into acetaldehyde and H C o ( C O ) 3 in its 
ground-state conformation la. 

C H 3 _ C 

r £ 1 Ο C 
ο 

c^ I 
r c ο 

C o — Η 

9a 9b 9c 
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100+ 

Reaction Coordinate 
Figure 4. Energy profile for the reaction 9a - » 9b —» 9c. 

Concluding Rental 

We carried out calculations on the elementary steps of the hydroformylation 
process. Our calculations indicate that the last product-forming step (e of 
Scheme I, in which aldehyde elimination is induced) has the highest acti
vation energy with ΔΗ* ~ 80-90 kj mol" 1 . Step d was calculated to have a 
similar activation energy (ΔΗ* ~ 70-80 kj mol"1). The insertion of olefin 
into the C o - Η bond (steps b-c) was, on the other hand, estimated to have 
a negligible activation energy of ΔΗ* ~ 10-20 kj mol" 1. We finally found 
that the formation of the active catalyst H C o ( C O ) 3 from HCo(CO) 4 by C O 
dissociation (step a) requires 185 kj mol" 1 . More detailed studies of steps a 
(6), b (93), c (6), d (94), and e (94) of Scheme I can be found elsewhere. 
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Oscillations and Chaos in Some O2 

Oxidations 

J. D. Druliner1, L. D. Greller2, M. G. Roelofs1, and E. Wasserman1 

1 Central Research and Development, Ε. I. du Pont de Nemours and Company, 
Experimental Station, P .O. Box 80328, Wilmington, DE 19880-0328 
2SmithKline Beecham, P.O. Box 1539, King of Prussia, PA 19406-0939 

Oscillatory or chaotic dynamics were found for the metal-catalyzed 
air oxidations of benzaldehyde, cyclohexanone, toluene, and p-xylene. 
Hydrocarbon autoxidations are suggested as an appropriate area in 
which to look for new examples of oscillatory behavior. 

W ^ E L L - D O C U M E N T E D O S C I L L A T I O N S of chemical species in homogeneous 
reactions were reported in 1921. Bray observed the unusual behavior in the 
reaction of H 2 0 2 with I 2 (I). Since then a variety of dynamic behavior has 
been reported for numerous chemical systems, particularly in the oxidation 
and reduction of halogens and oxyhalogens. Reactions that are sufficiently 
far from equilibrium can give rise to a range of dynamic phenomena, in
cluding multiple stationary states and simple, two-period, and aperiodic 
(chaotic) oscillations (2-5). 

In this chapter, we summarize chemical observations and dynamics 
calculations involving our own studies of several organic-0 2 oxidations. 
These oxidations include the catalyzed reaction of 0 2 with benzaldehyde, 
cyclohexanone, toluene, and p-xylene. Given the highly exothermic nature 
of these reactions and the explosive potential of organic vapor-oxygen gas 
mixtures, appropriate safety precautions must be taken. Thus, all experi
ments described here were performed with proper barricades. 

Some rather general broad-ranging features associated with hydrocarbon 
autoxidations in solution suggested that this was an appropriate area in which 
to look for new examples of oscillating behavior. These autoxidations have 

0065-2393/92/0230-0095$06.00/0 
© 1992 American Chemical Society 
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features that are generally associated with oscillating behavior. Such a system 
should 

• be far from equilibrium; 
• have sufficient mechanistic complexity; and 
• exhibit autocatalytic behavior. 

When far from equilibrium, a reaction may be highly exothermic and 
exhibit nonlinear kinetics. The mechanistic complexity of a system can be 
expressed in terms of independent first-order differential equations. At least 
two such equations, for two intermediates, are required for periodic oscil
lations; at least three are required for aperiodic, chaotic behavior. 

Finally, feedback is necessary; that is, the product of a reaction step 
influences the rate of formation or destruction of that product. Autoxidation 
reactions involve feedback in the autocatalytic buildup of alkyl radicals. These 
intermediates arise from alkyl hydroperoxides and their hydroxyl and alkoxyl 
radical homolysis products. 

0 2 RH 
R' — U ROO" > R O O H + R e 

ι 
RH 

R O e > W + R O H 

RH 
+ H O ' > W + H O H 

Ο 2 Oxidation of Benzaldehyde 

While searching for examples of oscillating oxidations at D u Pont, we learned 
of the seminal discovery by J. R. Jensen (6). He examined an often-studied 
Ο 2 oxidation reaction, the Co-Br-catalyzed air oxidation of benzaldehyde to 
benzoic acid in acetic acid-water solutions. His experimental setup differed 
from those usually used by incorporating an electrode, a detector with a 
short response time. Sustained oscillations can be observed with it (Figure 
1). The period varies with conditions between about 15 s and 7 min. 

At the lowest potentials, these solutions are the characteristic pink of 
C o 2 + . Near the maxima they are the dark green of C o 3 + in acetic acid. 
Simultaneous measurement of the redox potential and the visible absorbance 
maximum of C o 3 + at 610 nm (Figure 2) reveals that these quantities exhibit 
parallel behavior (7, 8). 

Although Br~ was present in the reaction, measurements taken with a 
Br" ion-selective electrode showed that its concentration varies only slightly 
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ι r 
POTENTIAL OF Pt ELECTRODE 

I I L 
Ο 5 10 

TIME (min) 

Figure 1. Oscillations in redox potential accompanying Ο2 oxidation of ben
zaldehyde at 70 °C in acetic acid-water (90:10). 

40 80 
TIME (S) 

Figure 2. Oscillations in redox potential and visible absorbance accompanying 
O2 oxidation of benzaldehyde at 70 °C in acetic acid-water (90:10). (Repro

duced from reference 7. Copyright 1983 American Chemical Society.) 
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within a period. This lack of variation in [Br] is in marked contrast to that 
of the Belousov-Zhabotinskii and Briggs-Rauscher reactions, both of which 
are characterized by orders of magnitude changes in concentrations of Br 
(or I ) and oxyhalogen intermediates, such as H B r O z (I, 2, 9). 

Two different reaction stages, I and II, can be distinguished in the 
benzaldehyde system (Figure 3). During stage I the concentration of dis
solved 0 2 increases to a maximum of ~25% of saturation and then decreases 
to near zero. During stage II the dissolved 0 2 remains undetectable, while 
the redox potential quickly drops from its highest to its lowest values. 

The results of l s O labeling were compatible with two different contri
butions to the generation of benzoic acid, the final oxidation product. During 
stage I benzoyl radicals react primarily with dissolved 0 2 , forming benzoyl-
oxy radicals. During stage II, with its absence of dissolved 0 2 , oxygen from 
H 2 0 combines with benzoyl radicals as they are oxidized by C o 3 + . Increased 
concentrations of radicals during step II could be detected by electron para
magnetic resonance (EPR) spectroscopy (10). This evidence of two different 
stages in the oxygen incorporation indicates how the richness of oscillating 

POTENTIAL OF Pt ELECTRODE 

DISSOLVED OXYGEN 
CONCENTRATION 

Figure 3. Comparison of potential of the Pt electrode with dissolved O2 con
centration in the oxidation of benzaldehyde at 70 ° C in acetic acid-water 
(90:10). (Reproduced from reference 7. Copyright 1983 American Chemical 

Society.) 
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behavior, encountered in a reaction often studied under steady-state con
ditions, may yield additional mechanistic insight. 

Other groups working with this system have described oscillations dur
ing oxidations of acetaldehyde or propionaldehyde (11), an alternative de
tailed mechanism (12, 13), and a simplified mechanism for the oscillations 
(13). Despite some differences, both proposed detailed mechanisms (8, 13) 
are fundamentally the same and possess some unusual mechanistic features. 
Both involve reactions whereby benzoyl radicals are autocatalytically pro
duced via reactions in which two radicals are the products of one step. Both 
assign a key role to the oxidation of benzoyl radicals in a reaction involving 
a complex containing C o 3 + and Br". 

Ο 2 Oxidation of Cyclohexanone 

The Ο 2 oxidation of cyclohexanone was examined for oscillating behavior in 
an otherwise well-established aliphatic reaction (14). Unlike the high yield 
(>98%) obtained in the oxidation of benzaldehyde to benzoic acid, the re
action of Ο 2 with cyclohexanone to form adipic acid is accompanied by at 
least 100 other products detectable by capillary gas chromatographic (GC) 
analysis. The same concentrations of Co(OAc) 2 and NaBr in acetic acid-water 
were used for the cyclohexanone system as previously employed with benz
aldehyde. Modestly higher concentrations of O z were used with tempera
tures of about 100 °C versus 70 °C with benzaldehyde. 

In a comparison of the two systems, the cyclohexanone system exhibits 
greater changes in both redox potentials and dissolved 0 2 concentrations 
(Figure 4). The qualitative behavior of both variables also differed for the 
two systems. With cyclohexanone the redox potential rises slowly during 
the greater part of each cycle, followed by a rapid rise to a maximum value 

1 % 1 
3 * 5 

Time, min 
Figure 4. Comparison of potential of the Pt electrode with dissolved 02 con
centration in the oxidation of cyclohexanone at 105 °C in acetic acid-water 
(90:10). (Reproduced from reference 14. Copyright 1988 American Chemical 

Society.) 
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and a very rapid drop to a minimum. The dissolved 0 2 concentration rises 
slowly to near saturation and then decreases very quickly as the redox po
tential reaches a maximum. 

Whereas two distinct stages of behavior were discernible with benzal
dehyde (Figure 3), three stages can be assigned in the cyclohexanone system 
(Figure 5). During stage A the concentration of C o 3 + remains relatively 
constant and the redox potential rises very slowly to a knee marking the 
beginning of stage B. During Β both redox potential and [ C o 3 + ] rise quickly 
to maximum values. During stage C both redox potential and [ C o 3 + ] rapidly 
drop to their minimum values. The long period of relatively flat potential 
in stage A, corresponding to slow autoxidation of cyclohexanone, is absent 
in the benzaldehyde system. 

0.64 

0.60 

3 0.56 

S 0.52 
Ο 

0.48 

0.44 

ι ι 
Absorbance at 610 η m 
Potential in mV 

Stage A 
ι 

800 

700 

600 

500 

0.0 250.0 500.0 750.0 
Time, sec 

1000.0 1250.0 1500.0 

Figure 5. Comparison of redox potential and visible absorbance dunng one 
oscilfotion cycle accompanying 02 oxidation of cyclohexanone at 99 ° C in acetic 
acid-water (90:10). (Reproduced from reference 14. Copyright 1988 American 

Chemical Society.) 

The primary role of cobalt during stage A is to facilitate the gradual 
increase in the concentrations of 2-hydroperoxycyclohexanone and 2-hy-
droxycyclohexanone, with little increase in the concentration of C o 3 + . Stage 
Β begins when the concentration of 2-hydroxycyclohexanone builds to mod
erate concentrations. Its facile oxidation by C o 3 + gives intermediate R C O 
(radical X), and stage Β begins with the steps outlined in Scheme I. Rapid 
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Scheme I. Ring-opening reactions of 2-hydroxycyclohexanone. 

generation of R C 0 3 H (species Z, Scheme I) results and effects conversion 
of C o 2 + to C o 3 + . C o 3 + , in turn, oxidizes 2-hydroxycyclohexanone even more 
rapidly. 

When the rather constant rate of transfer of 0 2 from gas to the liquid 
phase is finally unable to match its increasing rate of consumption, stage C 
begins, and C o 3 + is converted to C o 2 + . The major reaction pathways for 
conversion of C o 3 + to C o 2 + at low dissolved 0 2 concentrations may well 
involve reactions of the 2-cyclohexanonyl radical with solvent or Br" ion to 
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700 

mV 

200 1 1 1 1 1 1 

200 205 210 215 220 225 

Seconds 

Figure 6. Electrochemical potential measured at a pktinum electrode during 
oxidation of 13 wt % p-xylene in 90:10 wt/wt acetic acid-water solvent in a 7-
L continuously fed stirred tank reactor containing Co(OAc)2, Mn(OAc)2, and 
HBr catalysts at 100, 220, and 210 ppm wt basis metal atom and Br, respec
tively. Twenty-five seconds of a typical 300-s digitized trace sampled at 30 Hz 
is shown. The average fundamental period of the aperiodic oscillation is about 

4.5 s, as determined from power spectral analysis of a full 300-s trace. 

yield the intermediates 2-hydroxycyclohexanone, 2-acetoxycyclohexanone, 
and 2-bromocyclohexanone. 

It would be impractical to try to incorporate the many reactions required 
to account for formation of the 100 or more byproducts into a kinetic model. 
However, a 29-step kinetic model that was developed describes the main 
features of the 0 2 oxidation of cyclohexanone to adipic acid (14). The model 
simulates the observed oscillating behavior of C o 3 + , C o 2 + , dissolved 0 2 , 
and the many organic intermediates most likely to be on the pathway be
tween cyclohexanone and acids such as adipic acid. 

In contrast to the benzaldehyde system, the cyclohexanone system 
undergoes sustained oscillations in the absence of Br" ion (15). Although the 
rates of individual reaction steps involving C o 3 + are undoubtedly decreased 
somewhat in the absence of Br", the system as a whole still contains sufficient 
complexity and robustness to exhibit oscillating behavior. The Br"-free cy-
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clohexanone system represents one of the few known examples of liquid-
phase halogen-free autoxidation oscillators. 

Ο 2 Oxidation of Toluene 

Studies of the 0 2 oxidation of toluene (16), a prototypical organic oxidation, 
were carried out under conditions more vigorous than those used for cyclo
hexanone. In this case, Mn(OAc) 2 was used with Co(OAc) 2 and NaBr, again 
in acetic acid solution but at 140 °C and 140 psig of air, a substantial increase 
over the previous examples. As reaction conditions become more stressful, 
oscillations may evolve from simple to complex to perhaps aperiodic. In the 
toluene studies, aperiodic temporal oscillations were observed in both light 
absorption and electrochemical potential between platinum and silver elec
trodes. A complex time behavior is observed with significant noise and 
variations in periodic potentials. Several different analyses demonstrate that 
the dynamics are chaotic. The arguments are somewhat complex, and the 
details will be published elsewhere. 

As a further example of an oscillating 0 2 oxidation system, the oxidation 
of p-xylene was studied (17). The reaction conditions included concentrations 
of Co(OAc) 2 , Mn(OAc) 2 , and Η Br decreased about threefold from those used 
for the oxidation of toluene. Also, a temperature of 200 °C was used, versus 
140-150 °C for toluene. Aperiodic temporal oscillations in electrochemical 
potential at platinum and silver electrodes were again observed (Figure 6). 
In comparison with the corresponding oscillating behavior in the toluene 
system, the p-xylene electrochemical oscillations were more complex and 
covered a somewhat larger range of potential. For both toluene and p-xylene 
oxidations, the detailed analysis of the time behavior exhibited features 
characteristics of chaos, as distinct from simple or quasiperiodicity. 

In the examples of 0 2 oxidation discussed, an increase in the driving 
force for reaction can cause the system to progress from the usual steady-
state conditions to periodic oscillations and to aperiodic or chaotic behavior. 
Although oscillations involve considerably more complexity than steady-state 
behavior, they may yield insights that might not otherwise be available. 
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Flash Photolysis Studies of Reactive 
Organometallic Intermediates Relevant 
to Homogeneous Catalysis 

Peter C. Ford and Simon T. Belt 

Department of Chemistry, University of California, Santa Barbara, CA 93106 

The application of flash photolysis with time-resolved optical and 
infrared detection techniques to the study of reactive organometallic 
intermediates is described. Examples of these studies are given for 
several systems. These include tricoordinate rhodium(I) phosphine 
complexes proposed to be key intermediates in the homogeneous cat
alytic activation of dihydrogen and the photocatalytic activation of 
C-H bonds, the coordinatively unsaturated metal carbonyl cluster 
Ru3(CO)11, plus manganese(I) intermediates relevant to the carbon
ylation of metal-carbon bonds via migratory insertion. 

T H E N A T U R E A N D D Y N A M I C S of key reactive intermediates must be char
acterized for a thorough understanding of homogeneous catalysis mecha
nisms. Such species are generally formed only in (very) low steady-state 
concentrations. Thus they are difficult to observe by direct methods during 
a catalytic cycle, and their presence usually can only be inferred from such 
methods as kinetics studies and stereochemical results. However, by using 
the flash photolysis technique, it is possible to generate relatively high non-
equilibrium concentrations of organometallic intermediates that can be in
terrogated kinetically and spectroscopically (see e.g., refs. 1-19). 

In this context, one might anticipate using flash photolysis to probe a 
wide variety of other reactive species including electronic excited states (ES), 
coordinatively unsaturated complexes formed by ligand dissociation or re
ductive elimination, redox partners of ES electron-transfer reactions, radical 
products of homolytic bond cleavages, and unstable isomers produced by 

0065-2393/92/0230-0105$06.00/0 
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ES isomerizations. Under favorable circumstances the characterizations are 
aided by comparison with data from low-temperature matrix experiments. 
Under these conditions, intermediates, which would have high reactivity at 
ambient temperature, may be trapped indefinitely and studied by using a 
full range of spectroscopic methods (20). 

This chapter describes several studies in which flash lamp and laser flash 
photolysis with time-resolved optical and IR detection were used to probe 
the structure and dynamics of reactive organometallic intermediates of the 
type routinely proposed in thermal catalytic cycles. This overview will focus 
on three systems: 

1. intermediates in catalysis and photocatalysis by rhodium(I) 
phosphine complexes, 

2. coordinatively unsaturated carbonyltriruthenium clusters, and 

3. intermediates relevant to the mechanism of migratory C O 

insertion into metal-alkyl bonds. 

In all three examples, the intermediates studied were coordinatively unsat
urated species generated by the photodissociation of carbon monoxide. 

Rhodium(I) Phosphine Intermediates 

In a study carried out several years ago by our group (21), flash lamp pho
tolysis with optical detection revealed that irradiation of RhCl(CO)(PPh 3 ) 2 

in benzene solution results in C O labilization to give the 14-electron tri-
coordinate complex RhCl(PPh 3 ) 2 (A). This intermediate is often proposed as 
the active species involved in the catalytic hydrogénation of alkenes by 
Wilkinson's complex RhCl(PPh 3 ) 3 (22). The reaction dynamics of this inter
mediate are summarized in Scheme I. Consistent with the previous pro
posals, A displayed a reactivity (kx = 1 x 10 5 M 1 s"1) toward H 2 more than 
4 orders of magnitude greater than that of the 16-electron trisphosphine 
complex RhCl(PPh 3 ) 3 . 

RhCl(PPh 3) 2 + H 2 <==± H 2 RhCl(PPh 3 ) 2 (1) 

Another important result of the flash experiments was the opportunity 
to interrogate the reaction of A with PPh 3 , which gave the rate constant 
kL = 3 x 106 M " 1 s _ 1 in benzene (L is PPh 3). From this and the previously 
determined rate constant for dissociation of P P h 3 from RhCl(PPh 3 ) 3 (k2 = 
0.7 s"1) (22), the equilibrium constant K L = k2lkL = 2 Χ ΙΟ" 7 M was 
calculated (5) for the phosphine dissociation depicted in eq 2, the first step 
in dihydrogen activation by Wilkinson's catalyst. 

RhCl(PPh 3) 3 À RhCl(PPh 3) 2 + PPh 3 (2) 
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RhCI(C0)L2 

107 

- C O 

+ L , 3x10 6 M~V* t 2.6 x 10 7M-*s-< 
RhCIL3 ~ "RhCILg" — [RhCIL2]2 

-L ,0 .68 s " 1 

+H 5 

+C0 
7 x 1 0 7 M - 1 s _ 1 

I.OxKAfl-'e"1 

H2RhCIL2 

2 6 s " 1 

> 
+ C0 

+ . C 2 H 4 

+CO 

2x10 5 M~*s- < 

RhCI(CO)L2 

RhCIL2(H2C=CH2) 

1.8 3" 

Scheme I. Reaction dynamics of intermediates resulting from the flash pho
tolysis of RhCl(CO)(PPh3)2 in benzene solution (25 °C). 

In a parallel development, Kunin and Eisenberg (23) found that related 
Ir(I) and Rh(I) phosphine complexes are photocatalysts for benzene carbon
ylation under conditions of continuous irradiation. 

C 6 H 6 + C O 
Jiv,RhCl(CO)(PPh3)2 

C 6 H 5 C H O (3) 

Their work was followed by extensive exploratory studies by Tanaka and 
co-workers (24-28), who demonstrated that the trimethylphosphine complex 
frans-RhCl(CO)(PMe 3) 2 was especially effective at activating hydrocarbon 
C - H bonds, not only of arenes but also of alkanes, toward carbonylation and 
other functionalizations. Sakakura and co-workers (24-28), Normura and 
Saito (29), and Maguire et al. (30) independently demonstrated that this 
complex also serves as a photocatalyst for the dehydrogenation of organic 
substrates such as alkanes (to give alkenes) and 2-propanol (to give acetone). 
Although related to the cyclopentadienyl complexes of Rh(I), Ir(I), and other 
metals demonstrated (31-40) to be effective in activating carbon-hydrogen 
bonds in alkanes, alkenes, and arenes, the P M e 3 complex and analogous 
phosphine complexes are especially promising because of their ability to 
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participate in a broad scope of catalytic hydrocarbon functionalizations 
(23-30). 

Ongoing studies (21, 41^43) in this laboratory and in collaboration with 
Netzel demonstrated that flash photolysis of £rans-RhCl(CO)L 2 leads prin
cipally to C O dissociation for each L studied. 

hv 
frans-RhCl(CO)L 2 > R h C l L 2 + C O (4) 

A 

However, subsequent reactions of the resulting tricoordinate interme
diates A are markedly dependent upon the nature of L . When L = P P h 3 

(Scheme I), A undergoes competitive trapping by the labilized C O and 
dimerization to the known species [RhCl(PPh 3) 2 ] 2. The flash photolysis 
experiment gave no direct evidence of the C - H activation chemistry de
scribed by eq 3. However, for L = P M e 3 , C - H activation appears to be 
the predominant pathway for species A in all hydrocarbon solvents (17). 

Flash lamp photolysis (wavelength of irradiation X i r r > 330 nm) of 
RhCl(CO)(PMe 3 ) 2 in C 6 H 6 under Ar results in the formation of the tricoor
dinate intermediate RhCl(PMe 3 ) 2 , which is more strongly absorbing in the 
region 390-450 nm (\max = 415 nm). This species decays via first-order 
kinetics (k = 2.8 x 103 s"1) to give a bleached species B, which has a 
diminished absorbance relative to RhCl(CO)(PMe 3 ) 2 over this spectral range. 
By comparison of these spectral properties with those of the H 2 R h C l ( P P h 3 ) 2 

intermediate, together with the known carbonylation chemistry, Β was as
signed to RhCl(PMe 3 ) 2 (Ph)H, the product of RhCl(PMe 3 ) 2 insertion into 
solvent C - H bonds (41). 

RhClL2 + P h H - » ^ RhClL2 (5) 
A Β v ' 

This species decays slowly via first-order kinetics with regeneration of 
RhCl(CO)(PMe 3 ) 2 . F o r L = Ptol 3(tolis4-tolyl), the spectroscopic and kinetic 
observations are again consistent with a similar sequence of reactions in 
benzene solution, although the rate of formation of Β is an order of magnitude 
slower than for the P M e 3 analog. In both cases, addition of excess C O to 
the solution (1% C O in Ar) results in acceleration of the rates of decay of 
the tricoordinate species together with a reduction in the yield of the oxi
dative addition products because of competition between C O and solvent 
for the R h C l L 2 intermediate. 

When cyclohexane is used as the solvent, a marked contrast appears 
between the reactivities of RhCl(PMe 3 ) 2 and RhCl(Ptol 3) 2 . Under argon, 
RhCl(PMe 3 ) 2 inserts into the C - H bonds of cyclohexane at a rate comparable 
to that seen for benzene. The RhCl(Ptol 3) 2 analog under argon undergoes a 
dimerization reaction analogous to that observed for RhCl(PPh 3 ) 2 in both 
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7. FORD & B E L T Reactive Organometallic Intermediates 109 

benzene and cyclohexane. Thus, the C - H activation pathways of these re
active intermediates demonstrate remarkable sensitivity to the nature of L . 

In all cases, the transients Β formed eventually react with the C O pro
duced in the initial flash photolysis step to regenerate the starting complex 
RhCl(CO)L 2 . The lifetimes found for these transients are also dependent on 
the nature of L , the longest lifetimes being found for the more basic P M e 3 . 
Overall, C - H oxidative addition occurs most readily and gives the most 
stable intermediates when L is P M e 3 . 

Flash photolysis studies using picosecond techniques (43, 44) have dem
onstrated additional transient species that are generated prior to the for
mation of A. In each case, picosecond laser excitation (X i r r = 355 nm) led 
to formation of a strongly absorbing transient that decayed in less than a 
nanosecond to a new absorbing species (in the 400-450-nm range). The 
spectra of these transients are consistent with that attributed to the tricoor-
dinated (or solvated) species R h C l L 2 , which is seen as the first intermediate 
in conventional flash photolysis experiments. For L = P P h 3 or Ptol 3 , the 
decay to A proved to be exponential with lifetimes of several hundred pi
coseconds; however, for L = P M e 3 this decay was clearly bimodal, with a 
fast (~50 ps) step followed by a slower (~1 ns) decay to the A-type species. 
The picosecond laser flash photolyses were largely carried out in tetrahy-
drofuran because of solubility and multiphoton absorption problems with 
other solvents under the experimental conditions. 

At this stage, we believe it likely that this first species observed in the 
picosecond flash experiment is an electronic excited state. However, such 
an assignment is in need of corroboration by the observation of an emission 
spectrum from this excited state and the demonstration that this emission 
has a lifetime comparable to that seen in the transient absorption experiment. 
The various flash photolysis observations with various frans-RhCl(CO)L 2 are 
summarized in Scheme II. 

Reactivities of Unsaturated Carbonyltriruthenium Clusters 

The continuous and flash photolysis of R u 3 ( C O ) 1 2 serves as a model for 
understanding the photoreactivity of carbonylmetal clusters with respect to 
ligand substitutions (45, 46), cluster fragmentation (47-50), and photoin-
duced transformations of organic ligands and substrates (51-54). Under con
tinuous photolysis, R u 3 ( C O ) 1 2 undergoes both C O substitution and frag
mentation pathways that have been shown to result from two chemically 
independent primary photoproducts arising from different excited states of 
R u 3 ( C O ) 1 2 (45, 46). 

Fragmentation (eq 6), the major route at lower energy excitation (\irr > 
400 nm), is proposed to occur via formation of a high-energy isomer of 
Ru 3 (CO) 1 2 . At short wavelengths, substitution by donor ligands (eq 7) is the 
dominant pathway. Substitution has been proposed to occur via formation 
of the coordinatively unsaturated triruthenium cluster R u 3 ( C O ) n , the type 
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RhCI(CO)L2 

= 30-300 ps (dep. on L) 

RhCI(CO)L2 

C-H Activation Products 

C6H6
9"+ CO — * CeHsCHO 

! Ç -C 6 H 1 2 — - Q-CeH10 • H2 

Scheme II. C-H activation hy Rh(I) photocatalysts. 

of intermediate proposed for photoassisted hydrogénation of alkenes by clus
ters. 

Λν(λ>400 nm) 
Ru 3 (CO) 1 2 + 3L > 3Ru(CO) 4 L (6) 

Μ λ < 4 0 0 nm) 
Ru 3 (CO) 1 2 + L > Ru 3 (CO)nL + C O (7) 

In accord with these observations, short-wavelength flash lamp photol
ysis (\irr > 315 nm, using optical detection techniques) of R u 3 ( C O ) 1 2 in 
tetrahydrofiiran (THF) solution demonstrated the formation of an interme
diate proposed to be R u 3 ( C O ) n ( T H F ) , which reacts with donor ligands via 
rate-limiting dissociation of T H F . When the reaction was carried out in 
cyclohexane, the R u 3 ( C O ) u S adduct proved too short-lived to allow direct 
observation (S is solvent). The substitution products R u 3 ( C O ) n L were 
formed within the duration of the 30-μ5 flash. 

We extended these studies of the kinetic behavior of the transients 
characteristic of the photosubstitution pathways by using XeCl excimer laser 
as the 20-ns excitation source with an IR diode laser as the probe source 
and a H g - C d - T e fast IR detector system (55). This system allows the de
termination of time-resolved infrared (TRIR) spectra. 

Laser flash photolysis (308 nm) of R u 3 ( C O ) 1 2 in isooctane under Ar results 
in formation of a transient IR spectrum (200 ns). Figure 1 shows depletion 
of the carbonyl stretching (v c o ) bands at 2061, 2031, 2017, and 2011 cm" 1 
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characteristic of this cluster and the appearance of several new bands assigned 
to an isomer of R u 3 ( C O ) u (C). This intermediate was previously reported 
as one short-wavelength photolysis product in low-temperature hydrocarbon 
glasses (56). In T H F or in mixed cyclohexane-THF solutions, the relatively 
stable solvent complex R u 3 ( C O ) n T H F (D) was observed and identified on 
the basis of its v c o band at 2049 cm" 1 [cf. R u 3 ( C O ) u · 2 M e T H F at 2049 c m 1 

in hydrocarbon glasses (56)]. 
In the absence of added C O , C decays via second-order kinetics to 

regenerate Ru 3 (CO)i 2 . The second-order rate constant (k2 = 2.4 Χ 10 9 M ~ l 

s"1, determined from the first-order rate plots at various excess C O concen
trations) for reaction with C O proved to be within an order of magnitude of 
the diffusion-controlled limit (1.3 Χ 10 1 0 M " 1 s"1) in isooctane (55) and 3 
orders of magnitude larger than those found for the intermediates C r ( C O ) 5 

or M n 2 ( C O ) 9 in alkane solutions (I, 5, 7, 10). Thus, we conclude that there 
must be negligible stabilization of C either by the isooctane solvent or from 
the bridging C O reported (56) to be a feature of its structure. In alkane 
solutions containing T H F , trapping by C O to give R u 3 ( C O ) 1 2 and by the 
donor ligand T H F to form D are competitive. However, D itself is labile 
and reacts with C O to re-form the starting cluster. The reactivity of this 
transient as a function of [THF] and [CO] proved to be consistent with a 
limiting dissociative substitution mechanism. These observations are sum
marized in Scheme III. 

Unsaturated Mononuclear Carbonylmanganese Compounds 

Carbon-carbon bond formation is a key step in catalytic C O activation in 
homogeneously catalyzed processes such as hydroformylations of alkenes, 
carbonylations of alcohols, homologations of carboxylic acids, and reductive 
C O polymerization (57). One fundamental organometallic reaction com
monly invoked in proposed schemes for such catalytic cycles is the reversible 
migratory insertion of C O into an alkyl-metal bond (58), for which eq 8 
serves as a prototype. 

CH3 

O . / C H 3 

+ CO 
(8) 

C 
Ο 

Our third example of using flash photolysis techniques to probe the 
structures and dynamics of reactive organometallic intermediates involves a 
study of coordinatively unsaturated mononuclear Mn(I) carbonyls. This study 
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Ru 3 (CO) 1 2 i l £ 2 ^ Ru 3 (CO) n 

c 

+ c o Ru 3(CO) i2 

R u 3 ( C O ) n 

Ru 3 (CO) n (THF) 

D 

Scheme III. Reactions of the coordinatively unsaturated cluster Ru3(CO)n. 

was initiated with the aim of obtaining a deeper understanding of such C - C 
bond formation mechanisms. 

Investigations focusing on eq 8 (59-62) concluded that this reaction 
proceeds via methyl migration (as opposed to C O insertion) with rate-limiting 
formation of an unsaturated acyl intermediate, ( C H 3 C O ) M n ( C O ) 4 (E). Donor 
solvents and other nucleophiles have marked effects on the reaction dynamics 
(63-65). Despite the extensive kinetic and stereochemical studies carried 
out to elucidate the overall reaction mechanism, there has been no direct 
observation of the 16-e" acyl intermediate E . 

In this context, our preliminary studies have shown that laser flash 
photolysis of ( C H 3 C O ) M n ( C O ) 5 causes C O photodissociation. A transient 
forms and undergoes solvent-dependent rearrangement to the alkyl complex 
competitive with trapping by C O to regenerate the starting complex (66). 
Preliminary data suggest that the reactive intermediate formed in hydro
carbon solutions may be the η 2 bound acyl species F, consistent with the
oretical predictions (67, 68). In T H F this intermediate is the η 1 acyl species 
G with a solvent molecule in the cis coordination site. Such results offer one 
possible reason for the marked solvent effects on migratory insertion rates. 

F G 
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The behavior of the acyl complex has also led us to investigate with 
time-resolved optical and infrared techniques the transient intermediates 
resulting from the flash photolysis of C H 3 M n ( C O ) 5 (H). Our goal was to 
provide a model for the pertinent spectroscopic and kinetic data relevant to 
unsaturated Mn(I) intermediates (69). Laser flash photolysis (X i r r = 308 nm) 
of H in cyclohexane or isooctane solutions results in the 100-μ5 TRIR spec
trum shown in Figure 2. 

The depletion of Η is evident with the negative absorbance changes 
(AA b s) values noted for v c o modes at 2014 and 1991 cm" 1 . Accompanying 
these changes, a transient species is formed that has three v c o bands at 
1986, 1974, and 1940 cm" 1 in the TRIR spectrum and a X m a x at 410 nm in 
the optical spectrum. These properties are close to those attributed to cis-
C H 3 M n ( C O ) 4 · C H 4 , which is formed by C O photodissociation from H in a 
methane matrix (70). These spectroscopic observations are consistent with 
the photolabilization of C O followed by solvation to give d s - C H 3 M n ( C O ) 4 S 
(I). 

hv 
C H 3 M n ( C O ) 5 + S > cts-CH 3 Mn(CO) 4 S + C O (9) 

0.04 

-0.06 I ι 1 ι \ ι ι 1 1 1 1 1 1 
2040 2020 2000 1980 1960 1940 1920 

Wavenumbers / cm " 1 

Figure 2. Time-resolved IR spectrum obtained 100 μ$ after laser flash pho
tolysis of CH3Mn(CO)s in isooctane under Ar. The negative bands correspond 
to the depletion of CH3Mn(CO)5; the positive bands correspond to cis-

CH3Mn(CO)4S. 
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We have not observed transients resulting from either trans-CO labil-
ization or homolytic metal-alkyl bond cleavage. However, prolonged irra
diation leads to the appearance of visible and IR absorbances that indicate 
the production of M n 2 ( C O ) 1 0 . 

The decay kinetics of I are consistent with the reaction with C O . Under 
argon the decay of I follows second-order kinetics. In contrast, under C O 
both the rates of decay of I and the re-formation of C H 3 M n ( C O ) 5 are ac
celerated and follow pseudo-first-order kinetics (Figure 3). The second-order 
rate constant for the reaction of c is -CH 3 Mn(CO) 4 S with C O (2.1 ± 0.1 x 
106 M " 1 s"1) shows excellent agreement between the IR and optical detection 
methods. It lies in the same range as other weakly bound sol-
vent-carbonylmetal intermediates, such as Cr(CO) 5 S, measured by flash 
photolysis techniques (I, 6, JO). 

Significantly, when T H F is used as the solvent, the reaction of I with 
C O (as studied by optical detection) is 4 orders of magnitude slower (k2 = 
1.4 Χ 102 M " 1 s'1). This change is consistent with the increased donor 
strength of T H F . Thus, the combined spectroscopic and kinetic data show 
that photolysis of C H 3 M n ( C O ) 5 in hydrocarbon or T H F solutions results in 

ο 

Ε 
c 
ο 

400 800 
Time, /is 

1200 1600 

Figure 3. Kinetic traces showing the decay of cis-CH3Mn(CO)4S (S is cyclo
hexane) at 1976 cm1 and the reformation of CH3Mn(CO)5 at 2014 cm1 following 
laser flash photolysis of CH3Mn(CO)5 in cyclohexane under 0.1 atm of CO. 

IR spectral changes are shown in transmittance mode. 
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the formation of m - C H 3 M n ( C O ) 4 S (S is solvent), which reacts with C O at 
rates comparable to those found for analogous solvent complexes of d 6 car-
bonylmetals. 

Although c is -CH 3 Mn(CO) 4 S is the first transient species observable in 
these experiments, competition experiments suggest that the primary pho-
toproduct C H 3 M n ( C O ) 4 shows a remarkable selectivity toward reaction with 
C O over alkane solvation. In cyclohexane the yield of I from the photolysis 
of H is a factor of 5 higher under argon than under C O , with otherwise 
identical conditions. This feature, which has been observed by both TRIR 
and optical detection methods, is unprecedented for simple earbonylmetals 
of this type. It suggests that C H 3 M n ( C O ) 4 is sufficiently long-lived to be 
trapped selectively by C O relative to the solvent alkane (Scheme IV). 

In contrast, we observed no [CO] dependence on transient yields fol
lowing irradiation of H in T H F or of Cr (CO) 6 in cyclohexane. Thus, 
C H 3 M n ( C O ) 4 must be trapped much more effectively by the stronger donor, 
T H F . In the case of Cr(CO) 6 , our observations are in accord with the ex
tremely rapid solvation of the singlet state Cr(CO) 5 fragment as measured 
by other workers (12-17). Apparently the lifetime of this species is too short 
to allow for selectivity between C O (10~2 M) and solvent. 

One possible explanation for the apparent selectivity of the C H 3 M n ( C O ) 4 

fragment would be that this species is formed in a triplet ground state having 
either a trigonal bipyramidal C 3 t geometry with an axial C H 3 ligand or a 

CH 3MniCO> 5 • CH 3Mn(CO) 4 

CH3Mn(CO)< 

Scheme IV. Competitive trapping of the unsaturated intermediate CH3Mn(CO)4 

(E). 
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square pyramidal geometry with a basal C H 3 ligand (71). Either geometric 
or electronic constraints may give this species sufficient lifetime to dem
onstrate selectivity in coordinating a sixth ligand. 
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New 2,2'-Bis(diphenylphosphino)-1,1'-
binaphthyl-Ru(II) Complexes 
for Asymmetric Catalytic Hydrogenation 

Hidemasa Takaya, Tetsuo Ohta, and Kazushi Mashima 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, 
Kyoto 606, Japan 

2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl-Ru(II) complexes were 
prepared in high yields and their molecular structures were deter
mined through spectroscopic methods and single-crystal X-ray anal
ysis. These complexes were used as catalysts for the asymmetric 
hydrogenation of enamides, allylic and homoallylic alcohols, α,β
-unsaturated carboxylic acids, and various functionalized ketones in 
exceptionally high enantiomeric excesses. Stereoselectivity of asym
metric hydrogenation of racemic 2-substituted β-keto esters, which 
proceeds by dynamic kinetic resolution, was extensively studied. Dia-
stereoselectivity of the hydrogenation depends largely on the solvent 
and the halide anion, as well as on the substituents of the four phenyl 
rings of the 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl ligands. The 
optical purities of the products are less sensitive to these factors. 
Highly stereoselective hydrogenation of methyl 2-benzamidomethyl-
3-oxobutanoate and an efficient synthesis of new chiral bis(
triarylphosphine) ligands were accomplished. 

]Vi A N Y B I O L O G I C A L L Y A C T I V E O R G A N I C C O M P O U N D S (such as pharma

ceuticals, vitamins, harvest-protecting chemicals, and perfumes) are optically 
active. Usually one of the optical isomers produces the desired effects; the 
others are inert or even poisonous. Careful control of chirality should produce 
only the optical isomer that has the desired effects. Nature uses enzymes 
for this purpose. 

0065-2393/92/0230-0123$06.00/0 
© 1992 American Chemical Society 
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Recent developments in homogeneous asymmetric catalysis using syn
thetic catalysts are remarkable. Several breakthroughs were made in the 
early 1970s in the field of asymmetric hydrogénation promoted by homo
geneous transition metal catalysts. Especially noteworthy is the work done 
by the research groups headed by Kagan (I, 2) (Université de Paris-Sud) 
and Knowles (3-5) (Monsanto Co.). These groups showed the high efficiency 
of chiral diphosphine ligands in the asymmetric hydrogénation of a-acyl-
aminoacrylic acids. 

In 1975, in cooperation with Noyori (Nagoya University), we started to 
prepare a new chiral diphosphine ligand, 2,2'-bis(diphenylphosphino)-l,r-
binaphthyl (1), which we named binap (6-13). This bis(triarylphosphine) 
characterized by C 2 chirality has structural flexibility based on rotation 
around C(l)-C(l ' ) axis and yet forms conformational^ clear-cut, rigid, seven-
membered chelate rings. All of these features are considered responsible 
for the high efficiency of its Rh and Ru complexes as catalysts for asymmetric 
hydrogénation (11-14) and 1,3-hydrogen migration (15-17). The following 
discussion is a brief summary of our achievements with binap-Ru(II) com
plexes and some recent results. 

(AM+M (S»-(-)-1 
[(fl)-BINAP] t(S)-B!NAP] 

Synthesis and Structures of Mononuclear Binap-Ru(H) 
Complexes 

Ru(OCOR)2(binap). The first binap-Ru(II) complex, 2, was synthe
sized by the Tokyo University group according to eq 1 (18). 

(C 2 H 5 ) 3 N 
tRuCI2(cod)]n * (S)-BINAP t Q t u a n 0 » 

Ru2Cl4l(S).binap]2.N(C2H s)3 (1) 

(S)-2 

We prepared the mononuclear dicarboxylate complexes 3 in 71-87% yields 
by treating 2 (or its derivatives) with sodium carboxylate in t-butyl alcohol 
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at 80 °C (eq 2) (19). The anion-exchange reaction can also be performed in 
two phases, with [ (C 6 H 5 CH 2 ) (C 2 H5) 3 N]Br as the phase-transfer catalyst. 

(S) -2 
RCOONa, (CH 3) 3COH 

RCOONa,H 2 0—CH 2 Ci 2 , 
(C eH 5CH 2)(C 2H 5)3NBr 

a R - C H 3 ; Ar 
b: R - C H 3 . Ar 
c: R - C H 3 ; Ar 

A-(S)-3 

(2) 

d : R - C H 3 ; Ar-p-C!C eH4 

• : R - C H 3 ; A r - p » F C 6 H 4 

f: R-C(CH3)3; Ar-CeH 5 

As illustrated in Figures 1 and 2, X-ray crystallography of A-(S)-3f re
vealed characteristic features of these complexes. To our knowledge, this 
finding provides the first X-ray structural data for cts-chelating diphos-

Figure 1. A perspective drawing of A-(S)-3f (data collected at -60 °C). Hy
drogen atoms of the t-butyl groups were omitted for simplicity. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

00
8

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



126 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Figure 2. A view of the structure of A-(S)~3î along the pseudotwofold axis 
bisecting the P-Ru-P angle. All hydrogen atoms and carbon atoms of naphthyl 

groups were omitted for simplicity. 

phine-Ru(II) dicarboxylate complexes. Selected bond distances and angles 
are listed in Table I. The central Ru(II) atom has a distorted octahedron 
coordination geometry, and the whole structure approximates C 2 chirality. 

The dissymmetry of the (S)-binap ligand fixes the seven-membered che
late ring to the δ-conformation. In turn, this position determines the chiral 
dispositions of the four phenyl rings on the phosphorus atoms. Because of 
the dissymmetry around the Ru atom endowed by these four phenyl rings, 
the bidentate ligation of the two carboxylate moieties to Ru occurs stereo-
selectively to form A diastereomer. This conformation avoids nonbonded 
interactions between the sterically demanding equatorial phenyl rings and 
the carboxylate ligands. 

[RuX(binap)(arene)]Y. We also synthesized several new cationic 
binap-Ru(II) complexes in which arene is benzene or p-cymene (20). Treat-

Table I. Selected Structural Parameters of Several 
Binap-Ru(II) and Binap-Rh(I) Complexes as Determined 

by X-ray Analyses 

Complex M-P(A) Ρ,-Μ-Ρ 2 Ο 

A-(S)-3f 2.241 90.6 65.6 
2.239 

(S)-6d 2.379 91.4 75.7 
2.334 

(R)-10* 2.305 91.8 74.4 
2.321 

(R)-ll ' 2.368 86.3 71.0 
2.388 

"Dihedral angle between two naphthyl rings. 
''(R)-10: [Rh((R)-binap)(norl>ornadiene)]C10,. 
r(R)-ll: [Rh((fl)-binap)2]CK)4. 
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ment of 5a or 5b with one equivalent of (S)-binap afforded (S)-6a or (S)-6b, 
respectively (eq 3). A similar reaction of the iodide complex 5c with (S)-
binap afforded the rather unstable (S)-6c, which is prone to lose benzene 
ligand in solution. The chloride ion of (S)-6a was easily replaced by B F 4 ~ 
and B ( C 6 H 5 ) 4 ~ when the compound was treated with A g B F 4 in dichloro-
methane or with N a B ( C 6 H 5 ) 4 in methanol to give (S)-6d or (S)-6e (eq 3). 

The p-eymene complexes, (S)-9a and (S)-9b, are prepared from 8a or 
8b and (S)-binap (eq 4). They are more stable than the corresponding benzene 
complexes 6. Even the iodide complex (S)-9c could be isolated in pure form 
in 94% yield by the reaction of 8c with (S)-binap. 

The starting complexes 8a-8c can be conveniently prepared from 
the natural and easily accessible p-mentha-l,5-diene instead of the 1,3-cy-
clohexadiene used to obtain complexes 5. Similarly, [RuCl((S)-p-tolbi-
nap)(C 6H 6)]Cl and [RuCl((S)-p-tolbinap)(p-cymene)]Cl were obtained in 
95 and 96% yields, respectively, from 5a or 8a and (S)-p-tolbinap (p-tolbinap 
is 2,2'-bis(di-p-tolylphosphino)-l, Γ-binaphthyl). 

The molecular structure of (S)-6d was determined by X-ray crystallog
raphy (Figure 3). The ruthenium atom has a pseudo-octahedral geometry 
defined by chloride, two phosphorus atoms of binap, and a tridentate ben
zene ligand. Selected bond distances and angles are listed in Table I, together 
with those of [Rh((R)-binap)(norbornadiene)]Cl04 [ («) -10] , and [Rh((R)-
binap) 2 ]C10 4 [(R)-ll]. Atomic distances of two Ru-P bonds in (S)-6d are 
nonequivalent. This fact agrees with observations of other binap metal com
plexes, (S)-3f, (R)-10, and (R)-ll. 

Figure 3. ORTEP view of (S)-6d. (Reproduced with permission from ref. 14. 
Copyright 1990 Rlackwell Scientific.) 
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Ο 
1 RuCl3nH20 

50 eC, 5 h 
90% EtOH 

2 KX, 50% EtOH \0 (S).BINAP 
1 Π fi Y ι———— 

4> 2 I EtOH—CeHf (8 : 1) 
2 50—55 · 0 , 1 h 

a : X s CI 
b: X s Br 
c : X s I 

(S)-6 

a : X s Y s CI 90% yield 
b: X s Y s Br 94% 
c : X s Y s I 52% 
d : X s Cl, Y s BF 4 

• : X s Cl, Y s BPh 4 

(3) 

RuC!3nH20 
50 °C, 5 h 
90% EtOH 

2 KX, 50% EtOH 
(S)-BINAP 
EtOH 
or 

2 EtOH—CH2CI2 (4:1) 
50 eC, 1 h 

a: X 
b: X 
c : X 

Cl 
B 

( S ) - Ô 

X" (4) 

a : X s Cl 94% yield 
b: X s Br 97% 
c : X s I 94% 
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8. TAKAYA ET AL. New Complexes for Hydrogénation 129 

Another characteristic feature of (S)-6d is the dihedral angle between 
two naphthyl planes. The value for (S)-6d, 75 .7° , is comparable to that of 
74 .4° for (R)-10 (8), but larger than the values of 65 .6° and 71 .0° found for 
(S)-3f (19) and (H)-ll (16), respectively. These comparisons demonstrate that 
the binap ligands flexibly change their dihedral angles to form stable chelate 
complexes with transition metals. The size of the angle depends on the 
nature of the central metal atom and other coordinated ligands. 

Asymmetric Hydrogénation of Olefinic Substrates Catalyzed 
by Binap-Ru(OCOR)2 Complexes 3 

Complexes 3 are highly efficient catalysts for asymmetric hydrogénation of 
olefinic substrates such as enamides, α, β- and β,7-unsaturated carboxylic 
acids, and allylic and homoallylic alcohols. Highly enantioselective hydro
génations of substrates with only amido, carboxylic, or alcoholic functionality 
have rarely been attained with other conventional chiral catalysts. 

Asymmetric Hydrogénation of Enamides Catalyzed by Com
plexes 3. 1-Substituted tetrahydroisoquinolines (type 13) are an important 
class of compounds. These physiologically active materials also serve as key 
intermediates for the preparation of a variety of isoquinoline alkaloids. The 
hydrogénation of Z-enamide substrates 12 in the presence of 0.5-1.0 mol % 
of (fi)-3 in a mixture of ethanol and dichloromethane afforded 13 (eq 5) with 
IR configuration in 95-100% enantiomeric excess (ee) (21). The E-isomers 
of 12 are inert under such catalytic conditions. 

13 95—100% 0Φ 

This enantioselective reaction, followed by removal or modification of 
the N-acyl group, leads easily to tetrahydropapaveline, laudanosine, (R)- and 
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(S)-trimethoquinol, and norreticurine in high optical purities. A simple 1-
methylene analog of 12 gives salsolidine after deacylation. 

Extension of this method to the enantioselective hydrogénation of sub
strate 14 (eq 6) established a general route to benzomorphans and mor-
phinans based on asymmetric catalysis (22). 

(6) 

Asymmetric Hydrogénation of Unsaturated Carboxylic Acids 
Catalyzed by Complexes 3. All of the catalyst systems designed so far 
were unable to give high enantiomeric excesses without the amide or related 
groups. However, very high enantioselectivity (up to 98.4% ee) was reported 
recently in the asymmetric hydrogénation of trisubstituted acrylic acids cat
alyzed by a cationic chiral (aminoalkyl)ferrocenyldiphosphine—rhodium com
plex (23). Type 3 complexes are excellent catalysts for asymmetric hydro
génation of disubstituted acrylic acids 16, which have only carboxylic acid 
functionality (eq 7) (24). 

H 2 4—135 atm 
R\ POOH (/?)-BINAP-Ru(ll) *\ P00** χ υ υ υ π (fl)-BINAP— Ru(ll) "\ v*~" 

\ J u) )—(u) (7) 
\ i C H 3 O H , room temp. R / \ R | 

16 17 

/ V C O O H JL cOOH Ψ t y c o o n 

fl, 9 1 % · β S, 87% 00 5, 85% 00 /?, 92% 00 

Rt 93% 00 R, 95% 00 5, 93% 00 95% 00 
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8. TAKAYA ET AL. New Complexes for Hydrogénation 131 

The optimum reaction conditions are highly dependent on the structures 
of the olefinic substrates and on reaction conditions such as initial pressures 
of hydrogen. Various oxygen-functionalized unsaturated carboxylic acids can 
also be used as substrates. Hydrogénation of 18 with (S)-3a as catalyst afforded 
(S)-naproxen (19), a useful antiinflammatory agent, in 92% yield and in 97% 
ee (eq 8). Certain β,Ύ-unsaturated carboxylic acids were also hydrogenated 
in 81-88% ee. 

19, (S)-Naproxen 97% ee 

Although the mechanism of these hydrogénations is still unclear, some 
relevant information has been obtained. For example, the deuterium in
corporation experiments for the hydrogénation of acrylic acid derivatives 
showed that α-hydrogen usually comes from gaseous hydrogen, while most 
β-hydrogen (50-100%) comes from protic solvents or substrates. In spite of 
these rather complicated facts, deuteration experiments of tiglic acid and 
cinnamic acid (25) indicate that the overall stereochemistry of hydrogen 
addition is cis. 

Asymmetric Hydrogénation of Allylic and Homoallylic Alcohols 
Catalyzed by Complexes 3. Some cationic R h - and Ir-phosphine com
plexes are known to catalyze diastereoselective hydrogénation of chiral allylic 
and homoallylic alcohols. However, highly enantioselective hydrogénation 
of prochiral substrates has been difficult. The binap-Ru(II) dicarboxylate 
complexes 3 effectively catalyze enantioselective hydrogénation of prochiral 
allylic and homoallylic alcohols (26). Geraniol and nerol are hydrogenated 
in methanol under the initial hydrogen pressure of 90-100 atm at room 
temperature to give citronellol in nearly quantitative yield and with 96-99% 
ee (Table II and eqs 9 and 10). The substrate-to-catalyst mole ratio approaches 
50,000. The allylic and nonallylic double bonds in the starting olefinic al
cohols can be differentiated clearly. Hydrogénation of homogeraniol gave 
4,8-dimethyl-7-nonenol in 92% ee. 

As shown in Scheme I, this method has been applied successfully to the 
synthesis of (3H,7H)-3,7,11-trimethyldodecanol (23), a versatile intermediate 
for synthesis of α-tocopherol (vitamin E) (20). The synthesis of 23 was started 
from citronellol (21), for which asymmetric synthesis had already been es
tablished for the industrial production of (-)-menthol (15, 16). Conversion 
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Table II. Asymmetric Hydrogénation of Geranio! and Nerol 
opb ee° 

Substrate Catalyst SIC (%) (%) 
Geraniol (S)-3a 530 98 (96) 

(S)-3f 500 (98) 
(S)-3b 10,000 99 (96) 

Ru(OCOCF3)2((S)-binap) 50,000 96 
(96) (S)-9c 1,900 (96) 

Nerol (R)-3a 540 (98) 

NOTE: All products were of (R)-eonfiguration. 
"Substrate-to-catalyst mole ratio. 
''Determined on the basis of the value of optical rotation. 
'Determined by H PLC analysis of the diastereomeric amides prepared by condensation of 
citronellic acid and (R)-l-(l-naphthyl)ethylamine. 

*N(C2H5)2-

1. [Rh((S)-binap)f 
2. H20 C H O 

1. (CH3)aCO, 
aq NaOH 

2. H2, Pt/C 

21 98% ee 

THF 

1. PCIj, Py 
2. NaOCOCH3 

3. aq NaOH 
4. fractional 

distillation 

Ru((S)-binap) 

22 2 3 3R,7R 98% 
3S.7« 1% 
3A.7S 1% 

Scheme I. 
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of 21 to 22 followed by asymmetric hydrogénation catalyzed by the binap-Ru 
complex afforded the desired alcohol 23 in 99% diastereoselectivity. Chiral 
allylic secondary alcohols can be kinetically resolved by hydrogénation with 
(R)- or (S)-3 (27). 

20 2fl,4 ,fl,8 ,f? 

Asymmetric Hydrogénation of Functionalized Ketones 
Catalyzed by Binap-Ru(II) Complexes 

Optically active secondary alcohols with functional groups at neighboring 
positions are extremely useful starting materials for the synthesis of various 
biologically active compounds. The binap-Ru(II) dicarboxylate complexes 3 
can catalyze the hydrogénation of α-amino ketones 24 to give amino alcohols 
25 (eq 11) in high enantioselectivity (28). 

Q H 2 100 atm O H 

II BINAP—Ru(OCOCH 3) 2 : m v 
R ^ N ( C H 3 , 2 -JZZH-Z^ - R X ^ N ( C H 3 , 2 (ID 

24 25 

a: R = CH 3 Ru(OCOCH3)2((S)-blnap) 96% ee 
b: R s CH(CH3)2 Ru(OCOCH3)2((S)-binap) 95% ee 
c : R = C e H 5 Ru(OCOCH3)2((S)-tolblnap) 93% ee 

However, other functionalized ketones such as β-keto ester 26 cannot 
be reduced by using 3. Fortunately, the binap-Ru(II) complexes derived 
from 3a and two equivalents of H X (X is CI, Br, or I) (28, 29), as well as 
with complex 2 (28-̂ 30), can catalyze the hydrogénation of ketones bearing 
various functionalities (including dialkylamino, hydroxyl, alkoxyl, siloxyl, 
keto, alkoxycarbonyl, alkylthiocarbonyl, dialkylaminocarbonyl, and carboxyl) 
exceptionally in high enantioselectivities (—100% ee) (eq 12). 

9 H 2 , (S)-BINAP—Ru(ll) ? H (12) 

A χ • 

X - Y, C-Y, C - C - Y 
Y - O , N, Br, etc. 
C « sp2 or nonstereogenic sp3 carbon 

The hydrogénation proceeds smoothly in methanol at room temperature, 
with initial hydrogen pressure of 70-100 atm. Hydrogénation of prochiral 
symmetrical a- and β-diketones afforded a mixture of meso- and d/-diols. 
The enantioselectivities of the di-diols were very high (99-100% ee) (28, 30). 
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The stereochemistry of the hydrogénation suggests that the key factor in the 
enantioface differentiation is a simultaneous coordination of the carbonyl 
oxygen and heteroatom Y to the Ru atom (eq 12). 

The arene ligands of complexes 6 and 9 are easily liberated under cat
alytic conditions to afford coordinatively unsaturated species that exhibit 
sufficient catalytic activity and selectivity in the hydrogénation of a number 
of unsaturated substrates. Some representative results are given in Table 
III. α-Amino ketones and β-keto esters were hydrogenated in very high 
enantioselectivity. Above all, smooth reduction of β-keto esters is important 
because dicarboxylate complexes 3 cannot reduce substrates of this type. 

When methanol was used as a solvent, the reduction of 26 (eq 13) 
proceeded very quickly, though a small percentage of dimethyl acetal was 
formed as a byproduct. The formation of such a byproduct can be avoided 
if dichloromethane or aqueous methanol is used. The hydrogénation can be 
operated even at 3 atm of hydrogen pressure at room temperature, though 
a prolonged reaction time (90 h) is necessary. 

Ru(OCOCH3)2((H)-binap) 
S 9 • 2HCl/MeOH/CH2Cl2 ? H η (13) 

X ^ ^ O C H , s / c = 2000, H 2 (100 atm) ^ ^ ^ Ο Ο Η 3 

MeOH, 30 °C, 36 h 
26 27 99.4% θ β 

Type 28 β-keto ester with a substituent at the 2-position is a chiral 
compound, but racemization occurs very rapidly. If stereoselective hydro
génation occurs, only one product forms via the so-called dynamic kinetic 
resolution of chirally labile racemate. Binap-Ru catalysts can realize this 
type of hydrogénation (31). Very high syn selectivities have been obtained 
when reactions were carried out in dichloromethane (eq 14). 

Ο Ο e a t * OH Ο OH Ο 

R ' ^ A o C H , Ha(ioofcfl/cm»)^ 0 i X J k „ u ^ R ' ^ S A x * , (14) 
h h R2 

(±)"28 #yn-(2S,3/?)-29 a#ii/-(2J?,3/?)-29 

R1 R2 solvent 9yη % de (% ··) 

CH 3 CH 3 CH3OH 2 (**) 

CH 3 N H C O C H 3 CH2CI2 98 (98) 
C H 3 O H 4 2 (90) 

car 
N H C O C H 3 CH2CI2 98 (94) 

NHCOC6H5 CH2CI2 98 (92) 

cat* s Ru(OCOCH3)2((fl)-binap) + 2 HBr 
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A similar asymmetric hydrogénation of ( ± ) - 3 0 with (R)-binap-Ru(II) pro
duces mostly the syn alcohol 31 (eq 15) (32). The compound syn-(2S,3R)-31 
is an important intermediate for the synthesis of β-lactam antibiotics because 
it is easily converted to the chiral acetate 33 via 32 (eq 16). 

Ο Η 2 (50—100 kg/cm2) 

(fl)-BINAP—Ru(ll) 
. OCH3 
L s/c s 100—1000 *NHCOC6H5 50 oC 

( ± ) - 3 0 

OH Ο OH Ο 

' > r O C H , «. ^ ν ^ Ο Ο Η 3 (15) 

^NHCOC 6 H 5 ^NHCOCeHs 

syn-(2S,3f?)-31 *nf/-(2f?,3/?)-31 

OSiMejBu1 OSiMe2Bu l 

RuCI„ CH,CO,H jy^OCH 

32 33 

''l—f (16) 
NH 

We investigated suitable catalytic conditions that give syn-(2S ,3R)-31 
selectively by using various binap-Ru(II) complexes (32). The diastereose-
lectivities are highly dependent on the kinds of solvents and halide anions 
in the binap-Ru(II) complexes, as well as on substituents of the four phenyl 
rings of the binap ligands. Among the halide complexes, those bearing iodide 
anions such as 6c and 9c gave the highest diastereoselectivity. Some rep
resentative results are shown in Table IV. 

Much lower diastereoselectivity has usually been obtained in methanol 
than in dichloromethane, though the hydrogénation proceeds much faster 
in methanol than in dichloromethane. Introduction of alkyl substituents at 
the 3- and 5-positions of phenyl rings in binap results in higher diastereo
selectivity. In contrast, a substituent at the 4-position (such as C H 3 , £ - C 4 H 9 , 
C H 3 O , F, CI, or C F 3 ) does not exert a remarkable effect on diastereoselec
tivity. Replacement of binap phenyl rings by cyclohexyl or cyclopentyl 
groups resulted in total loss of catalytic activity. The highest diastereoselec
tivity (98% diastereomeric excess, de) was obtained with a catalytic system 
derived from [Rul 2(p-cymene)] 2 and 3,5-f-Bu 2-binap. The effect of iodide 
ion on stereoselectivity has also been observed in the hydrogénation of 
racemic 34 and 36 (eqs 17 and 18) (33, 34). 
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Ο Ο (S)-BINAP-Ru 0 H Ο O H 0 

(± ) -34 syn-3 5 antl-3 5 
conflg. % de (% ee) 

[RuCI((H)-binap)(btnzene)]CI syn (55,6/?) 95 (93) 2 1 

[Rul((S)-binap)(benzene)]l syn (5/7,65) 98 (97) 

Ο ο (fl)-BINAP-Ru OH ο OH ο 

( y - O C H , J ^ Î T l ^ ^ Α , Ο Η , · ( y - O C H , (18) 

( ± ) - 3 6 (1 /?,2/?)-a#U/-3 7 (1 /?,2S)-syn-3 7 

c a t S/C solvent conflg. % de (% »») 

[RuCI((/?)-binap)(benzene)]CI 1170 MeOH anti (1/f,2/?) 63 (88)2 1 

CH2CI2 antl (1/?,2#?) 98 (92)2 1 

[Rul((S)-binap)(benzene)]l 2500 MeOH antl (1S.2S) 92 (99) 

Synthesis of New Chiral Bis(triarylphosphine) Ligands 
via Asymmetric Hydrogénation of Cyclopentanones 

The diphosphines 38 and 39 are chiral, fully aryl-substituted phosphines that 
have not been synthesized in optically pure forms. cis-Chelation is expected 
for 38 (abbreviated to o-bitap). The meta-substituted phosphine 39 (abbre
viated to m-bitap) will coordinate to metals in the trans manner. Because 
the structures of such complexes are unique, one may expect new catalytic 
activity and selectivity. Thus, we prepared these ligands through asymmetric 
hydrogénation (35). 

38 (o-BITAP) 39 (ro-BITAP) 

When the racemic 3,4-diaryl-substituted cyclopentanone 40 was hydro
genated under the described conditions, a diastereomeric mixture of 41 and 
42 was obtained in 1.6:1.0 ratio (eq 19). This mixture can easily be separated 
with silica gel column chromatography. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

00
8

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



8. TAKAYA ET AL. New Complexes for Hydrogénation 139 

H , (90—95 kg/cm 2) 
[Rul((S)-blmp)-
(p-cym*n#)]l 

Ο C H , C I 2 — M e O H 

Cl COOEt 

( ± ) - 4 0 all trans 
£ 1 ,CI 

-OH (19) 

"COOEt 

< + )-41 (-)-42 

The ûX'trans structure of 41 was established with the aid of X-ray crys
tallography. The compound ( + )-41 was converted to ( + )-40 (61% ee) by 
C r 0 3 oxidation. Simple recrystallization from methanol gave optically pure 
( + )-40 [[a] D

2 6 + 6 8 . 0 ° (c 0.50, CHC1 3)]. The structure of 42 was assigned 
on the basis of N M R data and the fact that (-)-42 can be converted to 
(-)-40 (eq 20). No loss of optical activity has been observed for ( + )- and 
(-)-40. Thus, hydrogénation does not belong to dynamic kinetic resolution. 

The stereochemistry of the hydrogénation is shown in Scheme II. For 
both enantiomers, the single-handed catalyst bearing the (S)-binap ligand 
approaches from the rectus face. 

Conversion of the keto ester (-)-40 [[a] D
2 4 - 6 6 . 3 ° (c 1.49, CIIC13)] to 

the diphosphine ( + )-38 [[a] D
2 0 + 2 9 . 6 ° (c 1.02, CHC1 3)] was carried out by 

the procedures shown in Scheme III. The 100% optical purity of (-)-44 was 
confirmed by H P L C analysis using a chiral column, Chiralcel O D (hex-
ane:isopropyl alcohol = 60:1). The absolute configuration was determined 
by reduction of (-)-44 to (lR,2H)-l,2-diphenylcyclopentane. 

Thus, the present method provides us with a convenient route to a new 
class of chiral bis(triarylphosphine) with C 2 chirality. A similar procedure 
with the m-chloro derivative of 40 afforded the chiral frans-chelating di-
phosphines 39. 

(20) 

(-)-42 (-)-40 
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Re face 

1,2-trans 

Ar 

Ar> 

Re face 

Ar t 
C02R 

Ar = o-CIC 6H 4, m-CIC6H4 

R s C 2 H 5 , C H 3 

Ar 

OH 
C09l 

H 
minor 

1,2-c/s 

Scheme 11. 

Conclusion 

We developed several binap-based catalysts that are highly efficient for asym
metric hydrogénations of both olefinic and ketonic substrates. In view of 
their efficiency, the high synthetic applicability is obvious. Some of the 
compounds described here have so far been prepared only by biological or 
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8. TAKAYA ET AL. New Complexes for Hydrogénation 141 

biochemical transformations. The present catalytic systems sometimes gen
erate products with optical purity higher than those of natural origin. More
over, R and S enantiomers are accessible with equal ease by either variation 
of the substrate geometry or choice of handedness of the catalysts. The 
chemical processes are operationally simple and suitable for large-scale pro
duction. Thus, asymmetric synthesis by use of manufactured catalysts is 
expected to become more and more important in both synthetic and indus
trial chemistry. It will be used cooperatively with biological and biochemical 
processes. 
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Enantioselective Catalysis 
with Transition Metal Compounds 
Right or Left—This Is the Question 

Henri Brunner 

Institut für Anorganische Chemie, Universität Regensburg, Universitätsstrasse 
31, D-8400 Regensburg, Germany 

Extension of the scope of enantioselective catalysis with transition 
metal complexes from well-established reaction types, such as the 
hydrogenation of dehydroamino acids and the hydrosilylation of ke
tones, to new reaction types is a challenging goal. The extension to 
(i) the transfer hydrogenation of itaconic acid with formic acid, (ii) 
the hydrophenylation of norbornene, and (iii) the homo-Diels-Alder 
reaction of norbornadiene with acetylenes is described. In reactions 
i and iii, there is virtually complete optical induction. 

V ^ P T I C A L L Y P U R E S U B S T A N C E S are increasingly in demand for human food 
additives, animal food supplements, pharmaceuticals, and agrochemicals. 
Enantioselective catalysis with transition metal compounds is a promising 
approach to meet this demand. 

An optically active catalyst is required in only small quantities, an eco
nomically important point. It reenters each catalytic cycle with its chiral 
information. Therefore, large amounts of optically active compounds can be 
prepared by using only small amounts of an optically active catalyst. Pref
erably, the enantioselective cocatalyst is applied as an in situ catalyst. Such 
an in situ catalyst consists of a metal compound (the procatalyst) and an 
optically active ligand (the cocatalyst), both of which (in favorable cases) are 
stable and commercially available. Use of in situ catalysts does not require 
the synthesis of the actual catalyst prior to the catalytic reaction. 

0065-2393/92/0230-0143$06.00/0 
© 1992 American Chemical Society 
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144 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Hydrogénation and Hydrosilyhtion 

Well-established reaction types for enantioselective catalysis with transition 
metal complexes are the hydrogénation of dehydroamino acids (Scheme I) 
and the hydrosilylation of ketones (Scheme II). 

Hydrogénation of (Z)-a-N-acetamidocinnamic acid to give N-acetyl-
phenylalanine (Scheme I) is a frequently used standard reaction. A variety 
of Rh complexes catalyze this reaction under mild conditions (room tem
perature, no hydrogen pressure), with optical inductions close to 100%. An 
example of an in situ catalyst is [Rh(cod)Cl]2-Norphos (see Abbreviations 
list) (I, 2). [Rh(cod)Cl]2 is the procatalyst, and the optically active chelate 
phosphine, Norphos, is the cocatalyst. Both are shown in Scheme I. 

In the hydrosilylation of acetophenone with diphenylsilane, first a cat
alytic addition of a S i - Η bond to the C = 0 bond occurs. This addition gives 
rise to a silyl ether, which is subsequently hydrolyzed at the O - S i bond. 

procatalyst Norphos 

Scheme I. 
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0 
II 

I.CQt. 
H 3 C ^ ^ C 6 H 5

 6 5 2 2.H20 

H OH HO H 
\ / V 

H 3C C 6 H 5 H3C C 6 H 5 

5 95 

COOC 2 H 5 

Scheme II. 

1-Phenylethanol is the ultimate product (Scheme II). In this reaction, the 
celebrated optically active chelate phosphines are inefficient cocatalysts as 
far as enantioselectivity is concerned. Therefore new types of nitrogen li
gands have been introduced as optically active cocatalysts, such as the pyr-
idinethiazolidines. In situ catalysts consisting of [Rh(cod)Cl]2 and the pyri-
dinethiazolidine shown in Scheme II give optical inductions close to 100% 
in the hydrosilylation of acetophenone with diphenylsilane (3, 4). 

To extend the scope of enantioselective catalysis with transition metal 
complexes from the established reaction types (hydrogénation and hydro
silylation, exemplified in Schemes I and II) to new reaction types is a chal
lenging goal. This extension is the topic of the following paragraphs. 

Enantioselective Hydrogénation with Formic Acid 

Itaconic acid is a frequently used substrate in enantioselective hydrogéna
tion. The best results have been obtained with rhodium catalysts of the 
ligand B P P M (see Abbreviations list) and B P P M derivatives. Molecular hy
drogen can be replaced by formic acid as the transfer hydrogénation agent 
(5, 6). The most convenient choice is the azeotrope H C O O H - N E t 3 (5:2), 
which is commercially available. This transfer hydrogénation takes place in 
D M SO (dimethyl sulfoxide) at room temperature. It avoids the inconveni
ence and risks of molecular hydrogen and pressure. 
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The in situ catalyst [Rh(cod)Cl] 2-BPPM (Scheme III) gives methylsuc-
cinic acid of 85% ee (enantiomeric excess), similar to the enantioselectivity 
of the hydrogénation with molecular hydrogen (7). In the transfer hydro
génation, chelate phosphines giving seven-membered rings are superior to 
chelate phosphines giving six- or five-membered rings. In addition to Rh(I) 
compounds such as [Rh(cod)Cl]2, Rh(II) compounds such as Rh 2 (OAc) 4 or 
Rh(III) compounds such as R h C l 3 are suitable procatalysts (6). 

Triethylamine can be replaced by other amines. The use of (fi)-l-phen-
ylethylamine decreases the enantioselectivity of all the in situ catalysts, 
whereas (S)-l-phenylethylamine increases the enantioselectivity of all the 
systems, and thus gives virtually complete optical induction (Scheme III). 

Another type of reaction with H C O O H - N E t 3 as the reducing agent is 
the hydroarylation of norbornene with iodobenzene. This reaction is cata
lyzed by phosphine palladium acetate complexes (8, 9). The product is exo-

H CH2COOH 
\ / procat. 
C=C • HCOOH/NR3 • / \ cocat. 

H COOH 5 : 2 

c o c a t . : 

Ν Λ 

H CH2COOH Η * 

*3 W »% V COOH 

procat.: 

NR3 [Rh(cod)Cl]2 Rh2(0Ac)^ RhCI3 

NEt 3 84.9 92.2 82.2 */. ee 

(R)-PhMeCHNH 2 7A.6 87.0 80.1 ·/· ee 

(S)-PhMeCHNH 2 90.5 98.7 99.5 V. ee 

Scheme III. 
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phenylnorbornane, a chiral molecule. With an in situ catalyst consisting of 
Pd(OAc) 2 and Norphos (Scheme IV) we obtain phenylnorbornane in 60% 
chemical yield and 45% ee (10). The optical purity of the hydrocarbon phen
ylnorbornane can be determined by gas chromatography using a permeth-
ylated β-cyclodextrin column (11). 

cat . : 

Pd(OAc) 2 /Norphos LSV* ee ! 6 0 * / · yield) 

1 Mol % 
DMF, 6 0 ° C , 16h 

Scheme IV. 

Other new reaction types have been opened up to enantioselective 
catalysis with transition metal compounds, such as the Michael addition of 
methyl l-indanone-2-carboxylate to methyl vinyl ketone (12, 13), the mono-
phenylation of meso-diols with Ph 3 Bi(OAc) 2 (14,15), and the hydrosilylation 
of oximes with diphenylsilane (16, 17). Because the results have been pub
lished previously, they will not be repeated here. 

Homo-Dieh-Alder Reactions of Norbornadiene 

The reaction of norbornadiene with olefins and acetylenes will be described 
in the final paragraphs. Reaction with acetylenes gives rise to extremely high 
optical inductions. 

The reaction of norbornadiene with acrylonitrile is catalyzed by phos
phine nickel cyano complexes (18). It produces the deltacyclanes shown in 
Scheme V, which form diastereomers that differ in the orientation of the 
C N group with respect to the deltacyclane skeleton. Each diastereomer 
consists of a pair of enantiomers. To render the reaction enantioselective, 
P P h 3 is replaced by the optically active phosphines Diop (see Abbreviations 
list) and Norphos (19). With Diop the chemical yield is 100% (diastereomer 

Amerïcao Chemteil Society 
library 

115S i i th St, MM* 
Washington* DC 20036 
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ratio 60:40), but the optical induction is only 4 and 3% (Scheme V). With a 
Ni(CN) 2 -Norphos catalyst a poor (10%) chemical yield is obtained (diaste
reomer ratio 55:45), and the optical inductions of 12 and 15% are only slightly 
higher (19). 

ratio optical 
cat.: yield diastereomers induction 

Ni(CN)2/Diop 100% 60 : L0 4 and 3%ee 
Ni(CN)2/Norphos 10% 55 :45 12and15%ee 

Scheme V. 

A much more favorable situation is the reaction of norbornadiene with 
phenylacetylene, in which phenyldeltacyclenes are formed (Scheme VI). In 
this reaction there are no diastereomers, only a pair of enantiomers being 
the possible product. In situ catalysts for this reaction are cobalt(III) com
pounds such as Co(acac)3 (see Abbreviations list) in combination with phos
phine ligands and diethylaluminum chloride (20, 21). With Norphos as the 
optically active phosphine, a catalyst quantity of 0.2 mol % is sufficient for 
a quantitative formation of the phenyldeltacyclene in tetrahydrofuran (THF) 
at 35 °C during 4 h (Scheme VI). According to a gas chromatographic (GC) 
analysis with a chiral cyclodextrin column (22), the optical purity is 99.2:0.8 
(19). 

Scheme VII shows the reaction of norbornadiene with 1-hexyne. This 
reaction is quantitative, giving 99% ee with a catalyst Co(acae) 3-Norphos-
E t 2 A l C l . The G C traces are shown at the bottom of Scheme VII for the 
racemic mixture, for the Diop-containing catalyst (ca. 20% ee), and for the 
Norphos-containing catalyst (99% ee). 

Five-membered chelate rings containing compounds such as Prophos, 
Chiraphos, and Norphos (see Abbreviations list) are puckered (23-27). A ring 
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9. BRUNNER Enantioselective Catalysis with Transition Metal Compounds 149 

£ j L / 7 + HCECPh 

cat.: 
Cotacac^ /Norphos/Et2AlCl 
0.2 MolV. 
THF, 3 5 ° ε , 4h 

cat. 

Ph 

99.2 0.8 (98.^e/eee) 

( y i e l d q u a n t i t a t i v e ) 

Scheme VI. 

f/\ 77 * HC=C Bu 

cat.: 
Co(acac)3/ Norphos/Et 2Al CI 99 : 1 (98% ee) 

[yield quantitative) 

R a c e m a t e 

CFiop Norphos 

Scheme VII. 

conformation that places the large substituents in an equatorial position is 
favored, as shown in structure A, which is also a suitable cocatalyst for the 
homo-Diels-Alder reaction of norbornadiene and acetylenes. The puckering 
of the chelate ring results in an equatorial-axial differentiation of the phenyl 
substituents at the phosphorus atoms. This puckering allows the phenyla-
cetylene to bind in the preferred orientation shown in structure B, in which 
the phenyl substituent of the acetylene is in the neighborhood of the equa-
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torial phenyl substituent at phosphorus. The formation of the two dashed 
carbon-carbon bonds completes the deltacyclene skeleton in an almost en-
antiospecific way. 

Abbreviations and Chemical Names 

acac acetylacetonate 
B P P M 1,1-dimethylethyl ester of (2R-4R)-4-(diphenylphosphino)-2-

[(diphenylphosphino)methyl]-l-pyrrolidinecarboxylic acid; see 
cocat. in Scheme III 
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Chiraphos (S, S)-(l,2-dimethyl-1,2-ethanediyl)bis[diphenylphosphine] ; see 
structures A and Β 

cod 1,5-cyclooctadiene 
Diop (S,S)-[(2,2-dimethyl-l,3-dioxolane-4,5-diyl)bis(methylene)]bi 

[diphenylphosphine] 
Norphos (S,S)-bicyclo[2.2.1]hept-5-ene-2,3-diylbis[diphenylphosphine] 
Prophos (fl)-(l-methyl-l,2-ethanediyl)bis[diphenylphosphine] 
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Shape-Selective Olefin Epoxidation 
Catalyzed by Metallo "Picnic-Basket" 
Porphyrins 

James P. Collman1, Xumu Zhang1, Virgil Lee1, Robert T. Hembre2, and 
John I. Brauman1 

1Department of Chemistry, Stanford University, Stanford, CA 94305 
2Department of Chemistry, University of Nebraska, Lincoln, N E 68588 

Dramatic selectivities are observed in the epoxidation of several olefin 
pairs with a series of manganese "picnic basket" porphyrin catalysts, 
which have a rigid cavity of variable dimensions on one side of the 
porphyrin ring and a bulky anionic ligand (3,5-di-t-butyl phenoxide) 
on the other side. The pronounced selectivities are in contrast to 
those obtained with flat porphyrins such as tetraphenylporphyrin 
(TPP) and sterically hindered porphyrins such as tetramesitylpor-
phyrin (TMP). When substrates of varying shapes and sizes are used, 
the selectivities obtained from the picnic-basket porphyrins with a 
synthetic cavity mimic the substrate specificity of enzymes with a 
protein cavity. 

S H A P E S E L E C T I V I T Y is an important characteristic of enzymatic reactions. 
The substrate specificity of an enzyme generally results from the interaction 
of the three-dimensional protein structure and the unique shape of the 
substrate. In the past, much attention has been devoted to understanding 
binding between a substrate and an enzyme. Host-guest chemistry and 
molecular recognition are terms used to describe these and related studies. 
Many host-guest systems such as crown ethers, cyclodextrins, cyclophanes, 
and molecular clefts have been synthesized to elucidate the nature of sub
strate-enzyme interactions (1-6). Although these systems successfully mimic 
substrate binding in enzymes, few of the systems incorporate catalytic cen-

0065-2393/92/0230-0153$06.00/0 
© 1992 American Chemical Society 
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ters in the host cavities. Therefore, these systems have failed to address the 
problem of substrate selectivities in catalytic processes. 

In contrast, zeolites, a type of heterogeneous shape-selective catalyst, 
have been applied successfully as important catalysts in the petroleum in
dustry. Zeolites can have acid-base or metallic catalytic centers in an ex
tended pore structure. The framework of zeolites controls the shape selec
tivity of substrates and influences the product distribution in the catalysis. 
Xylene isomerization and the methanol-to-gasoline process (MTG) are two 
such examples (7). The development of homogeneous shape-selective cata
lysts is important and remains a challenging problem in homogeneous ca
talysis. 

"Picnic-Basket" Porphyrins 

An effective strategy in the development of shape-selective homogeneous 
catalysts is to mimic enzymes. In the past, we have been involved in model
ing the chemistry of cytochrome P-450. Cytochrome P-450, a family of en
zymes, is crucial in oxidative metabolism. The active site contains an iron 
protoporphyrin moiety (structure 1) with an axial cysteine thiolate ligand. 
These enzymes catalyze the reaction of hydrocarbons with molecular oxygen, 
incorporating one oxygen atom into the substrate and reducing the other 
oxygen atom to water. The hydroxylation of alkanes and the epoxidation of 
olefins are well-studied reactions catalyzed by these enzymes. As do many 
other enzymatic systems, cytochrome P-450 controls its substrate selectivity 
exclusively by its surrounding protein cavity (8-9). The catalytic cycle of 
cytochrome P-450 is shown in Scheme I (10). 

1 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

01
0

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



10. C O L L M A N ET AL. Shape-Selective Olefin Epoxidation 155 

Scheme I. Catalytic cycle of cytochrome P-450. 

Although nature uses oxygen as the oxygen-atom source, it is possible 
to use other oxygen-transfer agents in what is called the shunt pathway. 
Synthetic metalloporphyrins have similar activities in alkane hydroxylation 
and in olefin epoxidation when such oxygen-transfer reagents are employed 
(Scheme II) (IJ). 

On the basis of these findings, shape-selective oxygenation catalysts were 
developed. The shape-selective catalysts employ diverse strategies, includ
ing sterically hindered porphyrins (12-17), membrane-spanning porphyrins 
(18), and zeolite-encapsulated macrocyclic complexes (19) and metal ions 
(20). To mimic the substrate selectivity found with cytochrome P-450, we 
developed a new porphyrin system, the "picnic-basket" porphyrins (PBP) 
(Chart I) (21-23). 

The PBP complexes have a rigid cavity of variable dimensions on one 
face of the porphyrin ring. A bulky axial ligand is used to block the open 
face of the porphyrin. This conformation allows for the formation of the 
active oxygenating species inside the porphyrin superstructure. The inter
action between this superstructure and the olefin leads to shape-selective 
epoxidation. For example, some cyclic olefins like cyclooctene have a larger 
size than comparable acyclic olefins like cw-2-octene. The difference results 
in the latter being epoxidized at a faster rate in certain PBP cavities 
(Scheme III). 
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Ar = - o 
tetraphenylporphyrin (TPP) 

C H , 

Ar = 

C H 3 

tetramesitylpoφhyrin (TMP) 

PhIO, H 2 0 2 , NaOCl, etc. 

V / M(TPP)X or M(TMP)X Ν / 

/ ^ M = Fe, Mn, Cr ^ 
X = C I Br 

Scheme II. Metalloporphyrin models for cytochrome P-450. 

Results 

We failed to achieve shape selectivity in olefin epoxidation by using 
Mn(PBP)Br and bulky neutral axial ligands such as 1,5-diphenylimidazole 
to block the open face of the porphyrin (8). The reason for this failure seems 
to be as follows. 

Suppose the bulky imidazole ligand coordinates to the open face of the 
porphyrin and bromide coordinates inside the basket cavity. For epoxidation 
to occur inside the cavity, the bromide must be displaced from manganese 
by coordination of an oxygen-transfer agent such as PhIO. This process might 
be thermodynamically unfavorable, as suggested in a related system (24). In 
contrast, the displacement of a neutral imidazole by PhIO could be a more 
favorable pathway, and this reaction is likely to take place on the more 
accessible open face of the porphyrin. To solve this problem a bulky anionic 
axial ligand, 3,5-di-f-butyl phenoxide, was used to block the open face of 
PBP (Scheme IV). 
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R 

Chart I. "Picnic-basket" porphyrins. 

Four olefin pairs were studied in competitive epoxidations. A 1:1 ratio 
of two olefins was used as a substrate mixture; manganese complexes of 
tetraphenylporphyrin (TPP), tetramesitylporphyrin (TMP), or PBP were 
used as the catalyst. The oxidations were carried out in dry acetonitrile with 
PhIO as the oxygen-atom source. The results are summarized in Table I. A 
catalytic asymmetric epoxidation of styrene was also studied with (R)-
binapPBP at 0 °C; S( + )- styrene oxide is formed in 13% enantiomeric excess 
(ee), as determined with an N M R chiral shift reagent. 

Discussion 

Very slow epoxidation is observed with the Mn(C 2PBP)(OAr) or 
Mn(C 4PBP)(OAr) as catalyst. The competitive epoxidation ratios of four olefin 
pairs with either Mn(C 2PBP)(OAr) or Mn(C 4PBP)(OAr) are close to those 
obtained with Mn(TPP)(OAr) (Table I). The only exception is the ratio of 
the third olefin pair with Mn(C 4PBP)(OAr). The slow rate and low selectivity 
may be a manifestation of reaction "leaking', in which the oxidation occurs 
on the open unhindered face of the porphyrin. 

Dramatic selectivity is found in the epoxidation of ds-2-octene and trans-
β-methylstyrene (the first olefin pair in Table I). When Mn(C 6PBP)(OAr) or 
Mn(PXYLPBP)(OAr) is used as the catalyst, the competitive epoxidation 
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What is the problem ? 

159 

Solution: Bulky anionic ligand ? 

Scheme IV. Problems with the PBP strategy. 

ratios are 70 and 29, respectively. These ratios are larger than those obtained 
with the sterically hindered porphyrin catalyst, Mn(TMP)(OAr), and much 
larger than that obtained with the flat porphyrin catalyst, Mn(TPP)(OAr). 
The latter ratios are 14.4 and 1.2, respectively. 

Selectivity decreases as the size of PBP increases to C 8 P B P and C 1 0 P B P 
with competitive ratios of 12.7 and 8.8, respectively. This selectivity can be 
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Table I. Competitive Olefin Epoxidation Results 

Catalyst" (Ratio) (Ratio) (*·*>) 

Mn(TPP)(OAr) 1.2 1.1 0.03 0.9 
Mn(TMP)(OAr) 14.4 0.7 0.04 2.5 
Mn(C2PBP)(OAr) 0.4* 1.1* 0.05* 1.3* 
Mn(C,PBP)(OAr) 1.0* 2.1* 0.4* 1.8* 
Mn(C6PBP)(OAr) 70 67 1.7 >1000 
Mn((PXYLPBP)(OAr) 29 >1000 7.0 >1000 
Mn(CHPBP)(OAr) 12.7 1.6 0.06 21.1 
Mn(C1()PBP)(OAr) 8.8 0.2 0.04 17.9 

"OAr is 3,5-di-f-butyl phenoxide. 
''These reactions are very slow. 

attributed to a combination of steric effects, the ability of a particular olefin 
to attain a favorable geometry for epoxidation, and size effects, which de
termine whether the olefin can approach the active site of the cavity. Com
pared to cw-2-octene, tnms-p-methylstyrene is less reactive toward sterically 
hindered porphyrins. Presumably, its larger size makes it difficult for it to 
react inside the porphyrin cavity. 

The second olefin pair, cis-2-octene and cyclooctene, are both cis-
olefins. They have a similar reactivity toward the flat porphyrin cata
lyst Mn(TPP)(OAr) and the sterically hindered porphyrin catalyst Mn(TMP)-
(OAr). The competitive epoxidation ratios are 1.1 with Mn(TPP)(OAr) 
and 0.7 with Mn(TMP)(OAr). However, with Mn(C 6PBP)(OAr) or M n -
(PXYLPBP)(OAr) these ratios are 67 or >1000, respectively. The ratios 
drop dramatically to 1.6 with Mn(C 8PBP)(OAr) and 0.2 with M n -
(C 1 0PBP)(OAr). These results indicate that the cavities of both M n -
(C 6PBP)(OAr) and Mn(PXYLPBP)(OAr) tend to exclude cyclooctene from 
the catalytic centers, presumably because of the greater steric bulk of this 
cyclic olefin relative to the linear ds-2-octene. 

The third olefin pair is 1-octene and cyclooctene. As terminal olefins 
are generally more electron-deficient than internal olefins, 1-octene is less 
reactive than cyclooctene toward electrophilic attack by M = 0 . With 
Mn(TPP)(OAr) or Mn(TMP)(OAr), the competitive ratios for this olefin pair 
are 0.03 or 0.04, respectively. However, with Mn(C 6PBP)(OAr) or 
Mn(PXYLPBP)(OAr), the respective ratios are 1.7 or 7.0. This contrast in
dicates that cyclooctene is excluded from the cavities of Mn(C 6PBP)(OAr) 
and Mn(PXYLPBP)(OAr). With the larger Mn(C 8PBP)(OAr) or 
Mn(C 1 0PBP)(OAr) the selectivity in the competitive epoxidation of cis-2-
octene and cyclooctene decreases to 0.06 or 0.04, respectively. Both olefins 
are now able to get inside the cavity. This result is consistent with our earlier 
argument. 

The final olefin pair is cis-2-octene and 2-methyl-2-pentene. This pair 
allows us to compare the shape selectivity of a disubstituted versus a tri-
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substituted olefin. With Mn(TPP)(OAr) or Mn(TMP)(OAr) the competitive 
epoxidation ratios are 0.9 or 2.5, respectively. However, with 
Mn(C 6PBP)(OAr) or Mn(PXYLPBP)(OAr), the ratios are >1000 in each case. 
These values demonstrate that the disubstituted cis-2-oetene is much more 
reactive than the trisubstituted 2-methyl-2-pentene. 

The ratios using Mn(C 8PBP)(OAr) or Mn(C 1 0 PBP)(OAr) are also larger 
than those with Mn(TPP)(OAr) or Mn(TMP)(OAr). This reactivity pattern 
reflects the required orientation of the M n = 0 group with the olefin axis. 
Perhaps the alkene approaches the M n = 0 bond from the side and is parallel 
to the porphyrin plane, as has been suggested by Groves and Nemo (12) in 
related F e = 0 systems and further discussed by Ostovic and Bruice (25, 26). 
The oxidation of trisubstituted olefins is allowed with the hindered 
Mn(TMP)(OAr), probably because the substituents on the olefin face can 
orient themselves between the methyl groups of T M P . However, the steric 
interactions between the walls of the PBP and the trisubstituted olefins 
disfavor the oxidation of these trisubstituted systems. 

Styrene was oxidized to (S)-styrene oxide in 13% ee with the Mn(R)-
binapPBP(OAr) catalyst. Because the chiral site is far above the reaction 
locus, the low ee value is not surprising (27-30). However, this geometry 
demonstrates that some, perhaps all, of the reaction occurs within the cavity. 
This result suggests that we may be able to develop synthetically useful and 
efficient chiral catalysts on the basis of these systems. 

Conclusions 

These studies have led to dramatic shape-selective catalytic epoxidation of 
several olefin pairs and chiral epoxidation of a prochiral olefin, albeit in 
modest yield. These selectivities depend upon the dimensions of the cavity 
and are different from those achieved with simple porphyrin catalysts derived 
from T P P or T M P . We seem to be on the verge of predictable, shape-
selective, catalytic oxygenation with a readily available, variable series of 
synthetic catalysts. For example, highly regioselective epoxidation of poly
enes such as steroids and terpenoids may be possible. By applying variable 
chiral groups on the porphyrins, we hope to develop efficient asymmetric 
epoxidation catalysts for unsubstituted olefins. 
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Stereocontrol in Catalyzed and 
Uncatalyzed Hydroborations 

Kevin Burgess and Michael J. Ohlmeyer 

Chemistry Department, Rice University, Houston, TX 77251 

Catalyzed hydroborations are potentially valuable in organic 
syntheses. This value is illustrated with examples of enantioselective 
hydroboration of prochiral alkenes with catecholborane in the pres
ence of optically active rhodium complexes, and with stereocomple-
mentarity in catalyzed and uncatalyzed hydroborations of chiral al
kenes. Stereocomplementarity is rationalized in terms of secondary 
orbital effects that perturb incipient Dewar-Chatt bonding. This 
theory may have repercussions in other areas besides hydroboration 
chemistry. 

IVi A N Y B O R O N H Y D R I D E C O M P O U N D S A D D T O A L K E N E S under mild con
ditions without intervention of catalysts; others do not. For instance, hy
droboration of alkenes and alkynes by boron hydride cluster molecules (1-7) 
and by borazine (8) occurs at convenient rates only in the presence of various 
transition metal complexes. Reactions of boron hydride clusters and borazine 
are of little consequence to practical organic chemists, but Noth's discovery 
(9) that hydroborations involving catecholborane could be catalyzed exposed 
a range of possibilities. 

Hydroboration of alkenes and alkynes with unreactive boranes via tran
sition-metal-mediated reactions are potentially valuable when one is re
stricted by the chemo-, regio-, or stereoselectivity of conventional hydro
borations. Consequently, we (10-14) and others (15-18) became interested 
in exploiting catalyzed transition metal reactions in organic synthesis. This 
chapter describes efforts to control absolute and relative stereochemistry via 
catalyzed hydroborations. It focuses on features that complement conven
tional methodology. 

0065-2393/92/0230-0163$06.00/0 
© 1992 American Chemical Society 
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Enantioselective Hydroborations 

Previously, all methods for hydroboration of prochiral alkenes with control 
of absolute stereochemistry relied upon reagent-controlled diastereoselec
tivity (19-26) (i.e., reactions of optically active boron hydrides) to give dia
stereomers in unequal amounts (Scheme I). 

uncatalyzed reaction 

Me 

Y ^ B L # 2 + R V ^ B L #
2 0 x j d a t j 0 n 

Me Me -

ratio of these diastereomers represents 
the diastereoselectivity oi the reaction 

Me Me 

ratio of these enantiomers gives the 
enantiomeric excess oi the product 

Scheme I. Uncatalyzed hydroboration of prochiral alkenes. 

Several disadvantages are associated with such processes: 

• optically active boranes are air- and water-sensitive; they must 
be prepared and isolated before use; 

• optically active boranes also tend to be high-molecular-mass 
compounds, so relatively large quantities must be synthesized 
to hydroborate alkenes of low molecular mass; 

• diastereoselectivities are variable; and 

• separation of products from chiral auxiliary residues is prob
lematic. 

A conceptually superior approach to this problem is the use of optically 
active transition metal catalysts to accelerate hydroborations of relatively 
unreactive boranes (Scheme II). This approach may give one enantiomer 
preferentially, and hence the processes are enantioselective (i.e., diaste-
reoselective interactions within a catalytic cycle). 
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R V ^ C H 2 

Me 

catalytic rhodium complex/ 
homochiral ligand 

HB(OR)2 

R oxidation 
B(OR) 2+ N ^ ^ B ( O R ) 2 -

Me Me 

ratio of these enantiomers represents 
the enantioselectivityOf the reaction 

γ ^ Ο Η + V ^ O H + 

Me Me HO 

ratio of these enantiomers gives the catechol 
enantiomeric excess of the product 

HB(OR)2 - Η - Β χ
 π 

catecholborane 

Scheme 11. Hydroboration of unreactive boranes catalyzed by optically active 
transition metal catalysts. 

Our preliminary work (10) proved that enantioselective hydroborations 
of substrates 1-5 are possible (Chart I and Table I). The ligand 2,3-0-
isopropylidene-2,3-dihydroxy-l,4-bis(diphenylphosphino)butane (DIOP) 
was used simply because it can be prepared cheaply and easily. It is usually 
not the best ligand for asymmetric induction, but enantiomeric excesses of 
up to 76% were obtained nevertheless. Hydroborations of substrates 4 and 
5 with appreciable enantioselectivity are particularly significant because 1,1-
disubstituted alkenes are notoriously difficult to hydroborate with any control 
of absolute stereochemistry (25). 

Enantioselection must be increased if these processes are to be of prac
tical value. Fortunately, it seems likely that better optical yields can be 
obtained by using other catalyst systems. Table I indicates slight improve
ment when the ligand 2,2'-bis(diphenylphosphino)-l,r-binaphthyl (binap) 
is used (entries 3 and 6), and other ligands remain to be tested. Recently 
Hayashi et al. (16) found that catalyzed hydroborations of styrenes can occur 
in a Markovnikoff sense with good control of absolute stereochemistry. An
other group (18) reproduced many of the results presented in Table I. 
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Table I. Enantioselective Hydroborations 
Temperature Catalysthl Enantiomeric Absolute 

Entry" Substrate (°C) Solvent Product Excess (%) Configuration* 
1 1 40 A / C 6 H 6 6d 23 lfl , 2R 
2 1 5 A / C e H 6 6 31 IR, 2R 
3 1 5 B / C 6 H 6 6 43 IR, 2R 
4 1 -5 A/THF 6 46 IR, 2R 
5 1 -25 A/THF 6 57 IR, 2R 
6 1 -25 B/THF 6 64 IR, 2R 
7 1 -40 A/THF 6 55 IR, 2R 
8 2 -25 A/THF 7 76 IR, 2Rd 

9 £-3 20 A/C e He 8 7 S 
10 £-3 5 A / C 6 H 6 8 ~0 e 

11 Z-3 5 A / C 6 H 6 8 17 S 
12 Z-3 -25 A / T H F 8 19 s 
13 4 -5 A/THF 9 27 e 

14 5 -5 A / T H F 10 69 R 
"Reaction times were 48-72 h. 
bA: in situ [Rh(COD)Cl]2 · 2(R,R)-DIOP. B: in situ [Rh(COD)Cl] · 2(R)-binap. 
'Determined by [ H NMR analysis of Mosher's ester derivatives and Ή NMR experiments 
with Eu(heptafluorobutyrylcamphorate)3, to within ± 5 % . 
''By inference from previous entries. 
'Not determined. 

Substrate-Controlled Diastereoselectivity 

Hydroboration of chiral allylic alcohol derivatives can give syn or anti dia
stereomers, as shown in the scheme in Table II. Still and Barrish (27) proved 
that conventional hydroborations of these substrates are anft-selective. We 
(11, 13) and Evans et al. (15) independently decided to explore catalyzed 
hydroborations of such substrates. Table II shows the data obtained. Variation 
of the protecting group X effectively "tunes" steric and electronic charac
teristics of the O X substituent. For instance, replacing the acetate group 
(entry 2) with a trifluoroacetate (entry 3) increases the electron-withdrawing 
capacity of the O X and causes a three-fold increase in syn selectivity. Con
versely, substitution of pivolate (entry 5) or trityl (entry 6) for acetate (entry 
2) primarily increases steric demands of the O X substituent; syn selectivity 
also increases. One might conclude that syn selectivity is largest when the 
O X substituent is a large σ-acceptor. Evans et al.'s results (15) with silyl-
protected ethers (entries 7 and 8) support this inference. 

Table III gives Still and Barrish's results (27), augmented with two of 
our own. For uncatalyzed hydroborations of the same substrates, they are 
all anfi-selective. Thus the transition-metal-mediated reactions are stereo-
complementary insofar as they give the syn isomer preferentially. Such 
behavior underlines the potential of catalyzed hydroborations as a synthetic 
method. 

It is necessary to speculate about the mechanism of transition-metal-
mediated hydroborations to explain differences between conventional and 
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Table II. Catalyzed Hydroborations of Allylic Alcohol Derivatives 

(1) catecholborane/catalyst 
(ii) oxidation and hydrolysis 

CH2 ^ 

Me 

OH OH OH OH 

Me Me 

anti syn 
Entry X Syn:Anti° 
1 H 2.2:1 
2 Ac 2.7:1 
3 C O C F 3 7.5:1 
4 CO-f-Bu 6.5:1 
5 THP 8.4:1 
6 CPh 3 18:1 
7* £-BuMe2Si 24:1 
8fa *-BuPh2Si 24:1 
9 C O N M e 2 2.4:1 

NOTE: Reaction took place in tetrahydrofuran (THF), 48 h, with 
1 mol % of [Rh(COD)Cl]*-PPh3 in a 1:4 ratio; workup with hydro
gen peroxide-aqueous base gave near-quantitative yields of the 
diols, contaminated only with trace amounts of triphenylphosphine 
oxide derived from the catalyst (*H NMR spectrum). The samples 
were derivatized without further purification. 
"Stereochemistries were assigned by comparison with authentic 
samples or by ' H NMR analysis of acetonide derivatives; diaste-
reomeric ratios were determined by capillary gas chromatographic 
analysis of acetonide derivatives. 
''Evans and co-workers (15); reaction took place in catecholborane 
(3 equiv), 3 mol % RhClffPhJa, 25 °C. 

catalyzed reactions of chiral allylic alcohol derivatives. Several oxidative 
additions of B - H compounds to low-valent transition metal complexes are 
known (28-33). Significantly, Wilkinson's catalyst and catecholborane com
bine to give [RhClH(B0 2 C 6 H 4 ) (PPh 3 ) 2 ] (34). This product reacts with alkenes 
to give hydroboration products (9). Consequently, the generalized mecha
nism shown in Scheme III seems reasonable; pathways that deviate from 
this are less plausible. Recently we proved that the catalyzed hydroboration 
of 1-methylcyclohexene is at least highly cis-selective and perhaps stereo-
specifically cis (35). This fact provides further evidence in support of the 
mechanism shown in Scheme III. 
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Table III. Uncatalyzed Hydroborations of Allylic Alcohol Derivatives 

(1) 9-BBN hydroboration 
(ii) oxidation and hydrolysis 

CH2 ^ 

Me 

OH OH OH OH 

Me Me 
anti syn 

Entry X Syn:Antifl 

lb H 1:11 
2b Ac 1:7.5 
3b C O C F 3 1:14 
4 CO-f-Bu 1:15.4 
5 THP 1:3.7 
6b CPh 3 1:5.5 
7b £-BuMe2Si 1:9 
Sb f-BuPh2Si 1:6 
N O T E : Reaction took place in 9-BBN, THF, -78 to 25 °C; workup 
with hydrogen peroxide-aqueous base and purification via flash 
chromatography. 
"Stereochemistries were assigned by comparison with authentic 
samples or by Ή NMR analysis of acetonide derivatives; diaste-
reomeric ratios were determined by capillary gas chromatographic 
analysis of acetonide derivatives. 
''Still and Barrish (27). 

Formation of complex A could be the stereodeterminant step in these 
reactions. If this is true, the diastereoselectivities in the overall process can 
be rationalized on the basis of orbital arguments, by considering electronic 
and steric effects separately. Electronic factors are governed by frontier 
orbitals involved in the bonding process. The weakest bond in complexation 
is back donation of d-electron density from the metal to the π * orbital of 
the alkene, as represented in Chart II (13). 

Orientations of the adjacent chiral center, which preferentially 
cause the orbital mixing that stabilizes this interaction, lead to stereoselec
tivity. Such stabilization will arise by mixing a σ* orbital with the alkene 
ΤΓ*, thus producing a lower energy lowest unoccupied molecular orbital 
(LUMO) for interaction with the highest occupied molecular orbital ( H O M O ) 
(Chart III). 
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oxidative addition 

Coordinatively unsaturated 
rhodium complex; L * ligand. 

alkene complex A 

H 

migratory insertion 

Scheme III. Generalized mechanism for catalyzed hydroborations. 

- H 
π ' L U M O 

d H O M O 

Chart II. Back-bonding in coordination of an alkene to a transition metal. 
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LUMO 

d HOMO 

Chart HI. "Secondary interactions" involving α σ* orbital of the adjacent 
chiral center enhance the primary interaction. 

To establish a strong secondary interaction, one group on the asymmetric 
center must be oriented anti to the approaching metal so that the corre
sponding σ* orbital can mix with the I T system of the alkene (36). If a σ-
acceptor group and a σ-donating group compete for this position then, in 
terms of electronic factors, the σ-acceptor group will adopt the anti position 
because it has a low-energy σ* orbital available to interact with the I T * of 
the alkene. The σ* orbital associated with the electron-donating group is of 
relatively high energy and would overlap less. Consequently, if one of the 
substituents is hydrogen and an "inside crowded model" (37) applies (as 
would be expected for formation of a IT complex), then the reactive conformer 
shown in structure 1 (Chart IV) would be used to account for the stereo
selectivity (based on electronic factors). For the specific case of allylic alcohols 
this translates to the projection shown in structure 2 (Chart IV), which 
indicates that catalyzed hydroborations should be st/n-selective. 

Steric effects are operative in addition to the electronic effects already 
discussed. Consider a situation in which the chiral center bears large (L), 
medium (M), and small (S) substituents that are electronically equivalent. 
The L group will orient anti to the approaching metal complex; the M 
substituent will preferentially adopt the outside position (37), which is less 
encumbered than the inside site, a space best occupied by the smallest 
group, S (structure 3). Structures 2 and 3 imply that syn diastereoselectivity 
in catalyzed hydroborations will be highest when the O X substituent is a 
large σ acceptor group; this is so (see Table I). 

Houk et al. (38) analyzed stereoselectivity in conventional hydrobora
tions. We conclude that steric considerations for conventional hydroborations 
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Structure 1. Electronic bias for orientation 
of an electron withdrawing group (EWG) 
and an electron donating group (EDG) in 
complcxation of a chiral alkene. 

Structurel. Interpretation for 
a chiral allylic alcohol (R = alkyl, 
X = a protecting group).. 

ML, 
- B R 9 

H - ^ ^ £ = C H 2 

Structure 3. Preferential orientation 
in π-complexation based upon steric 
demands of the substituents. 

Structure 4. Preferential orientation in 
conventional hydroboration based 
upon steric demands of the substituents. 

HBL 2 

Structure5. Preferential orientation in 
conventional hydroborations basal 
on electronic demands of the substituents. 

HBL 2 

Structure 6. Preferred reactive conformation 
in uncatalyzed hydroborations of allylic 
alcohol derivatives 

Chart IV. 
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ρ LUMO 

π HOMO 

Chart V. Primary interaction in uncatalyzed hydroborations of chiral allylic 
alkenes. 

of chiral allylic alcohols (structure 4) are similar to those for the corresponding 
catalyzed processes but that opposite diastereofacial selectivities in catalyzed 
and uncatalyzed hydroborations originate from frontier orbital differences 
for the transformations. Chart V shows the primary interaction involved in 
a conventional hydroboration. Chart VI illustrates how mixing of a σ orbital 
of the α chiral center can enhance this interaction by destabilizing the π 
system of the alkene. 

Electron-donating substituents orient anti to the approaching borane in 
uncatalyzed hydroborations (structure 5) because this places a high-energy 
σ orbital in the correct position to mix with the alkene ττ system. (Relatively 

8-
ρ LUMO 

σ 

Chart VI. Secondary interactions in uncatalyzed hydroborations of chiral 
allylic alkenes enhance incipient bonding by destabilizing the HOMO. 
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low-energy σ orbitals are associated with electron-withdrawing groups.) 
Structure 6 applies this model to the specific case of chiral allylic alcohols, 
a model that rationalizes anti selectivity. 

The foregoing reasoning accounts for stereocomplementary behavior in 
catalyzed and uncatalyzed hydroborations of the allylic alcohol substrates 
shown in Table I. However, Table IV shows data for hydroborations of 
phenyl-substituted allylic alcohols. At first glance, these data appear to con
tradict the theory given here because the catalyzed processes are anti-se
lective (11). These are special cases because aryl groups are good σ-acceptors 
and are quite large. They tend to orient anti to the approaching rhodium 
complex in reactive conformations, apparently in preference to OAc groups 
(entry 1). Phenyl and O C O C F 3 functionalities seem to be comparable in 
terms of combined electronic and steric features. Consequently, anti selec
tivity in entry 2 is less than in entry 1. 

To confirm these ideas we prepared analogous fluorinated substrates and 
tested them. Replacement of phenyl with pentafluorophenyl greatly in
creases the aromatic group's σ-acceptor abilities and makes it slightly bigger. 
These factors enhance anti selectivity (entry 4). Conversely, anti selection 
in uncatalyzed hydroborations of these substrates decreases, as expected 
(entries 3 and 5). 

Table IV. Hydroborations of Phenyl-Substituted Allylic Alcohols 

(i) hydroboratbn 

(ii) H2CVNaOHjaq) 

OH OH OH OH 

Me Me 
syn anti 

Entry Ar X Method" Syn: Anti 

1 Ph Ac catalyzed 1.0:3.5 
2 Ph C O C F 3 

catalyzed 1.0:1.5 
3 Ph Ac uncatalyzed 1.0:4.5 
4 C 6 F 5 Ac catalyzed 1.0:6.9 
5 C 6 F 5 Ac uncatalyzed 1.0:3.0 

"Catalyzed hydroborations were performed in T H F solutions of 2 mol % of [Rh(COD)Cl)2 · 
4PPh 3 and 3 equiv of catecholborane at 25 °C. Uncatalyzed hydroborations were performed in 
T H F solutions of 4 equiv of 9-BBN at -78 to 25 °C. Oxidation was with N a O H - H 2 0 2 in both 
cases. Stereochemistries were assigned by formation of acetonides, and analysis was done by 
gas chromatography. 
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Experiments with allyl amine-derived substrates (Table V) prove that 
the hypotheses presented here have predictive value. N-Tosyl allylic amines 
were prepared (in optically pure form from amino acids) and hydroborated 
under catalyzed and uncatalyzed conditions (12). Entries 1, 3, 5, and 7 show 
that diastereoselectivities in the catalyzed reactions are syn, consistent with 
a model similar to that given in structure 2 but with tosylamide functionality 
replacing the O X groups. The uncatalyzed processes, however, are nonse
lective (entries 2 and 8) or anfi-selective (entry 6). Catalyzed and uncatalyzed 
hydroborations of these substrates are, therefore, stereoeomplementary, but 
syn selectivities in the rhodium-mediated processes are moderate. 

We predicted on the basis of the theories presented here that increasing 
the electron-withdrawing ability or the size of the NHTs group should lead 
to enhanced syn selection. Entries 9 and 10 show that catalyzed hydrobor
ations of the corresponding N-benzylated substrates are indeed appreciably 
st/n-selective. Hence, we were able to use steric effects to rationally bias 
product distribution. 

Table V. Hydroborations of Allylic Amine Derivatives 

TsNR2 

C H 2 

Me 

(0 hydroboration 

(ii) HaO âOHjaq) 

TsNR2 OH TsNR2 OH 

Me Me 
syn anti 

Entry R1 R2 Method" Syn:Anti 
1 PhCH 2 H catalyzed 7.0:1.0 
2 PhCH 2 H uncatalyzed 1.0:1.0 
3 t-PrCH 2 H catalyzed 4.0:1.0 
4h t-PrCH 2 H uncatalyzed 2.5:1.0 
5 i-Pr H catalyzed 6.7:1.0 
6 i-Pr H uncatalyzed 1.0:7.4 
7 B n O C H 2 H catalyzed 4.0:1.0 
8 B n O C H 2 H uncatalyzed 1.0:1.0 
9 P h C H 2 Bn catalyzed 16.0:1.0 

10 t-PrCH 2 Bn catalyzed 10.0:1.0 

"Catalyzed hydroborations were performed in T H F solutions of 2 mol % of [Rh(COD)Cl]2 · 
4PPh 3 and 3 equiv of catecholborane at 25 °C. Uncatalyzed hydroborations were performed in 
T H F solutions of 4 equiv of 9-BBN at -78 to 25 °C. Oxidation was with N a O H - H 2 0 2 in both 
cases. 
6Entry 4 shows an anomalous syn selectivity for an uncatalyzed process. This experiment was 
repeated several times to check the result. We cannot account for this small syn selectivity at 
present. 
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Conclusions 

Catalyzed hydroborations may be of considerable value in organic synthesis. 
Refinements of methodologies presented here may supersede reagent-con
trolled diastereoselectivity for dictating absolute stereochemistry in hydro
borations of some prochiral alkenes. Catalyzed hydroborations of chiral 1,1-
disubstituted alkenes complement conventional methods for adding B - H to 
alkenes insofar as the former are st/n-selective. 

The theory proposed to account for stereocomplementarity in catalyzed 
and uncatalyzed hydroborations may be applicable to other processes in
volving metal ττ complexation. Many reactions of cuprates, for instance, 
involve transient formation of IT complexes that collapse to give products 
(39, 40). Others (41) have mentioned possible involvement of d orbitals in 
S N 2' reactions of cuprates, but this is a question of orienting a complexing 
metal relative to a leaving group. Stereoselectivity of cuprate additions to 
7-chiral-a^-unsaturated carbonyl compounds is more relevant (42, 43). We 
suspect that several reaction types can be explained in terms of secondary 
orbital interactions that perturb incipient Dewar-Chatt bonding. We are 
actively investigating this area. 
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Functionalization of Hydrocarbons 
by Homogeneous Catalysis 

Masato Tanaka and Toshiyasu Sakakura 

National Chemical Laboratory for Industry, Tsukuba, Ibaraki 305, Japan 

Various catalytic functionalizations of hydrocarbons, including al
kanes, have been achieved by using the Vaska-type rhodium complex 
ligated by trimethylphosphine under irradiation. The functionali
zations are divided into two categories: insertion of unsaturated com
pounds to and dehydrogenation from C-H bonds. A possible common 
intermediate involved in these reactions is a hydridoalkyl complex 
formed via alkane oxidative addition to RhCl(PMe3)2. The catalytic 
system exhibits unique regioselectivities: terminal selectivity for n
-alkanes and meta selectivity for substituted benzenes. The use of inert 
solvents enables us to achieve more than 90% conversion in dehy-
drogenation of alkanes. 

X X L K A N E S A R E U N R E A C T I V E E N O U G H to be safely used as "inert" solvents, 
according to most organic chemistry textbooks. Hence, quite a high tem
perature (500-1000 °C) is required for today's organic chemical industry to 
use petroleum products (mainly alkanes) as raw materials. 

In 1982 and 1983, Bergman, Graham, Jones, and co-workers successively 
reported (1-3) that some coordinatively unsaturated iridium and rhodium 
complexes can activate even alkane C - H bonds below room temperature 
(eqs 1-3; C p * is a pentamethylcyclopentadienyl ligand). 

Cp*lrH2(PMe3) + RH hv 
(1) 

0065-2393/92/0230-0181$06. (K) / 0 
© 1992 American Chemical Society 
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Cp*lr(CO)2 + RH (2) 
R"| r "CO 

H 
Cp* 

Cp*RhH2(PMe3) + RH ι 
(3) 

Although the oxidative addition of arene C - H bonds with transition metal 
complexes was described by Chatt, Green, Tolman, and co-workers (4-6), 
clear examples of alkane oxidative addition had been lacking. Moreover, 
Bergman (7) reported a very high regioselectivity for a terminal methyl group 
in the reaction of n-alkane with Cp*Rh(PMe 3 ) . This selectivity cannot be 
attained by conventional methods for alkane activation with radicals or strong 
acids (8). Since then, alkane oxidative addition has been intensively and 
extensively studied. The resulting complexes have a carbon-metal bond and 
seem to be quite promising intermediates in various catalytic organic 
syntheses. Influenced by these papers, in 1985 we started to investigate 
selective functionalizations of alkanes triggered by C - H oxidative addition 
as an elemental step in homogeneous catalysis. 

When we started the project, some pioneering groups (9-16) had already 
studied funetionalization of C - H bonds catalyzed by metal complexes, as 
depicted in eqs 4-10. However, most of them deal with sp 2 C - H bonds of 
aromatic rings. 

turnover 31 (4) 

(5) 

turnover 4.5 

Pd(OAc)2 

+ CO + t-BuOOH 

(other reagents: C0 2 , 02) 

^ C l , AcOH 
75°C, 24-72 h 

turnover 12 
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RMCO) 1 2 

\ /) + CH2=CH2 CO, 250°C. 7 h 

(7) 
(other reagents: W „ 8 

CH2=CHC02Me, PhCsCPh, Ph2C=C=0, Ph-N=C=0, Ph-N02) 

Q R . £ lrCI(CO)(PPh3)2 

R ° R 0 100°C, 49 days 
R Ph 
? ' W S L ^ (8) 

O ' A ^ O R R 

hv, irH3(CO)(Ph2PCH2CH2PPh2) 
w Û + 0 0 â. 

turnover 13 

o -
CHO „ (9) 

turnover < 2 

Ο 
(various other complexes of !r, Rh, or Ru show activity) 

lrH5[P(i-Pr)3]2 

+ t-BuCH=CH2 • 
150°C, 5 days 

[I j + t-BuCH2CH3 (10) 

turnover 70 

Although transfer hydrogénation of ί-butylethylene with alkanes proceeds 
effectively (eq 10), the reaction is not attractive from a practical viewpoint 
because it consumes one molecule of ί-butylethylene to make one molecule 
of alkenes. Other systems have also been reported since 1985 (17-21), as 
shown in eqs 11-15. However, "productive" functionalization of alkanes is 
still very rare and has been a challenging subject for organic chemists. 

) = v Ru(Me2PCH2CH2PMe2)2 

C F H ) ΗΝΛ /) 
^ i J 140°C, 94 h 

turnover 3.5 

ο 
hv, lrH2(OCOCF3)(PAr3)2 / ~ \ 

•*• I j + H 2 (12) 
r.t., 7 days * \ / 

— turnover 8 
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£ h + t-BuCH2NC 
hv, Fe(PMe3)2(t-BuCH2NC)3 

'°*sS^Q' + t-BuCH=CH2 

X) 

r.t. 
NCH '̂Bu 

ΟΛ» <I3) 

turnover 7 

lrHs[P(i-Pr)3]2 ^ 
50°C. 24 h 

' ° > ^ o ' ^ ^ , - B u 
(14) 

turnover 12 

I + ^ 
Cp2ZrR 

r.t., 25 h 
(15) 

turnover 23 

Recently we developed a catalytic system that can transform hydrocar
bons, including alkanes, to various useful compounds under mild conditions. 
The system comprises RhCl(CO)(PMe 3 ) 2 and irradiation of near-UV light 
(Scheme I). This chapter summarizes the progress of our research. 

c , :mr P M * 
Me3P ^CO 

[M]-CO 

Insertion 

[M]-CO • [Μ] 1 

Dehydrogenation 

c»0 

R'N*C 

R ' C » C H 

-H 2 

-H 2 

R'CHasCH2 

-H 2 

R'3SiH 

Ο 
II 

R-C-H 
N-R' 
II 

R-C-H 

R 
;C=CH2 

Olefin (R = alkyl) 

R-R (R » aryl) 

R-C=C-R' 
Η Η 

-H 2 

R'CHO 

R-SiR'a 

R'CH2OH + Olefin 

Scheme I. 
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Experimental Details 

Synthesis of the Catalyst. RhCl(CO)(PMe 3) 2 was prepared by the reaction 
of [RhCl(CO) 2 ] 2 with trimethylphosphine in benzene and recrystallized from 
M e O H at 0 °C. Most of the other Vaska-type rhodium complexes were synthe
sized similarly. 

General Procedure. A solution of RhCl(CO)(PMe 3) 2 and a reagent (carbon 
monoxide, isonitrile, acetylene, olefin, hydrosilane, etc.) in a hydrocarbon was 
irradiated with a high-pressure mercury lamp. Dehydrogenation of alkanes and 
dehydrogenative coupling of arenes were conducted without any additional re
agents under an inert atmosphere. The reactions were carried out in a Pyrex 
flask with an immersion-type lamp unless otherwise stated. Wavelength-regu
lated reactions were conducted with a lamp-housed high-pressure mercury lamp 
through glass filters. 

The products were identified by comparison of gas chromatographic (GC) 
retention times in capillary columns and fragmentation patterns of GC-mass 
spectroscopy (MS) with authentic samples. When authentic samples were not 
available, products were isolated and characterized by NMR, IR, and mass 
spectroscopy and elemental analyses. Yields were generally evaluated by using 
capillary G C with an internal standard. 

Results and Discussion 

Carbonylation. Our group, which has been investigating utilization 
of carbon monoxide (22), first examined insertion of C O to a C - H bond of 
hydrocarbons (aldehyde synthesis). Several attempts (23-25) have been made 
to obtain carbonylated products from hydridoalkyl (or aryl) complexes formed 
via oxidative addition of hydrocarbons (eqs 16-18). 

Cp*lr(R)H(PMe3) + CO • Cp*lr(CO)(PMe3) + RH (16) 

lrCI(Ph)H[P(i-Pr)3]2 + CO • lrCI(Ph)H(CO)[P(i-Pr)3]2 (17) 

lr(Ph)H(RC02)(PAr3)2 + CO • !r(Ph)H(CO)(RC02)(PAr3)2 (18) 

Because Cp*IrR(H)(PMe 3) is an 18-electron complex, the reaction with car
bon monoxide resulted in dissociation of R H . Although IrCl(Ph)(H)(PR3)2 

and Ir(RC02)(Ph)(H)(PAr3)2 could react with carbon monoxide, the resulting 
carbonyl iridium complexes were rather stable and did not produce alde
hyde. 

We investigated the carbonylation of benzene on the following three 
working hypotheses. 

• As a central metal, rhodium would be promising because rho
dium complexes are very active for both carbonylation and C - H 
activation. 
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• It is desirable that hydridoalkyl complexes formed through ox
idative addition of a C - H bond remain coordinatively unsat
urated to react further. Hence, the preferred active species 
before C - H oxidative addition is a 14-electron complex 
(Scheme II). The same idea is discussed by Felkin, Crabtree, 
and co-workers in their studies (25, 26) of dehydrogenation of 
alkanes. 

• Promotion of oxidative addition would lead to higher catalytic 
activity. In other words, ligands should be strong electron do
nors that are resistant to intramolecular C - H oxidative addition. 

RCH 2CH 2CHO + [M] ^Vacant site) Q Q 
RCH2CH3 .1 . 

[ M ] • RCH2CH2-[Mj-H 

14 electron 16 electron ^ ? ^ > ^ RCH«CH 2 + H{M}H 

Scheme II. 

\ PMe 3 s ^ )QpMe s ^ )QpMe > P ^ 0 ^ M e > PBu 3 s PEfe > P P H 3 s 

1.00 1.07 0.99 -o 
0.56 0.26 0.20 0.027 

P(OMe)3 s P(i-Pr)3 > Me 2PCH 2PMe 2 (dinuclear) s Ph 2 PCH 2 CH 2 PPh 2 

0.022 0.020 0.003 0.001 

Chart I. Effect of phosphine ligands on the carbonylation of benzene by 
RhCl(COXPR3)2; relative catalytic activity (room température, 16.5 h). 

After extensive studies (27, 28), we discovered that RhCl(CO)(PMe 3 ) 2 

under irradiation is the most effective catalyst (Chart I). The effect of the 
phosphine ligand is remarkable; RhCl(CO)(PMe 3 ) 2 was 30-40 times more 
active than RhCl(CO)(PPh 3) 2 . Highly electron-donating and sterically small 
phosphines like 1,3,4-trimethylphospholane and 1,3,4-trimethylphospho-
lene were as effective as trimethylphosphine. The results of our mechanistic 
investigations indicate that the favorable effect of these phosphines results 
not from the promotion of C - H oxidative addition but from suppression of 
reductive elimination of hydrocarbons from a hydridoalkylcarbonyl inter
mediate (eq 19). 

B% RCOx 

RH • RhCl(CO)(PR3)2 ;RhCI(CO)(PR3)2 ^ ,RhCI(PR3)2 (19) 
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In the carbonylation of benzene, benzyl alcohol and benzophenone were 
formed as secondary products from benzaldehyde (eq 20). To clarify the 
secondary reactions of aldehydes formed, the carbonylation reactions were 
carried out in the presence of an additional aldehyde (Table I). The formation 
of alcohols and ketones was clearly demonstrated. Although there was little 
decarbonylation of aromatic aldehyde, decarbonylation was the main sec
ondary reaction of cyclohexanecarbaldehyde. 

+ CO 
hv, RhCi(CO)(PMe3)2| 

room temperature 

O~C H 0 + 0~CH*°H + 0~°^0 + O ~ 0 
(20) 

Turnover 
3 h 13.7 

18 h 73.7 
0.08 
10.9 

0.00 
6.50 

0.75 
3.72 

The most fascinating feature of carbonylation of the C - H bond lies in 
its regioselectivity. In the carbonylation of pentane or 2-methylpentane, the 
methyl group was distinguished from the methylenes in nearly 100% selec
tivity (29, 30). On the other hand, substituted benzenes like toluene or 
anisole were carbonylated mainly at the meta position (31). These selectiv
ities, which are entirely different from the selectivity observed in radical or 
electrophilic reactions, must be a characteristic of C - H oxidative addition 
to low-valent transition metals. The regioselectivity of this carbonylation can 
be controlled by the wavelength of irradiation (32). When short wavelength 
(below 325 nm) was cut off, the weakest C - H bonds were carbonylated: 
methylene in alkane and benzylic methyl in toluene (eqs 21 and 22). 

Regioselectivity in the carbonylation of alkanes ( > 295 nm) 
18 

<2 < 1 

98 < 1 82 
> 295 nm 3 2 

> 325 nm 

92 2 1 

45 15 

8 17 16 

(21) 

Ç H 3 <1 

2 
63 

32 

CH 3 C H 3 42 
> 295 nm ^ Λ * . > 325 nm q 

U " U 41 

17 

(22) 
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The following observations may also be concerned with wavelength ef
fect. 

• Cyclohexane was carbonylated efficiently in a mixture with 
benzene (eq 23), although cyclohexanecarbaldehyde was barely 
obtained when cyclohexane was used alone. This carbonylation 
may have occurred because decarbonylation of the cyclohex
anecarbaldehyde formed was suppressed by the presence of 
benzene that absorbs short-wavelength light. 

• Methyl selectivity for alkanes was lost when they were car
bonylated as a mixture with benzene (eq 24). 

hv, RhCI(CO)(PMe3)2 

0 / 0 + c o 

1:1 <n*>«,rno.) ^ ( 2 3 ) 

0"CHO + 0~CH2°H + O- C H 0 + 0~Έ~0 
Turnover 10.7 5.6 14.2 4.3 

1 :1 (moi / mol) 

CHO 

+ CO 
hv, RhCI(CO)(PMe3)2 

r.t., 2 h 

(24) 

Turnover 2.6 0.94 

+ PhCHO + PhCH2OH 

12.3 3.0 

In addition to carbon monoxide, other unsaturated compounds like iso-
nitriles and acetylenes can also insert into C - H bonds to give aldimines (eq 
25) and substituted alkenes (eq 26), respectively (33, 34). 
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Dehydrogenation of Alkanes. Hydridoalkyl complexes formed 
through oxidative addition of the C - H bond are expected to be a good 
intermediate for alkene synthesis as well as aldehyde formation, because 
alkyl complexes of transition metals readily produce alkenes via β-hydride 
elimination (Scheme II). As a matter of fact, when alkanes were irradiated 
in the presence of RhCl(CO)(PMe 3 ) 2 under an inert atmosphere, alkenes 
and hydrogen were produced quite efficiently (eq 27, Chart II) (35, 36). 

( Q + H 2 (27) 

Turnover 667 
(Conversion 6.7%) 

PMe 3 > P/^QyCMe > PPh 3 > Ph 2 PCH 2 PPh 2
# > P(OMe)3 

1.00 0.71 0.19 0.17 0.085 

hv, RhCI(CO)(PMe3)2 

9 6 ° C , 6 h 

> PBu 3 > Me 2 PCH 2 PMe 2
e > P(i-Pr)3 > Ph 2 PCH 2 CH 2 PPh 2 

0.049 0.016 0.009 =0 

Chart II. Effect of phosphine ligands on the dehydrogenation of 
cyclooctane by RhClfCOXPRah; relative activity (96 ° C , 6 h, * indicates 

dinuclear complex). 

The reaction proceeds well even under H 2 atmosphere. Irradiation must be 
a driving force to promote the thermodynamically unfavorable reaction. 
Turnover rate of the dehydrogenation of cyclooctane at room temperature 
is about 10 times faster than that of the carbonylation of benzene. The 
dehydrogenation can be further accelerated by heating. 

Catalytic activity significantly depends on the nature of the phosphine 
ligands of the catalyst; trimethylphosphine is the best ligand, as in the case 
of carbonylation. The complexes of triphenylphosphine and trimethylphos-
phite exhibited much higher catalytic activity than expected from the result 
of the carbonylation. However, because the deactivation of these complexes 
occurred rather fast, total turnovers achieved in the use of these ligands, 
especially P(OMe) 3 , were much lower than in the case of P M e 3 . 

When acyclic alkanes were dehydrogenated, internal alkenes were ob
tained as major isomers. This product resulted partly from the isomerization 
of a terminal alkene to thermodynamically more stable internal alkenes. 
Terminal alkenes could be obtained in the presence of additional phosphine 
ligand at the expense of the reaction rate (eq 28) (37). 
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hv, RhC!(CO)(PMe3)2 + PMe3 

room temp. ( 2 g ) 

P/Rh Time(h) S^s^S + / v ^ S ^ + / ^ S ^ s Total turnover 

2 1 7 : 77 : 15 5.4 

5 3 70 24 6 4.0 

A principal problem in the hydrocarbon transformation catalyzed by the 
RhCl(CO)(PMe 3) 2-/iv system is the lack of solvents that are stable in these 
reactions. Hence, we must use a substrate itself as a solvent. This require
ment has strongly restricted the achievement of high conversions and ap
plication of the reactions to expensive or high-melting substrates. We re
cently developed inert solvents for the dehydrogenation of alkanes (38). In 
2,2,5,5-tetramethylhexane, more than 90% conversion was achieved in 3 h 
for the dehydrogenation of cyclooctane (eq 29). 

O hv, RhCI(CO)(PMe3)2 / — \ / = \ 1 Ο + 0 
(2vol.%) 100°C, 3h Yield 59% 27% 

OO 
Conv. 92% 

+ dimers 
5.5% 

0.65% 0.18% (29) 

As the conversion increased, the initially formed cyclooctene further reacted 
to give 1,3-cyclooctadiene. Regioselective formation of the 1,3-diene is prob
ably a result of the high reactivity of the allylic C - H bond, although very 
rapid isomerization of primarily formed unconjugated dienes to the 1,3-diene 
cannot be excluded. The dehydrogenated product of the solvent, 2,2,5,5-
tetramethyl-3-hexene, was not detected at all. A quite bulky aromatic hy
drocarbon like 1,3,5-tri-i-butylbenzene also works as an inert solvent in the 
dehydrogenation (Table II). Dilution of cyclooctane with 2,2,5,5-tetra
methylhexane did not significantly reduce the initial turnover rate as com
pared with the reaction of neat cyclooctane. This comparison strongly sug
gests that oxidative addition of a C - H bond to the rhodium complex is not 
the rate-determining step in this dehydrogenation. 

Because hydridorhodium species are suspected as intermediates in the 
dehydrogenation of alkanes, hydrogénation of unsaturated compounds using 
alkanes as hydrogen donors is expected to occur. As a matter of fact, addition 
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of cyclohexene to the dehydrogenation reaction of cyelooctane by the 
RhCl(CO)(PMe 3 ) 2 -&v system resulted in the formation of cyclohexane. A l 
dehydes were also reduced to the corresponding alcohols under similar 
conditions (eq 30, Table III) (39). 

j? 3 hv, [Rh] 

3 
R 1 ^CH 2 OH + R 2 ^ V R (30) 

Table III. Reduction of Carbonyl Compounds Using Cyelooctane 
as a Hydrogen Donor 

Time Conversion Yield (%)a 

Efficiency of 
Substrate (h) (%) Akohol Decarbonyfotedb ll2 Transfer' 
Cyciohexanecarbaldehyde 24 73 69 1 46 

48 94 87 1 36 
Pheiiylpropanal 24 56 45 2 59 

48 78 67 3 50 
Octanal 24 72 70 1 47 

48 93 89 1 31 
2-Octanone 24 1 1 0 1 

NOTE: Reaction conditions were as follows: substrate, 0.1 cm 1; cyelooctane, 2.0 cm*; 
RhCl(CO)(PMe:i)2, 0.0020 mmol; and irradiation by a high-pressure mercury lamp through UV-
35 filter at room temperature. 
"Yields are evaluated by G C analysis and based on the charged amount of substrates. 
''Deearbonylated products (mainly alkane). 
100 x alcohol/cyclooctene. 

Although the photoreduction of aldehydes has been extensively studied, 
simple reduction to the corresponding alcohols is still rare. Ketones were 
barely reduced under the same conditions. Thus, the chemoselective re
duction of aldehyde in the presence of ketone is possible. Furthermore, 
Wilkinson-type rhodium complexes, RhCl(PR 3 ) 3 , are known to be inactive 
for the hydrogénation of aldehydes because they are easily deactivated 
through the formation of Vaska-type complexes, RhCl(CO)(PR 3 ) 2 . Actually, 
RhCl(CO)(PMe 3 ) 2 was inactive even under irradiation for the hydrogénation 
of aldehydes with dihydrogen in benzene. 

Besides alkene formation from alkane, the RhCl(CO)(PMe 3 ) 2 -/iv system 
can catalyze various dehydrogenative reactions of hydrocarbons (eqs 31-35) 
(40-44). 

Q hv, [Rh] / = \ 
+ R3SiH ^ y - S i R 3 (32) 
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Ο * ^ C 0 2 M e Q ^ C 0 2 M e (33) 

n - C 8 H 1 7 ^ + n-CeH^-^* 
hv, [Rh] 

-H5 

CT̂CIO + Η ' ° 2 0 

(diene) (diene) 

hv, [Rh] 
C02Me + ^C02Me » 

(34) 

*C0 2 ' "C02Me (35) 

In the dehydrogenative silylation and vinylation of toluene, almost the 
same regioselectivity was observed as in the carbonylation (o:m:p = 
0:2:1). The formation of an ethyl-branched diene in the dehydrogenative 
dimerization of 1-decene (eq 34) is associated with the activation of the allylic 
C - H bond, which was also pointed out for the formation of 1,3-cyclooctadiene 
(eq 29). The head-to-tail dimerization of methyl propionate possibly proceeds 
via methyl acrylate generated as an intermediate. 

Conclusions 

We have shown that it is possible to functionalize hydrocarbons under mild 
conditions by homogeneous catalysis. Further application of C - H oxidative 
addition to catalysis will probably lead to development of versatile organic 
synthetic reactions with alkanes. We hope that our research has provided a 
clue to creation of an entirely new high-efficiency chemical industry. We 
have found that the use of RhCl(CH 2 =CH 2 )(PMe3)2 in place of 
RhCl(CO)(PMe 3 ) 2 allows dehydrogenation either by visible light irradiation 
or thermally (45). 
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Mercury-Photosensitized C-H Bond 
Functionalization 

Robert H. Crabtree, Steven H. Brown, Cesar A. Muedas, Paul Krajnik, and 
Richard R. Ferguson 

Chemistry Department, Yale University, New Haven, CT 06511 

A variety of organic compounds such as alkanes, alcohols, ethers, 
and silanes can be dimerized by mercury photosensitization on a 
preparative scale at room temperature and pressure. Alkane func
tionalization can be effected by cross-dimerizing an alkane with any 
of these substrates. The presence of H2 leads to the efficient formation 
of H atoms. In turn, this reaction allows alkenes (including unsat
urated acids, esters, nitriles, and epoxides) to be hydrodimerized. It 
also allows a much wider range of saturated substrates (such as 
saturated esters, carboxylic acids, and amides) to be dehydrodimer-
ized. Quantitative studies allow prediction of product ratios and 
relative reactivities. Recent advances in chemical physics and theo
retical chemistry throw light on the role of exciplex formation in the 
mechanism. Alkanes can be converted to sulfonic acids, aldehydes, 
ketones, and hydroperoxides by mercury photosensitization in the 
presence of SO2, CO, and O2. 

O U R W O R K O N M E R C U R Y - P H O T O S E N S I T I Z E D R E A C T I O N S (I) grew from our 

interest in thermal and photochemical homogeneous catalysis of alkane de
hydrogenation with iridium phosphine complexes (2-8). These complexes 
were tested for catalyst homogeneity with metallic Hg, which poisons het
erogeneous Ir catalysts. With the photochemical iridium system (2, 3), the 
alkane-derived products coming from the H g photosensitization pathway far 
exceeded those from the iridium catalyst. This result attracted our attention 
and we looked at the system in detail. We have now found several ways in 
which alkanes and organic compounds with unactivated C - H bonds can be 
converted to a variety of functionalized materials on a preparative scale at 

0065-2393/92/0230-0197$06.00/0 
© 1992 American Chemical Society 
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room temperature and pressure. A much greater variety of products is avail
able in this way than by the iridium chemistry, separation is easier because 
no solvent is used, and moles rather than millimoles of product are formed. 

Mercury Photosensitization 

An involatile residue, formed along with the expected products from cy
elooctane in the presence of the iridium catalyst and a drop of Hg, resulted 
from vapor-phase mercury-photosensitized dehydrodimerization of cyelooc
tane to bicyclooctyl. No iridium was required, and none of the reactions 
described here require Ir. Photosensitization is not always thought of as an 
aspect of catalysis. Thermal catalysts use the free energy of the reagents to 
drive a reaction in a desired way. Photosensitizers channel the energy of a 
photon into pathways that would otherwise be inaccessible to the system. 
Thus the overall chemical reaction can be substantially endoergonic and yet 
proceed (e.g., photosynthesis). Because many alkane reactions are endoer
gonic, this form of catalysis is particularly suited to alkane conversion. 

H g photosensitization dates from the early part of the century (9). A l 
though several thousand papers have been published in the area, little work 
has been done since about 1974. The focus of the early work was almost 
exclusively physicochemical, with kinetics and mechanism receiving the 
greatest attention. Preparative applications were not usually intended, al
though occasional examples can be found (10-14). The obstacles to such 
applications were the paucity of studies on organic compounds of any com
plexity and the lack of detailed product studies. In addition, relatively few 
organic preparative reactions are carried out in the vapor phase, and so the 
appropriate apparatus was not obvious. 

Mechanism. The earlier work provides a detailed mechanistic insight. 
The 3 P , excited state of mercury (Hg*), formed by irradiation at 254 nm, 
leads to homolytic cleavage of a C - H bond in the vapor phase. Abstraction 
and recombination of the resulting C-based radicals then takes place. The 
energy of the H g * is efficiently channeled into C - H bond cleavage even in 
large alkanes because the intermediate exciplex probably has the structure 
{R-H-Hg}*, as suggested by experimental and theoretical work (15-20). 

The exciplex then breaks down to R» and {H-Hg}*. In the case of H 2 , 
the exciplex is thought to undergo a rearrangement to {H-Hg-H}* before 
breaking down to give H atoms and Hg. This reaction is equivalent to an 
oxidative addition in organometallic chemistry. It illustrates an interesting 
parallel between the chemistry of H g * and that of low-valent main group 
and transition metal ions. It is not known whether a similar rearrangement 
occurs for {R-H-Hg}*. 

H g + hv -> H g * (1) 
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H g * + R H —» {R-H-Hg}* -> R» + H» + H g (2) 

H - + R H - » R. + H 2 (3) 

2 R - ^ R 2 (4) 

Vapor-Phase Selectivity. A key feature of the reaction, which dif
ferentiates it from a solution-phase radical reaction, is that oligomers tend 
not to be formed even at high conversions. Normally, the initial product R 2 

is intrinsically more reactive than the starting material, R H , and is prefer
entially attacked by the Η-abstracting reagent. In our system, the dimer has 
so low a vapor pressure that essentially only the original substrate, cyelooc
tane, is present in the vapor phase, and reaction takes place only in the 
vapor. 

ο - o - o -
This vapor-phase selectivity effect is very useful (21, 22). Instead of the 

5-20% conversions usually needed to produce good yields of products from 
alkanes in solution work, we find excellent selectivity even at 90% conver
sion. Any product of an alkane functionalization will be less volatile than the 
starting alkane. Therefore, if the reaction takes place only in the vapor phase, 
as happens here, then the product condenses and is protected from further 
conversion. We are now also applying this principle to thermal alkane func
tionalization. 

The reaction only goes in the vapor phase because the photon emitter 
is a H g * atom in a low-pressure H g lamp, which ensures a very narrow 
emission line. H g atoms in the vapor phase of the reactor have narrow 
absorption spectra, and so emitter and receiver are matched. In contrast, 
H g atoms in the solution phase suffer continual collisions with the solvent. 
Their absorption spectrum is strongly broadened and shifted, and therefore 
mismatched with the emitter. The absorption of light is very inefficient in 
solution, so the reaction rate is no more than 10"3 of the rate of the vapor-
phase reaction. 

An unexceptional preparative photochemical setup (21, 22) can take 
advantage of this vapor-selectivity effect. The substrate and a drop of mercury 
are refluxed in a quartz vessel and irradiated at 254 nm with low-pressure 
H g lamps. Much poorer rate and selectivity are obtained with medium-
pressure lamps. The product dimers quickly return to the liquid phase, and 
the vapor phase is constantly replenished with substrate. The volume of 
hydrogen evolved shows the progress of the reaction. 

All of the light is absorbed within a millimeter or so of the wall, as 
shown by running the reaction in two concentric test tubes as reactor. De-
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pending on the temperature, if the gap between the tubes is more than a 
few millimeters, no reaction takes place within the inner reactor because 
the light has not penetrated sufficiently. The reaction rate goes up with the 
surface area of the reactor and not with its volume, as expected if all the 
light is absorbed near the surface. The rate is proportional to the intensity 
of irradiation if the reactor geometry is held constant. 

3° 3° isomer 
35% 

• 

3° 2° isomers 
65% 

C - H bonds react in the order: tertiary (3°) > secondary (2°) > primary 
(1°) with a rate ratio of ca. 360:60:1. Thus, the H g * seeks out the weakest 
C - H bond in the molecule. The kjkd (ratio of rate constants for protio- and 
deuterocompounds) of 11 for cyclohexane-c/12-cyclohexane at 60 °C is con
sistent with a homolytic pathway. The 3° -3° dimers are formed very effi
ciently by reaction of a precursor containing a 3° C - H bond. (We name the 
dimers after the bond broken, not the bond formed in the process.) Some 
3° -2° product is also formed. The product ratio can be altered by diluting 
the alkane with such gases as N 2 and running the reaction below the boiling 
point. This procedure leads to increased selectivity for the 3 ° - 3 ° product by 
a process to be described in a later section. 

Heteroatom-Substituted Species. Of the main classes of organic 
compounds, alkanes were the chief substrates studied in prior work, although 
a few previous reports (23-26) dealt with alcohols, ethers, amines, and si-
lanes. We find that reactions involving these and other saturated but het-
eroatom-substituted species are preparatively useful, especially when carried 
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out under our conditions. The system is selective for C - H bonds alpha to 
the heteroatom and for Si -Η bonds. For example, E t 3 S i H gives Et 3 SiSiEt 3 . 

C H 3 O H -> H O C H 2 C H 2 O H (7) 

* - B u O C H 3 f - B u O C H 2 C H 2 O f - B u (8) 

Ο — O-O , 
N H Ν Η Ν Η 

50:50 dhmeso 

Some other heteroatom-substituted systems are less effective substrates 
(e.g., some amines). This difference may exist because the H g * preferentially 
binds to the more basic lone pairs of the heteroatom and not to the C - H 
bonds of the molecule. Exciplex formation between the H g * and the sub
strate has been demonstrated (15-18). This process explains how the energy 
of the H g * can be efficiently channeled into one bond of a large substrate. 
The order of binding energy is roughly what would be expected for a rela
tively soft transition metal ion. For example, the binding energy of H g * with 
N H 3 (17 kcal mol"1) greatly exceeds that for H g * with C H 4 (2 kcal mol 1 ) 
(I5-J8). 

Functionalized Product. Alkanes can be functionalized by cross-
dimerization with other species. Equation 10 shows the results from the 
reaction of cyclohexane and methanol. The three products are formed in 
close to statistical amounts after the relative vapor pressures and reactivities 
of the two species have been taken into account. The polarities of the three 
products in eq 10 are so different that separation is easy; the glycol can be 
removed by solvent extraction with water, and the bicyclo-
hexyl-cyclohexylmethanol mixture can be separated by column chromatog
raphy. 
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If the cyclohexane:methanol ratio in the vapor phase is adjusted to favor 
methanol, then the product mix is skewed in favor of glycol and cross-
product. Under these conditions of "vapor-pressure biasing" we obtain a 
product mixture that can be purified by simple water wash, because the 
bicyclohexyl formation is minimal. This arrangement also gives the largest 
yield of functionalized alkane, based on alkane. 

Cyclohexane and trioxane, the formaldehyde trimer, give an acetal on 
cross-dimerization. In turn, the acetal yields cyclohexanecarboxyaldehyde 
on hydrolysis (eq 11). Similarly, a protected form of prolinal is formed from 
trioxan and pyrrolidine. These aldehydes are the same products that might 
be formed by hydroformylation. However, we start from the alkane (not the 
alkene) and we see a wider functional group tolerance than for hydrofor
mylation. 

(+ homo-dimers) 

R 3 S i C H ( C H 3 ) O H is obtained from the silane R 3 S i - H and ethanol in 
spite of the much greater strength of S i - O over S i - C bonds. This difference 
favors the formation of an ethoxysilane (R 3SiOEt) in all other reactions of 
silanes with alcohols. Hydroxymethyl ethers are formed from alcohols and 
ethers (eq 12). 

Tens of grams of functionalized product can be obtained over 24 h, and 
there does not seem to be any upper limit to the number of catalytic cycles 
possible. Under certain conditions, up to 104 turnovers can be observed per 
H g atom without a measurable decrease in reaction rate. The buildup of 
colored impurities tends to stop photochemical reactions in reactors with 
solid walls. In our reactor the walls consist of a film of falling liquid (the 
refluxing substrate), and no buildup takes place. 
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The system may therefore have advantages over the more complicated 
metal phosphine catalysts such as [ I rH 2 (0 2 CCF 3 ) (PR 3 ) 2 ] , which have many 
more deactivation pathways open to them. None of the published examples, 
reported by us (2, 3), by Felkin and co-workers (27-31), or by Sakakura and 
Tanaka (32), had very stable catalysts. On the other hand, metal phosphine 
catalysts do have the very useful property of selectively attacking the least 
hindered C - H bond in the alkane, in contrast to the selectivity pattern 
observed in the H g system and in all the "classical" alkane functionalization 
reactions based on radicals and carbonium ions. 

The reason for the different selectivities of the two systems is believed 
to be the steric bulk of a catalyst such as RhCl(CO)L 2 , compared with the 
smaller H g atom; the sterically demanding side-on transition state probably 
operates in both cases (I , 5). This picture may be oversimplified, however, 
because of the uncertainty in the structure of the transition state for H g * 
reactions. 

H 

%c 

Methane has relatively strong C - H bonds and normally does not react 
readily with H g * , but we have recently found conditions under which even 
this substrate can be activated. In the presence of N 2 0 , the H g * attacks the 
N 2 0 to release an Ο atom. This atom abstracts Η largely from methanol, 
also present in the vapor, to give · Ο Η 2 Ο Η and ·ΟΗ. The hydroxy 1 radical 
formed in this step is sufficiently reactive to attack methane. Some of the 
resulting methyl radicals cross-dimerize with C H 2 O H to give ethanol, which 
is still volatile under our conditions and so tends to cross-dimerize with 
methanol to give propylene glycol (33). 

Alkane Dimerization. An important feature of the Hg*-alkane re
action is that only a trace of alkene is formed in alkane dimerization. Yet, 
especially for tertiary radicals, disproportionation to give alkene is known 
to be rapid. Alkene does not build up because hydrogen atoms, also present 
as a result of eq 5, react very rapidly with alkenes to form the most substituted 
radical, as shown in eq 13. 

R C H = C H 2 R C H - C H 3 (13) 

This process recycles the alkene back into the radical pool and prevents 
it from building up. We were able to verify that this was happening by 
running an alkane dimerization under D 2 . In this case, selective D incor
poration was observed at positions beta to the newly formed C - C bond in 
the dimer, as expected on the basis of eq 16. 
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Disproportionation also occurs in dimerizations of light alcohols. Once 
again, we do not observe a substantial buildup of the expected ketone or 
aldehyde product. The reason this time is not that H atoms attack the 
carbonyl, but rather that the disproportionation product is more volatile than 
the alcohol and selectively distills out of the reactor in the H 2 stream under 
the reaction conditions. Using a trap at -80 °C allows the expected quantity 
of carbonyl compound to be collected. For heavier alcohols, R C H 2 O H , the 
aldehyde disproportionation product is not as volatile and aldehyde-derived 
products such as R C H ( O C H 2 R ) 2 are found in the products. 

Reactions Involving H Atoms 

H atoms have not been used widely in preparative work, perhaps because 
some of the methods (34) often used for their synthesis (e.g., radiolysis of 
water, passing H 2 over a hot tungsten wire, and microwave discharge) are 
not convenient for synthetic application. A few such studies have been re
ported, however (35-37). Mercury photosensitization of H 2 is a very efficient 
way of forming useful amounts of H atoms under ambient conditions. 

The reactions of H atoms shown in eqs 3 and 13 suggested that this 
chemistry might be useful for the sorts of reactions we studied, with the 
advantage of working even for substrates that would not react under the 
H g * conditions. The reaction of H g * with H 2 to give H atoms is exceptionally 
efficient, and, if eq 3 is correct, these H atoms should be efficient H ab
stractors. When we tried to dehydrodimerize unsaturated organic com
pounds (such as alkenes, ketones, or carboxylic acids) under the H g * con
ditions described, we obtained other products, often as mixtures. We thought 
that this might be the result of the soft H g * attacking the double bond or 
the heteroatom lone pairs directly and not the C - H bonds. 

H atoms do indeed become the abstracting reagents if the usual H g * 
reaction is run not at reflux, but instead at 20-50 °C below the boiling point 
of the reagent in an atmosphere of H 2 gas. H 2 and not the substrate quenches 
the H g * . The resulting H atoms carry out the desired chemistry, and es
sentially no Hg*-derived products are seen (38). H g * itself does not pho
tosensitize the substrate directly because it always reacts with H 2 first. H 2 , 
present in excess and with a high quenching cross-section, also has a very 
high average molecular speed in the vapor, which increases its frequency 
of collisions. The result of the quenching is that Η· replaces H g * as the 
principal high-energy reagent in the system. 

Alkene as Substrate. For one class of substrate we see a different 
reactivity pattern. If the substrate is an alkene, then the sequence of events 
shown in eqs 14-17 seems to occur. 

Hg + hv -H> H g * (14) 
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The result is that the hydrodimer is formed from the 1-alkene. The 
selectivity for H atom attack on alkenes has been determined (39). The attack 
is largely (ca. 95% for a 1-alkene) at the terminal position to give the stabler 
2° alkyl radical. The product of hydrodimerization is therefore largely the 
2,2'-isomer, but some 1,2-dimer is also seen. The position of the double 
bond in the starting material therefore governs the position at which the 
new C - C bond is formed. For example, 1-hexene gives 85% of 2,2'-bihexyl, 
and 3-hexene gives essentially only 3,3'-bihexyl. 

This specificity has been very useful to us in identifying products from 
dehydrodimerization of the saturated species. For example 2,2'-, 2,3'-, and 
3,3'-bihexyl are all formed from hexane but can be identified by comparison 
with the hydrodimerization products of 1-, 2-, and 3-hexene. 

Functional Groups. The H atom reaction tolerates functionality not 
tolerated by H g * itself. For example, compounds with double bonds (such 
as acids, esters, or amides) or with strained rings (such as epoxides) do not 
react cleanly with H g * . If a substrate containing this functionality also has 
a C = C double bond, then the H atom selectively attacks the C = C double 
bond and the functionalized dimer forms normally. Chart I shows some of 
the compounds that can be made from alkenes in this way. We were very 
pleased to see that unsaturated esters and acids are dimerized, but the fact 
that unsaturated epoxides can be used was a great surprise. The case of 
fluoroalkenes is significant, because there are no other ways of making the 
fluorinated hydrodimers. 

The fact that the H atom method tolerates so many functional groups 
in the case of substituted alkenes led us to try the reaction of H atoms on 
saturated functionalized substrates. We were very glad to see that these too 
react to produce dehydrodimer (40). Ketones are attacked in the a-position. 
Carboxylic acids and esters are also dimerized. In the case of the ester 
R C 0 2 R ' , abstraction takes place at R or R\ according to the usual reactivity 
order: 3° > 2° > Γ . If R and R' are the same, attack tends to take place at 
the position adjacent to C rather than O. The use of ί-Bu or Me as R or R' 
protects that R group from attack. 

Even in cases where the dehydrodimer can be made with H g * as ab
stractor, the H atom variant is still sometimes useful because it is more 
selective. For example, the α,α-dimer is only 40% of the product from 
E t 2 N H with Hg* , but 90% with H atoms. Once again, cross-dimerization 
is possible, although we have not studied very many examples to date. Chart 
II shows some of the compounds that can be made via H atom reactions 
with saturated substrates. 

H g * + H 2 2H + H g 

H + R C H = C H 2 - > R C H - C H 3 

2 R C H - C H 3 -> R ( C H 3 ) C H - C H ( C H 3 ) R 

(15) 

(16) 

(17) 
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(X - CN, Ο Ac, COMe) 

Chart 1. Some compounds that can be made from alkenes by Η atom chemistry. 

Quantitative Studies 

In the H g * work, the reaction rate is linear with irradiation time and is 
limited by the number of photons produced by the lamps. Quantum yields 
for good substrates vary between 0.14 (isobutane) and 0.8 (Et 3 SiH); they are 
low when considerable disproportionation takes place. 1°:2°:3° selectivity for 
alkanes is ca. 1:50:350. Linear alkanes give a mixture of all possible 2° -2° 
dimers. Singly branched alkanes give all possible 2° -3° and 3° -3° dimers. 
For doubly or multiply branched alkanes, the product ratio can be affected 
by steric effects. When multiple 1,3-st/n diaxial repulsions of alkyl groups 
are created in a dimerization, that dimerization is disfavored. If more than 
four such interactions are present, the dimer in question is never seen. 

If mixing within the reactor is good, for example under reflux conditions, 
then a statistical ratio of homo- and cross-dimers will be seen. From R * - H 
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.COOMe 

HCOO' MeOOC' 

MeOOC 

Ο 
COOMe 

NCOMe 

Ο 
χ 

,COOMe 
NCOMe 

Chart 11. Some compounds that can he made from saturated substrates by H 
atom chemistry. The dotted line shows the new C-C bond formed. 

and R 2 - H , the ratios of R ' - R ' r R M t t R 2 - * 2 will be x2:2xy:y\ where χ and 
y reflect the ratio of radicals formed in the gas phase. As noted in a series 
of patents by Cier (41), an empirical relationship exists between the relative 
reactivity of different alkane substrates and the strength of the weakest C - H 
bonds in the molecule. Equation 18, which can be deduced from the Ev-
ans-Polanyi and Arrhenius relationships, fits the observations rather well 
and allows the relative reactivities of different substrates to be estimated. 
Because of exciplex formation, this relationship breaks down for substrates 
with heteroatoms. Moving to H atoms as abstractors restores the validity of 
eq 18 for organic compounds with functional groups. In several cases we 
have been able to obtain bond strengths for compounds for which no previous 
measurement is available. 

where rl/r2 is the ratio of radicals in the products, bn is the number of the 
weakest C - H bonds in each substrate, En is the bond energy of the weakest 
bonds, R is the gas constant, and Τ is absolute temperature. 

(18) 
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Knowing this ratio and the vapor pressures of the two substrates gives 
the relative reactivity of each substrate, which we call p. We base the scale 
on M e O H as unity, in which case reactivities for common substrates are 
cyclohexane, 12; ethanol, 20; isobutane or T H F , 70; and E t 3 S i H , 700. Similar 
studies on the hydrogen atom system are still in progress. 

Trapping the Radicals 

In more recent work (42), we find that S 0 2 can trap the radicals formed 
from the reaction of alkanes with H g * . In this case, a rather complex product 
mixture is found, but subsequent oxidation with performic acid leads in large 
part to the formation of the sulfonic acid R S 0 3 H . C O is a less efficient trap, 
but some ketone from cyclohexane is observed. The case of H g - 0 2 - R H , in 
which the hydroperoxide R O O H is the main product, is somewhat different. 
Here even methane is attacked (43). The H g * attack on methane is inefficient 
because of the high G ~ H bond strength. This explanation implies that the 
H g * attacks the 0 2 to give a highly reactive oxygen-containing intermediate, 
which then attacks the alkane. The details remain to be worked out. 

Conclusions 

The H g and H atom systems are capable of rapidly assembling relatively 
complex molecules from simple starting materials, and doing so on a prep-
aratively useful scale. The principle that selectivity for the partial oxidation 
product may be achieved by physical separation of reactants and products 
may also be applicable to thermal alkane conversion. The selective oxidation 
of methane to methanol may be an example. 

The outcome of the any particular reaction can usually be predicted by 
consulting the quantitative data we obtained and using the appropriate equa
tions. No organomercury compounds have ever been detected in these re
actions, either because they are never formed or because they are photolyzed 
under the reaction conditions. The small amount of elemental H g in the 
product and in the exit gases can be effectively removed with Zn dust if 
desired. 
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Activation of Carbon-Hydrogen Bonds 
in Alkanes and Other Organic Molecules 
Using Organotransition Metal 
Complexes 

Robert G. Bergman 

Department of Chemistry, University of California, Berkeley, and Materials and 
Chemical Sciences Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720 

The scope, selectivity, and mechanism of reactions in which low
-valent iridium and rhodium complexes undergo intermolecular C-H 
oxidative addition reactions were investigated. Progress was made 
on the development of stoichiometric methods for converting the metal 
complexes formed by C-H activation into functionalized organic mol
ecules. In an effort to locate an inert solvent for the reaction, C-H 
activation reactions were carried out in liquefied noble gases such as 
liquid xenon and liquid krypton. This approach allowed us to directly 
examine the C-H activation reactivity of gaseous and solid substrates. 
It also provided a means for carrying out flash kinetic studies designed 
to generate transient coordinatively unsaturated metal complexes and 
directly measure the rates of their reactions with C-H bonds. 

A.LKANES ARE A M O N G T H E MOST CHEMICALLY INERT Organic molecules. 

The potential for using alkanes as feedstocks in chemical synthesis has stim
ulated a search for metal complexes capable of undergoing the C - H oxidative 
addition process shown in eq 1, so that alkane chemistry more selective than 
that available using free radical reagents might be developed (1-3). 

M + R - H R - M - H (1) 

0065-2393/92/0230-0211$06.00/0 
© 1992 American Chemical Society 
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Intramolecular C - H oxidative addition to metal centers has been known 
for some time. However, despite many efforts the corresponding intermo-
lecular C - H oxidative addition process illustrated in eq 1 was not observed 
directly until 1982. At that time our group (4, 5) and Graham's (6) indepen
dently found that irradiation of complexes such as Cp*(L)IrH 2 [1, C p * is 
(T| 5 -C 5 Me 5 ) , L is PMe 3)] and Cp*Ir(CO) 2 causes successful insertion of the 
C p * I r L fragment into C - H bonds in alkanes. This procedure leads to stable 
alkyliridium hydride complexes Cp*(L)Ir(R)(H) (2). This reaction is exceed
ingly general. So far no organic liquid in which Cp*(L)IrH 2 has been irra
diated has failed to react with the intermediate generated in the reaction. 
Some of the solvents that have been observed to give intermolecular C - H 
insertion products upon irradiation of 1 are illustrated in Scheme I. 

H3C Cp* 
hv/-H2 \ 

Ir. + R-H / > R 

L 

R-H = Q , Δ . Me4C, CHaiCHafeCH* CH3CN, ζ } 

Scheme I. 

Characteristics of Oxidative Addition Reactions 

Much has been learned about the scope and mechanism of this reaction 
(7-9). Following our initial studies with iridium, alkane C - H oxidative ad
dition was observed at several other second- and third-row transition metal 
centers (where M - H and M - R bonds are expected to be relatively strong) 
such as rhodium, rhenium, platinum, and osmium, and even at one first-
row metal, iron (10-14). 

The selectivity of the iridium and rhodium C - H oxidative addition re
action was investigated by carrying out competition studies with various 
hydrocarbon substrates. The results are summarized in Scheme II. Although 
the absolute magnitudes of the selectivities are different for Ir and Rh, their 
trends are parallel. This observation indicates that C - H oxidative additions 
proceed by similar mechanisms at these two metal centers, but that the Rh 
reactions are less exothermic than their Ir counterparts. The selectivity 
experiments also suggest that steric effects and C - H acidities, rather than 
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Μ θ ^ Γ \ 
Me M" 

/ 
ΡΜθ3 

ki[Ri-Hl 

hv 
Cp*(L)M<J1 

-50° 
Intermediate 

\ W'rHI. Cp*(L)M<"2 

Ο Ο Δ Ο Ο C O Λ Ο 
kral(lr) 1.0 1.6 2.63 - 0.09 0.23 - 4.0 

JWRh) 1.0 1.8 10.4 0.14 0.06 - 3.6 19.5 

Scheme IL 

bond energies, control the rate of attack of the metal center on particular 
C - H bonds. 

The oxidative addition reaction is reversible. In the rhodium series most 
Cp*(L)Rh(R)(H) complexes, which are much less stable than their iridium 
analogs, eliminate R - H at temperatures below 0 °C. A similar reaction takes 
place on heating the more stable iridium alkyl hydrides, Cp*(L)Ir(R)(H), to 
temperatures above 100 °C. This procedure provides a thermal, rather than 
photochemical, method for carrying out the C - H insertion reaction. Kinetic 
studies are consistent with a rate-determining step in which R - H is elimi
nated from the starting coordinatively saturated (18-electron) alkyl hydride. 
This elimination yields a very reactive intermediate that can then be trapped 
by other hydrocarbons. 

Strong evidence (8, 9) has been obtained that the reactive species re
sponsible for the C - H insertion reaction in benzene and other aromatic 
solvents are π- (or " η 2-arene") complexes. More recently, evidence (10, 11) 
has been obtained that analogous, but more weakly bound, alkane "σ-com-
plex" intermediates intervene in the saturated hydrocarbon oxidative ad
dition process before full C - H bond cleavage occurs. 

In combination with conventional and photoacoustic calorimetric inves
tigations, the thermal reactions have also provided information about ab
solute iridium-carbon and iridium-hydrogen bond energies. These in turn 
have given us a quantitative idea of the thermodynamic driving force for the 
C - H oxidative addition reaction (15). The energetics of the processes that 
occur when an alkyl and phenyl C - H bond are exchanged at iridium (from 
our work) and rhodium (from the work of Jones and Feher (16)) demonstrate 
that the overall conversion of alkyl hydride to phenyl hydride is exothermic 
in both systems. However, each alkyl hydride must surmount a significant 
energy barrier to reach the intermediates that are capable of reacting with 
C - H bonds in another molecule of alkane or arene. 
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Unanswered Questions 

The studies just summarized raise a number of important questions about 
the C - H oxidative addition process. Some of these questions are being 
addressed in current work, and preliminary results are illustrated in Scheme 
III. Unlike many C - H oxidative addition systems studied earlier, intramo
lecular cyclometallation products such as 3 and 4 are never observed in our 
system; the reactions are exclusively intermolecular. We would like to know 
the physical basis for this unusual selectivity. 

Another question concerns whether the photochemical and thermal re
actions proceed by analogous mechanisms. As shown in Scheme III, if ther
mal decomposition of hydrido(alkyl) complex 2 and photochemical decom
position of dihydride 1 both pass through coordinatively unsaturated species 
Cp*IrL , then when mixtures of alkane solvents are used, similar selectivities 
should be observed in the two reactions. However, it is possible that in the 
thermal reaction, one alkane complex (e.g., 5) might be converted to another 
(6) by a direct process that avoids Cp*IrL. Similarly, irradiation of 1 (which 
presumably gives initially the electronically excited state 1*) might be at
tacked directly by a hydrocarbon substrate R - H . This attack could lead to 
intermediate 7, which would subsequently lose H 2 in a second step. In this 
case, it is possible that the thermal and photochemical reactions would give 
different selectivities. We are attempting to distinguish these possibilities 

1, X s H 
2, X s R* 7 

- H 2 

[Cp*(L)lr». HR'] [Cp'IrL] •R-H [Cp*(L)lr~ HR] 
6 

R 
Cp*(L)lr' 

H 

L 
4 

3 

Scheme III. 
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by developing methods to carefully examine the selectivity exhibited by the 
photochemical and thermal iridium reactions in mixtures of alkane solvents 
under precisely identical conditions. 

Conversion to Functionalized Organic Molecules 

We are also working on the development of methods for the conversion of 
alkane oxidative addition products to functionalized organic molecules. We 
have found it possible to convert alkylmetal hydrides to organic halides by 
using the sequences outlined in Scheme IV (4, 5,10, II). However, it would 
be substantially more useful to generate functionalized molecules by a com
bination of C - H oxidative addition and migratory insertion reactions with a 
second molecule, such as C O or C 0 2 . Unfortunately, it is very difficult to 
generate an open coordination site in the Cp*(L)M(R)(H) oxidative addition 
products. As a result, these materials have resisted attempts to induce them 
to undergo migratory insertion. 

. R CHBr3 . X R 
CP(L)MCH • Cp(L)M^B r 

Br2 

• R-Br • Cp (L)IrBr2 

.R ^ 
C p ( L ) K B r 

HgCI2 . .Br X2 

— — - — • Cp(L)l< c | • RHgCI • R-X • HgCIX 

(X = l, Br) 

R Br2 

Cp*(L)RhCBr • Cp'(L)RhBr2 • R-Br 

Scheme IV. 

We have made some progress on this problem by replacing the C p * 
ligand with an indenyl (Ind) ligand. This ligand undergoes much easier 
interconversion between its η 5 and η 3 configurations. Thus it provides a 
means of opening up a coordination site at the metal center to which it is 
complexed. Synthetic routes to (Ind)(L)IrR1R2 (Ri and R 2 are alkyl and H) 
complexes have been worked out. As expected, migratory insertion of C O 
and other ligands occurs much more rapidly than in the corresponding C p * 
complexes. Combined C - H oxidative addition-migratory insertion processes 
are now being developed that use these indenyl systems (Scheme V) (17). 
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Scheme V. 

Effect of Functional Groups 

Most of our initial studies were directed toward the investigation of C - H 
oxidative addition in alkanes. We have recently begun to investigate the 
interaction of C - H activating iridium and rhodium complexes with func
tionalized organic molecules to determine the effect of functional groups on 
the process as well as to investigate the propensity of Ir and Rh to insert 
into C - H versus other types of X - H bonds. 

Scheme VI illustrates some of our initial results. Reaction with ethylene 
gives both a ir-complex and a C - H insertion product. The ττ-complex is 
stable to the reaction conditions (in fact, it is the thermodynamic product 
of the reaction), and so it cannot be an intermediate in the C - H insertion 
(18, 19). When the reaction is carried out in alcohol or amine solvents C - H 
insertion appears to occur in preference to O - H insertion (20), although 
with methanol and ethanol surprising products are produced by subsequent 
transformation of the proposed initially formed insertion products (21). 

Studies in Liquefied Noble Gas Solvents 

As mentioned earlier, we have not yet found an organic liquid that is un-
reactive toward iridium, so that it might be used as an inert solvent in these 
reactions. While such ubiquitous reactivity is useful for carrying out chemical 
transformations on normally recalcitrant substrates, it presents a problem 
in another sense. It has prevented us from investigating the C - H insertion 
propensity of substrates that are difficult to liquefy under easily accessible 
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>170 °C 

H2C=CH2y 

CH2 XHeCHa 
Cp'(L)lr-|| • Cp*(L)lr̂  

CH2
 X H 

Cp#(L)IrH2 

or 

Cp*(L)lr(R)(H) 

hv 

/ 
[Cp*lrL] hv 

CH3OH 
Cp*(L)lr( 

CH2OH 

H 

-2H2 /CO 
Cp'lr^ 

140 °C 
-RH 

tBuNH2/ t B u Q H 

.CH2CH20H 
Cp'(L)lr; 

Cp*(L)lr; 

NH, 

I 
C p * ( L ) l r ^ / 

H ' 

H20 

OH 

Scheme VI. 

,CH=CH2 

S H 

conditions (e.g., solids or gases with very low boiling points). Even fluoro-
carbons, we have found, react with the intermediates generated on irradia
tion of Cp*(L)IrH 2 , probably by electron-transfer pathways (22). 

To solve this problem we investigated the use of liquid xenon as a 
potential inert solvent for iridium C - H oxidative addition reactions. Hydro
carbons are known to have reasonable solubility in xenon, and we have found 
that Cp*(L)IrH 2 exhibits this property as well. Xenon (liquefied at -70 °C 
and 10 atm of pressure), serves as an inert solvent for the C - H oxidative 
addition reaction (22). The C - H oxidative addition chemistry that we ob
served in this medium is summarized in Scheme VII. 

We prepared and isolated, for the first time, C - H oxidative addition 
products formed from high-melting solid substrates such as naphthalene, 
adamantane, and even cubane. The cubane reaction represents the first 
observation of C - H oxidative addition at a tertiary C - H bond. Liquid xenon 
also enabled us to carry out more conveniently the C - H oxidative addition 
reactions of low-boiling gases that are difficult to liquefy, such as methane. 
Finally, methanol and ethanol give O - H oxidative addition products in liquid 
xenon. This reaction contrasts with their behavior at higher temperatures 
in neat alcohol solvents, in which products believed to be derived from 
initial C - H activation are observed. The reasons for this unusual change in 
behavior are not yet understood. 

In addition to these preparative studies, we also used liquefied noble 
gases as inert solvents for carrying out time-resolved flash kinetic studies 
with infrared detection. These experiments, designed to generate transient 
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([Ir] = Cp*lrPMe3) 

Scheme VII. Products formed on irradiation of solutions of 1 and the indicated 
organic molecules in liquid xenon at -60 to -75 ° C . 

coordinatively unsaturated C - H activating intermediates, directly measure 
the rates of their reactions with C - H bonds (23). In this case, Cp*Rh(CO) 2 

was used to take advantage of the higher quantum yields in the rhodium 
system and the large IR extinction coefficients observed in metal carbonyl 
complexes. Irradiation of the rhodium dicarbonyl complex in liquid krypton 
between -90 and -120 °C gave rise to a transient metal-CO absorption at 
1947 cm" 1 , which decayed rapidly in the presence of cyclohexane and led 
to C p * ( C O ) R h ( H ) ( C e H „ ) . 

By examining the dependence of the decay rates on the concentration 
of cyclohexane (Figure 1) and cyclohexane-d1 2, we concluded that the tran
sient IR absorption results from a rapidly equilibrating mixture of the 
krypton complex Cp*Rh(CO)(Kr) and the cyclohexane σ-complex 
Cp*Rh(CO)(C 6 Hi2). The latter predominates at high cyclohexane concen
trations. Under these conditions the rate of direct conversion of the cy
clohexane complex to the C - H oxidative addition product 
Cp*(CO)Rh(H)(C 6 H u ) can be measured. From the temperature dependence 
of this rate constant, we determined that the activation energy associated 
with this process is 4.8 kcal/mol. 

Recently we carried out analogous studies in the gas phase. Under these 
conditions "naked" rather than solvated Cp*Rh(CO) is formed, and this 
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5.0 

0 0.01 0.02 0.03 0.04 

0 0.01 0.02 0.03 0.04 

[C 6Hi 2](M) 

Figure 1. The observed rate constants (k0bs)for the decay of the transient at 
1947 cm'1 (filled symboh) and for the formation of the product at 2003 cm~l 

(open symbols) as a function of cyclohexane concentration and temperature. 
For clarity, only representative error bars are indicated explicitly. 
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species reacts with cyclohexane at nearly gas-kinetic rates (24). Collision 
between Cp*Rh(CO) and cyclohexane is the slowest step in the overall C - H 
activation process. In contrast, association of solvent with free Cp*Rh(CO) 
in solution is so rapid that the step involving C - H bond cleavage in the 
coordinated alkane complex becomes rate-determining. 
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Selective Hydroxylation 
of Hydrocarbons by Platinum Salts 
in Aqueous Media 
Direct Conversion of Ethanol to Ethylene Glycol 

Jay A. Labinger, Andrew M . Herring, and John E . Bercaw 

Division of Chemistry and Chemical Engineering, California Institute 
of Technology, Pasadena, CA 91125 

Water-soluble organic compounds are hydroxylated by aqueous so
lutions of chloroplatinum(II) and chloroplatinum(IV) salts. p-Tolu-
enesulfonic acid is converted stepwise to the corresponding alcohol 
and aldehyde, the first step being somewhat faster than the second. 
No further conversion to the carboxylic acid is observed. Ethanol 
shows substantial selectivity for attack at a C-H bond of the methyl 
group, affording ethylene glycol and 2-chloroethanol, as well as more 
expected products such as acetaldehyde and acetic acid. The origin 
of the unusual selectivity patterns is discussed in terms of the mech
anism of activation of C-H bonds by Pt(II) species. 

T H E ACTIVATION O F C - Η B O N D S IN A L K A N E S by transition metal complexes, 
not long ago thought to be among the most difficult challenges facing or
ganometallic chemists, is now almost commonplace. Many intriguing ex
amples, often under remarkably mild conditions, have appeared in the past 
few years (1-3). However, the elaboration of these fundamental transfor
mations into a practical alkane conversion process remains elusive. Why is 
this so? 

A primary reason is the incompatibility of most, if not all, potentially 
useful functionalization reactions with either thermodynamics or catalyst 
stability. Consider eqs 1-4: The first two appear compatible with known 

0065-2393/92/0230-0221$06.00/0 
© 1992 American Chemical Society 
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reactions of organotransition metal complexes, but both are thermody
namically uphill at near-ambient temperatures. Both reactions have been 
achieved, but only by shifting the equilibrium by providing a hydrogen 
acceptor such as another olefin (4, 5) or by driving the reaction photochem-
ically (6-8). Either approach almost certainly becomes impractical for eco
nomic reasons. The last two are thermodynamically favored, but most sys
tems known to activate alkanes are incompatible with 0 2 and could not be 
the basis of a catalytic reaction. 

R C H 2 C H 3 ^ > R C H = C H 2 + H 2 (1) 

R C H 2 C H 3 + C O R C H 2 C H 2 C H O (2) 

R C H 2 C H 3 + I 0 2 -H> R C H = C H 2 + H 2 0 (3) 

R C H 2 C H 3 + I 0 2 - » R C H 2 C H 2 O H (4) 

A secondary issue is selectivity. Regioselectivity is an obvious problem, 
as in eq 4, if terminal alcohols are the preferred isomeric products. More 
important, though, the products (alcohols, alkenes, etc.) tend to be consid
erably more reactive than the starting alkanes. This reactivity would place 
a ceiling on achievable yields. As with heterogeneously catalyzed selective 
oxidation, there is always a tradeoff between selectivity and conversion (9). 
This tradeoff may be especially problematical when a hydrogen-atom ab
straction route is involved, as with cytochrome P-450 and models thereof 
(10). That organometallic alkane activations may proceed by quite different 
mechanisms, and thus exhibit different patterns of selectivity, is clearly of 
key importance. 

Most of the relatively facile alkane activations can be placed in one of 
three categories: oxidative addition (eq 5), σ-bond metathesis (eq 6), or 
electrophilic substitution (eq 7) (1-3). The first has been found for low-valent, 
electron-rich, coordinatively unsaturated metal centers toward the right end 
of the transition series (Groups 6-10). The second category is observed for 
d° complexes of Groups 3 (including lanthanides and actinides) and 4 (there 
are also intramolecular examples with Group 5). Both lead to stable organ
ometallic products, but only very limited examples of functionalization have 
been achieved, for reasons cited. All of the species involved are highly 
sensitive to Ο 2 or the oxygenated products that would be produced. 

L„M + R - H -H> LnM(H)(R) (5) 

L „ M - X + R - H -> L n M - R + H - X (6) 

L n M ! ' + + R - H - * L n M - R ( ^ 1 ) + + Η (7) 
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In contrast, the third class (eq 7) has been observed with the "classic" 
coordination complexes, P t C l J ( H 2 0 ) 4 „ ï

( ï _ 2 ) ~ (II, 12), and, more recently, with 
related Pd(II) complexes (13). Here a stable organometallic species is not 
obtained, but net functionalization of alkane is. An N M R signal attributed 
to a methyl-Pt(IV) complex was reported (14) in a study of methane oxidation 
by the Pt(II)-Pt(IV) system. 

These systems, furthermore, appear attractive in that the species in
volved [Pd(II), Pt(II)] will tolerate 0 2 . This characteristic allows in principle 
for the closing of a catalytic cycle. On the other hand, catalytic oxidation 
has not yet been achieved, nor is much known about detailed mechanism 
or selectivity, and lack of reproducibility has sometimes been a problem. 
During an attempt to further delineate the mechanism we observed unex
pected selectivity patterns. 

Experimental Procedure 

General Specifications. Except as noted, all reagents were obtained com
mercially and used without further purification. NMR spectra were recorded on 
Bruker AM500, J E O L GX 400Q, or J E O L FX 90Q spectrometers at 500, 400, 
or 90 M H z ( Ή ) , 22.5 M H z (1 3C), and 107.5 M H z (195Pt). IR spectra were recorded 
on a Perkin-Elmer 1600 Fourier transform (FT) IR spectrometer, with a 10-cm 
gas cell. Gas chromatograms were recorded on a Perkin-Elmer 8410 gas chro-
matograph, with a Carbowax column. 

Oxidation of p-Toluenesulfonic Acid (1). Solutions containing 1 (0.2-
0.5 M), Na 2 PtCl 6 (0.2-0.5 M), and Na 2 PtCl 4 (0.02-0.05 M) in D 2 0 were sealed 
in N M R tubes. The sealed tubes were heated in thermostatted oil baths in an 
inverted position, so that any Pt particles or mirrors formed would not interfere 
with the recording of N M R spectra. Stepwise conversion to 2 and 3 was mon
itored by growth of the corresponding N M R signals. Both 2 (15) and 3 (16) are 
known, but their lH NMR spectra have not previously been reported. Their 
parameters (chemical shift, δ, parts per million) along with those of the carboxylic 
acid 4 (17) are 

2: 4.44 (s), A r C H 2 O H ; 7.26 (d), 7.56 (d) (J = 8.3 Hz), H 0 3 S C 6 H 4 C H 2 O H 

3: 9.72 (s), A r C H O ; 7.73 (d), 7.78 (d) (J = 8.3 Hz), H 0 3 S C 6 H 4 C H O 

4: 7.64 (d), 7.73 (d) (J = 8.4 Hz), H 0 3 S C 6 H 4 C 0 2 H 

For determination of absolute product yields, reactions were run in H 2 0 
(to eliminate perturbation from H - D exchange). After completion, solvent was 
removed in vacuo and the residue redissolved in D 2 0 to which a weighed amount 
of an NMR reference was added. Oxidations of 2 and 5 (p-ethylsulfonic acid) 
were performed similarly. 

Oxidation of Ethanol. Reactions were performed under the described 
conditions, except that it was necessary to add ~1 equiv of acid-Pt(IV); otherwise 
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deposition of Pt metal began shortly after reaching reaction temperature. Either 
HC1 or the sulfonic-carboxylic diacid 4 can be used. The latter is convenient in 
that it provides an internal N M R reference signal. 

Two-carbon products were identified by ' H and 1 3 C N M R signals, by using 
ordinary as well as mono- and di- 1 3C-labeled ethanol. All shifts, / C H , and Jcc 

values agree with literature data for the products shown in eq 10 [including 
acetaldehyde, which in aqueous solution exhibits 1 3 C signals characteristic of the 
hydrate (18)}. The presence and amount of ethylene glycol was further verified 
by gas chromatography. C O z was quantified by Toepler pump transfer to a 
volumetric bulb and thence to a cell for infrared spectroscopic identification. 
The expected frequency shift was found when l 3C-labeled ethanol was oxidized, 
confirming the origin of the C O z . About 65% of the consumed ethanol is ac
counted for in eq 10. A number of signals in the lH and 1 3 C N M R spectra (mostly 
weak) remain to be assigned. Several products show evidence of a partial H - D 
exchange. The small isotope shift separates the signals of the exchanged species 
from the main signal, so that it can be seen clearly that the extent of exchange 
is quite small. The higher water-soluble alcohols were examined similarly. 

Results and Discussion 

Oxidation of p-Toluenesulfonic Acid and Related Compounds. 
To facilitate mechanistic studies we sought a simple water-soluble model 
substrate. Thus, the reaction medium would be homogeneous and N M R 
spectroscopy could be used to monitor reaction progress. p-Toluenesulfonic 
acid (1) proved a suitable choice. Standard experimental conditions, here 
and elsewhere, involve heating D 2 0 solutions of substrate, N a 2 P t C l 6 , and 
N a 2 P t C l 4 (typical ratios ~ 1:1:0.1) in N M R tubes. The extent of reaction 
after any given time is determined by *H N M R spectroscopy. 

1 is oxidized by the Pt(II)-Pt(IV) system according to eq 8. *H N M R 
spectra (Figure 1) show clearly that only two products are formed to any 
significant degree: alcohol 2 and aldehyde 3. In particular, no products 
resulting from oxidation at aromatic ring positions could be detected. 

Slow H - D exchange at both methyl and ring positions competes with 
oxidation. H - D exchange can be observed in all reactions run in D 2 0 . In 
general, it is relatively slow compared to oxidation and occurs at comparable 
rates at the various sites, so that determination of product yields by N M R 
spectroscopy is not significantly perturbed. More accurate yields were ob
tained by carrying out reactions in H 2 0 , removing solvent in vacuo, and 
redissolving in D 2 0 before running the N M R spectrum. 

No further oxidation of 3 to the carboxylic acid 4 is detected. Conversion 
of 3 is inferred from the appearance of additional weak N M R signals in the 
aromatic region toward the end of reaction 8. These signals have not been 
assigned, but they do not correspond to 4, which was independently syn
thesized. 

Solutions remain visibly homogeneous during the first few hours of the 
reaction, although eventual deposition of platinum metal was observed in 
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all cases. Shilov (J) reports that Pt deposition may be suppressed by addition 
of excess acid or chloride. However, we have never been able to achieve 
this result except by adding enough chloride to suppress the reaction com
pletely. This observation raises the question of possible heterogeneous ac
tivation. Addition of metallic mercury (19) does not completely suppress 
oxidation. There is some decrease in rate, which is attributable to the fact 
that Hg(0) reduces both Pt(II) and Pt(IV). Other observations also support 
a homogeneous mechanism. 

Pt(IV)/Pt(II), ci-
p - H 0 3 S C 6 H 4 - C H 3 Γ» A r - C H 2 O H 
P J l b 4 3 H 2 0 , 80-120 °C, 6 h 2 

-> A r - C H O - » A r - C 0 2 H (8) 
3 4 

The progress of the reaction over time (Figure 2) clearly shows that 2 
and 3 are formed sequentially. Furthermore, though the kinetics cannot be 
fit to any simple rate law, it is possible to estimate the relative rate constants 
for 1 —• 2 vs. 2 —> 3, either from the data in Figure 2 or from a separate 
experiment in which 2 is used as substrate. Both procedures yield the same 
result: The first step is faster than the second by a factor of around 1.5. Thus 
the selectivity for attack at C - H bonds in this system follows the unexpected 
order: - C H 3 > - C H 2 O H > aryl-H » - C H O . 

The possibility that selectivity for attack at the methyl position in 1 is 
related to its benzylic character can be tested by examining the ethyl analog 
5. Substantial oxidation takes place at the β-position (eq 9), which indicates 
that benzylic activation is not essential. The reason for the appearance of 
substantial ring-oxidation products here, in contrast to eq 8, is not clear. 
However, the fact that 5 was examined as the sulfonate salt may be important. 
Oxidation of 5 in the conjugate acid form gives a product whose N M R 
spectrum suggests a coordinated styrene derivative, presumably resulting 
from acid-catalyzed dehydration of the alcohol products of eq 9. Sodium p-
toluate similarly gives a mixture of methyl and ring oxidation. 

- 0 3 S C 6 H 4 - C H 2 C H 3 -> A r - C H 2 C H 2 O H + A r - C H ( O H ) C H 3 

5 25% 35% 

+ ring oxidation (9) 
30% 

Oxidation of Ethanol. Normally the reaction of alcohols with re
ducible metal species (20), including Pt(II) (21), leads readily to aldehydes. 
On the contrary, the fact that - C H 3 can be more reactive than - C H 2 O H 
suggests that glycol could be a possible product. Indeed, ethylene glycol is 
produced when ethanol is substituted for 1 in eq 8, as shown in eq 10. The 
additional products include acetaldehyde (as the hydrate) and acetic acid, 
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both of which clearly arise from initial oxidation at the - C H 2 O H position; 
glycolic acid, which could form either via hydroxylation of acetic acid or 
oxidation of ethylene glycol; and C 0 2 . 

Pt(II)/PT(IV), ci-
C H 3 C H 2 O H —> H O C H 2 C H 2 O H + H O C H 2 C H 2 C l + 
50% converted 120 °C, 3 h g% 2% 

C H 3 C H ( O H ) 2 + C H 3 C 0 2 H + H O C H 2 C 0 2 H + C 0 2 (10) 
5% 7% 5% 8% 

Overall partitioning of products between the two sites for initial attack 
can be estimated by labeling one carbon of ethanol. When 1 2 C H 3

1 3 C H 2 O H 
is used as substrate, the glycolic acid produced is labeled nearly equally in 
the two positions (eq 11). Thus, it arises mostly (>90%) via oxidation of 
ethylene glycol rather than hydroxylation of acetic acid. The C 0 2 shows an 
excess of 1 3 C , suggesting that around 40% comes from oxidative decarbox
ylation of acetic acid and 60% from ethylene glycol, presumably via oxalic 
acid. Oxalic acid should be readily oxidized by either Pt(II) or Pt(IV) to C 0 2 , 
according to standard reduction potentials. 

C H 3 * C H 2 O H H O C H 2 * C 0 2 H + H O * C H 2 C 0 2 H + C O , + 
54% 46% 37% 

* C 0 2 inter alia (11) 

From these labeling studies and the overall product distribution, relative 
rates for the various steps may be estimated. These rates are shown in 
Scheme I. Attack at the methyl and hydroxy methyl groups of ethanol are 
approximately equally facile. This result is striking; any direct conversion of 
ethanol to ethylene glycol appears to be unprecedented in the literature. 

The higher water-soluble alcohols were briefly examined as well. With 
1-propanol, selectivity for attack at the - C H 3 group is particularly high; 1,3-
propanediol and 3-chloro-1-propanol account for 80% of the product. 2-
Propanol and 1-butanol give complex mixtures that have not yet been fully 
assigned. 

Mechanisms. Nature of Active Pt Complex. Shilov's original pro
posal (I) involved formation of an alkyl-Pt(II) complex, transfer of the alkyl 
group to Pt(IV), and nucleophilic cleavage of the P t - C bond, as shown in 
Scheme II. This cleavage would mean Pt(IV) is an obligatory oxidant. How
ever, we find that the oxidation of 1 to 2 plus 3 proceeds at comparable rates 
even when Pt(IV) is omitted from the reaction mixture; in this case precip
itation of Pt metal begins immediately. This result is clearly incompatible 
with Scheme II (the known disproportionation of 2Pt(II) -> Pt(IV) + Pt(0) 
is much slower than substrate oxidation under these conditions). It suggests 
that, at least for this hydrocarbon, oxidation proceeds by Scheme III. 
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1 -2 
CH3CH2OH 

.95 

CH3CHO 

HOCH2CH2OH 

10 

HOCH2CHO 

C1CH2CH20H 

Scheme I. Reaction sequence and estimated relative rates. 

Cl 3Pt~ + R-H Cl 3Pt-R 2~ + H+ 

Cl 3Pt-R z~ + C l 5 P f Cl 5Pt-R 2" + Cl 3Pt" 

Cl 5Pt-R 2" + H20 - ROH + Cl 3Pt" + HC1 + CI" 
Scheme 11. Originally proposed mechanism (reference 1). 

P t 4 + Pt° + ROH + H + 

Scheme HI. Proposed mechanism for C-H activation and oxidation. 
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It is not possible to confirm this mechanism from kinetics, as neither 
the progress of the reaction over time nor the dependence on [Pt(II)] or 
[Pt(IV)] follow any simple rate law. This disparity is almost certainly a con
sequence of the fact that each oxidation state of Pt actually consists of a 
mixture of species [PtCl n (H 2 0)4_ N

( 2 - N ) + and P t C l n ( H 2 0 ) ^ n
( 4 - n ) + ] . 

The reactivity of each of these species will be different. As reaction 
proceeds and Pt(IV) is reduced to Pt(II), additional CI" is liberated, shifting 
the distribution of these species. Speciation can be followed by means of 
1 9 5 Pt N M R spectroscopy. In the early stages, when the reaction is proceed
ing, signals due to both P t C l / and PtCl 3 (H 2 0) are detected (22, 23). After 
several hours, when reaction has ceased (even though none of the reagents 
has been fully consumed), only the former signal is present. It appears 
therefore that only species with at least one CI replaced by H 2 0 are able 
to activate C - H bonds. 

Approximate reaction rates may be estimated from the initial rate of 
product appearance and correlate much more strongly with [Pt(II)] than 
[Pt(IV)]. An Eyring plot of initial rate data collected from 80-122 °C gives 
an enthalpy of activation, ΔΗ*, of 26 kcal mol" 1 and an entropy of activation, 
AS*, of 11 eu. Without a rate law, the significance of these parameters is 
unclear. 

Origin of Selectivity in C-H Attack. The selectivity patterns are clearly 
incompatible with a radical mechanism. They are similar to patterns observed 
for the other modes of alkane activation (eqs 5 and 6), both in the preference 
for sterically least-hindered sites (1-3) and in the rather remarkable selec
tivity for attack at C - H instead of O - H or C - O (24). 

We propose that selectivity is determined by an initial M - H - C inter
action in all modes of alkane activation. The three types diverge after for
mation of the metal-alkane complex, which may undergo oxidative addition, 
σ-bond metathesis, or electrophilic displacement, according to the nature 
of the complex. In the present case, conversion to alkyl-Pt(II) most likely 
proceeds via deprotonation (Scheme III), which is consistent with the known 
enhanced acidity of related η 2 - Η 2 complexes (25). 

Future Prospects 

Although the oxidations demonstrated here are not catalytic, the selectivity 
is not outstanding, and the rates are too low for practical application, the 
specificity for methyl group hydroxylation coupled with the stability toward 
oxidizing conditions suggests considerable potential for further development. 

In principle, it appears possible to replace Pt(IV) with a cheaper oxidant, 
perhaps even 0 2 , by means of a Wacker-like regeneration scheme. However, 
any oxidant used must be capable of reoxidizing Pt(0) to Pt(II) without ox
idizing Pt(II) to Pt(IV). Unfortunately, the potentials for these two couples 
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are very close. Our current efforts are focused on finding more stable and 
characterizable Pt(II) complexes that can activate alkanes, in order to elim
inate the C 1 - H 2 0 exchange problem that both complicates mechanistic 
studies and shuts the reaction down before completion, and in hopes of 
constructing a system that can be catalytically cycled. 
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Amidocarbonylation 
Catalyst, Reaction Scope, and Industrial Application 

J. J. Lin1 and J. F. Knifton 

Texaco Chemical Company, P.O. Box 15730, Austin, TX 78761 

Amidocarbonylation, first discovered by Wakamatsu in 1971, is an 
underrated and underused technology in synthesis gas chemistry. In 
combination with hydroformylation, amidocarbonylation provides a 
versatile route to the synthesis of α-amidocarboxylic acids from an 
olefin, acetamide, and CO-H2. Our research focused on the appli
cation and extension of amidocarbonylation technology to the 
synthesis of a wide range of amidocarboxylic acids, including surface
-active agents (C10-C16 amido acids), specialty surfactants (sarcosi-
nates), intermediates for sweeteners, food additives (glutamic acid), 
and chelating agents. Homogeneous cobalt- and rhodium-based cat
alysts, modified with sulfoxide and bidentate phosphine ligands, were 
tailored to the synthesis of each individual class of products. Pro
cessing studies (reaction rate, product selectivity, and catalyst sta
bility) and economic assessments are discussed. 

X J L M I D O C A R B O N Y L A T I O N , the synthesis of xV-acyl-a-amino acids from al

dehyde, carbon monoxide, and amide, was first reported by Wakamatsu et 
al. in 1971 (i). In 1979 Parnaud et al. (2) investigated the reaction mechanism, 
and in 1981 Stern (3) patented a process for making amido acids directly 
from olefins. By 1985, Ojima et al. (4) demonstrated that this technology 
can be extended to other substrates (including trifluoropropene, oxirane, 
and allyl alcohols) by the use of binary metal catalysts. Applications of amino 
acid derivatives in the areas of enhanced oil recovery (5), liquid detergents 
(6), and gas-scrubbing agents (7) have been reported. 

'Current address: Shell Development Company, P.O. Box 1380, Houston, TX 77251 

0065-2393/92/0230-0235S06.00/0 
© 1992 American Chemical Society 
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Currently, most amino acids are obtained from natural sources or fer
mentation. Amidocarbonylation can be considered a viable alternative to the 
conventional Strecker reaction, which uses highly toxic hydrogen cyanide 
and ammonia to make α-amino acids from aldehydes. Since 1983 we have 
been interested in amidocarbonylation technology for two reasons: (1) pro
duction of specialty chemicals is an extension of our synthesis gas (syngas) 
research and (2) amidocarbonylation is a unique technique for constructing 
two functionalities in a single step. 

Herein we report the use of amidocarbonylation technology for the 
synthesis of a wide range of amido acids, including surface-active agents 
( C 1 0 - C l f i amido acids), specialty surfactants, intermediates for aspartame 
sweeteners (β-phenylalanine and IV-acetylglycine), food additives (sodium 
monoglutamate), and chelating agents (iminoacetic acid and polyamido 
acids). Therefore, many products can be made by the same technology. 

Amidocarhonylation 

IV-Acetylglycine. iV-Acetylglycine, the simplest amido acid, was syn
thesized in 60% yield from paraformaldehyde, carbon monoxide, and acet-
amide by using octacarbonyldicobalt as the catalyst under 2900 psi C O - H 2 

(3:1) at 120 °C in ethyl acetate solvent. The effect of ligands on reaction 
yield and catalyst recovery was studied. The addition of diphenyl sulfoxide 
or succinonitrile ligands to this catalyst system increased the yield of N-
acetylglycine to 78% yield. In addition, catalyst recovery increased from 50% 
to 85% (on the basis of cobalt used). Similarly, addition of tributylphosphine 
promoted the reaction at lower pressure (800 psi). By comparison, the che
lating tetramethylethylenediamine adversely affected the reaction. The ef
fects of ligands on reaction yield and catalyst recovery are summarized in 
Table I (8). 

L-Phenylalanine. L-Phenylalanine is a key intermediate for aspar
tame sweetener, a methyl ester of the L-phenylalanine-L-aspartic acid di-
peptide (see structure). Currently, L-phenylalanine is produced by tyrosine 
fermentation (by Genex and Searle). One proposed synthetic route is the 
oxidative carbonylation of styrene to form cinnamate ester and subsequent 

N H , ® COOCH 3 

aspartame (L-aspartic acid + L-phenylalanine) 
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A. VIA CINNAMATE ESTER 

CO. 0 9 , ROH 
STYRENE 2L ^ 

Pd 

ENZYME y C 0 0 R 

PhCH=CH-COOR » ~ P h C H ^ H 
90% N H

3
 X N H 2 

B. VIA GLYCINE 

H^CH 2 COOH • CH^;ONHCH 2COOH P h C H 0 1 

y NHCOCH, H 9 y NHCOCH, 
PhCH=C J » . P h C H ^ H J 

X COOH X COOH 

Scheme I. Phenylalanine synthesis via cinnamate ester or glycine. 

A 

Ph C H — CH 2 + C H 3 C O N H 2 

C0 2 (CO) 8 -Ti(0' Pr), 

CO/H 2 =4. 110°C 

100 atm 

P h C H ^ H ! 
COOH 

NHCOCH 

Β ^ COOH 
PhCH 2CH0 + CH^CONH 2 • P h C H ^ H ! 

t 
NHCOCH• 

STYRENE OXIDE CATALYST: C o / ( C 0 ) 8 - P h ^ C H g C H ^ P r ^ (4:1 MOLAR 

CONDITIONS: CO/H 2=3, 2200 psi, 80 *C, 4h 

j RESULTS: 72 MOLE % YIELD 

I >98% COBALT RECOVERY 

STYRENE 

Scheme 11. Phenylalanine synthesis via styrene oxide. 
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enzymatic amination (9) (Scheme ΙΑ). Another route is from IV-acetylglycine 
(Scheme IB). The amidocarbonylation of styrene oxide to phenylalanine by 
bimetallic catalyst was reported by Ojima (10) (Scheme IIA). Amidocarbon
ylation from phenylacetaldehyde, which can be made from styrene oxide, 
afforded phenylalanine in 72% yield (Scheme IIB) (11). 

A l k y l Sarcosinate. The syntheses of sarcosinate specialty surfactants 
by the conventional method and by amidocarbonylation are compared in 
Scheme III. The use of secondary amide for amidocarbonylation was reported 
to give poor yields of amido acid because the corresponding oxazolone in
termediate cannot be formed (2, 12, 13). However, the amidocarbonylation 
of iV-methylamide gave excellent yields of alkyl sarcosinates. This reactivity 
allows the introduction of carboxylic acid and secondary amide moieties in 
a single step (14). 

C O N V E N T I O N A L R O U T E 

0 0 
II II 

R - C C L + H N C H 2 C 0 0 H > R - C N C H 2 C 0 0 H 

I I 
C H 3 C H 3 

A M I D O C A R B O N Y L A T I O N 

0 

II 2 3 0 ° C 

C N H 2 3 C 0 H + C H 3 N H 2 

0 0 
Il ( C H 2 0 ) x II 

C n H 2 3 C N H > C 1 1 H 2 3 C N C H 2 C 0 0 H 
I Co 2 (CO)o I 
C H 3 C H 3 

C0/H2=3 

120°C 

Scheme ill. Alkyl sarcosinate synthesis. 

Other A m i d o Acids. Amidocarbonylation of lactams, butyrolactam, 
and caprolactam to prepare the corresponding amido acids has been dem
onstrated (Scheme IV) (15). 
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O^Ç> + ( C H 2 ° ) x + C 0 

H 

+ C O 

Scheme IV. Amido acids from Ν-substituted amides. 

Hydroformytoion and Amidocarbonyhtion 

Simple Olefins. In 1981 Stern patented a process to make N-ace-
tylamino acid from olefin, acetamide, and synthesis gas in the presence of 
octacarbonyldicobalt (3). The hydroformylation and amidocarbonylation oc
curred in a single step. It was also reported that the one-step reaction 
afforded an 11.5:1 ratio of linear to branched amido acids, in contrast to the 
2.4:1 ratio via the corresponding two-step route. Ojima et al. (4) reported 
that product selectivity was affected by the addition of a rhodium cocatalyst 
(Scheme V). 

Our results showed that amido acid with a 94% linearity was obtained 
by using Co 2 (CO) 8 , 75% linearity with C o 2 ( C O ) 8 - R h 6 ( C O ) 1 6 , and 95% lin
earity with Co 2 (CO) 8 -HRh(CO)(PPh 3 )3. Furthermore, addition of bidentate 
phosphines enabled hydroformylation-amidocarbonylation at lower pres
sures. For example, combination of bis(diphenylphosphino)propane with 
octacarbonyldicobalt afforded good activity at 2000 psi of synthesis gas pres
sure (16). The process to make C 1 6 amido acid from 1-tetradecene was op
timized. A recrystallization procedure was designed to purify the amido acid 
product by removing cobalt and rhodium catalyst contaminants (17). The 
sodium salt of this amido acid has uses in cosmetics (18) (Tables II—IV). 

Diolefins. Various amido acids were prepared from dioleflns, such as 
dicyclopentadiene, 4-vinyl-l-cyclohexene, 1,3-butadiene, and 1,7-octa-
diene. Monoamido acids were selectively made from the unsymmetrical 
dienes, dicyclopentadiene, and 4-vinyl-l-hexene. However, diamido acids 
were produced when symmetric diene substrates were used (Table V). 

Functionalized Olefins. When hydroformylation-amidocarbon-
ylation was extended to functionalized olefins, a number of interesting amido 
acids were obtained. Glutamic acid ester, a precursor for monosodium glu
tamate, can be synthesized from acrylate, acetamide, and synthesis gas in 
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Table II. Hydroformylation-Amidocarbonylation: Cocatalyst Effect 

COOH 
/ 

RCH=CH2 + CH3C0NH2 + C0/H2 > RCH2CH2CH 

NHCOCH3 

Catalyst-Cocatalyst Conditions Yield (%) Linearity (%) 

Co 2(CO)s 1900 psi, 100-110 °C 70 92 
Co 2(CO)s-Rh f t(CO) I { i 2000 psi, 100 °C 70 75 

(35:1) 
Co ,(CO)s-HRh(CO)(PPh 3) 3 2000 psi, 100 °C 89 95 

(40:1) 
Co2(CO)^HRh(CO)(PPh3)3 800 psi, 100 °C 55 — 

(40:1) 

85% yield (19). This in situ hydroformylation-amidocarbonylation route af
forded the linear amido acid as the major product. By comparison, rhodium-
catalyzed hydroformylation of acrylate afforded dimethyl 2-formyl-2-meth-
ylglutarate at 75% selectivity and 60% conversion (20). This product was 
derived from hydroformylation of acrylate at the alpha position and subse
quent Michael addition to a second equivalent of acrylate (2) (Scheme VI). 

The reactions of allyl acetate, 2-pentenenitrile, and allyl alcohol ethox-
ylate afforded the corresponding amido acids in good yield. These structures 
are cited in Table VI. 

Conclusion 

We have used amidocarbonylation technology for many applications. 
Modifications of homogeneous cobalt catalyst with diphenyl sulfoxide 

Table III. Effects of Ligand on Reaction Rate 

Olefin Cobalt 
Temperature Conversion Recovery 

Ligands (°C) (%) (%) * 

None 130 68 81 
Ph 2P(CH 2)PPh 2 130 40 80 
Ph 2P(CH 2) 2PPh 2 130 80 — 
Ph 2P(CH 2) 3PPh 2 130 95 85 
Ph 2P(CH 2) 4PPh 2 130 60 — 
Ph 2P(CH 2) 6PPh 2 130 75 100 
n-Bu3P 130 60 — 
Ph 2P(CH 2) 3PPh 2 150 95 80 
None 150 0 — 
NOTE: Catalyst: Co 2(CO) s (2 mmol). Reactants: 1-dodecene (100 
mmol), acetamide (100 mmol), and p-dioxane (30 g). 
Conditions: C O - H 2 (1:1), 800 psi, 4 h, ligand (1 mmol). 
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Table IV. Hydroformylation—Amidocarbonylation: Reaction Scope 

Starting Olefins Major Products Yield; M.P. 

CHjCH^H^H χ 

/ COOH 7 0 % 

NHCOCH3 

/ C O O H 8 4 % ; 1 2 8 - 1 3 5 ° C 
C H 

^ NHCOCH 3 

• COOH 
CH ' 34%; 130-135 °C 

^ NHCOCH 3 

R > = (C14) R X / C H < : C 0 0 H 66%;93- 9 8.C 
R R ' ^ ^ N H C 0 C H 3 

1 - S Ô T O C H R - C H < C 0 ° H 9 1 * 9 5 0 0 

^ NHC0CH3 

H^Y-CH^C0°H 85%; LIQUID 
R N ' ^NHCOCH-, 

7 - C , 4 0 R 9 - C 1 8 * 1 ^ _ C H ^ 
^2 η π υ υ υ π ^ 

/ COOH 

C^T^ " NHCOCH 
CH ^ 85%; 1 8 0 - 1 8 6 ° C 

3 

R M J&CH^C00H 80-90% 
NHCOCH 3 

and succinonitrile improved catalyst recovery and increased the yield of 
amidocarbonylation product. In addition, two catalyst systems, 
Co 2 (CO) 8 -HRh(CO)(PPh 3 ) 3 and C o 2 ( C O ) 8 - P h 2 P ( C H 2 ) 3 P P h 2 , were found to 
be effective for olefin hydroformylation-amidocarbonylation. These modified 
catalysts greatly expand upon the versatility of this technology, which can 
be used to synthesize N-acetylglyeine, phenylalanine, (potential interme
diates for the sweetener, aspartame), specialty surfactants from olefins, and 
glutamic acid. 
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Table V. Amido Acids from Other Olefins 

Starting Materials Products and Yields 

"^H 78% 

y COOH 
CH 

\ NHC0CH3 

50% 

. 1—1 r—1 H 0 0 C N ι — 1 ι — ι / COOH 
Γ Ί Γ Π ) C H T L _ T T CHC" 

11 L J 11 CH ĴJ \ N H C O C H 3 

45% 

, . H 0 0 C v , 1 / C O O H fl Π )CH4 \ C H ^ 
" 1 1 C H - £ N ' \ NHCOCH-

0 H 

U 47% 

The new amidocarbonylation technology has the following advantages: 

• Versatility: The same technology can be used to make a host 
of amino acids. 

• Less hazardous synthetic route: an alternative to the Strecker 
process. 
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Table VI. Amido Acids from Functionalized Olefins 
Starting Materials Products 

CONH--

H H 

OAc + CHgCONH,, H O O D 

CH-JCN' 

θ " 

OAc 

•CN + C H - C O N H , C O O H 

NHCOCH3 

C N 

0 ( C H 2 C H 20 ) X H H O O C N C H > < R ^ O ( C H 2 C H 2 0 ) ) < H 

+ C H 3 C O N H 2 C H ^ N ' 

R s ^ + C H ^ N ^ 
C H 

C O O H 

N C O C H 

OH 

• Inexpensive feedstocks: synthesis of specialty chemicals from 
commercially available aldehydes or olefins. 

• Specialty chemicals from synthesis gas: The feasibility of making 
specialty chemicals from syngas technology has been shown. 

It remains a challenge for chemists to develop new synthetic routes, or 
to use less expensive feedstocks, for the synthesis of high-value chemicals. 
The versatility of amidocarbonylation is remarkable in this sense. 
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Activation of Carbon Monoxide 
by Metalloradicals 

Bradford B. Wayland, Alan E. Sherry, and Virginia L. Coffin 

Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19104-6323 

Rhodium(II) porphyrin derivatives are observed to activate carbon 
monoxide toward one-electron reactions at the carbonyl carbon. Re
ductive coupling of carbon monoxide to form dimetal diketone com
plexes (M-C(O)-C(O)-M) is one prominent example of this type of 
reactivity. Thermodynamic and kinetic-mechanistic studies for re
actions of CO with a series of cobalt, rhodium, and iridium por
phyrins provide insights into criteria for obtaining CO coupling. 
Seventeen-electron monocarbonyl complexes, (porphyrin)Rh-CO, 
are implicated as reactive intermediates. Electron paramagnetic res
onance studies of the tetramesitylporphyrin derivative (TMP)Rh-CO 
illustrate how this type of complex directs radicallike reactivity to 
the carbon center. 

xiiCTiVATiON O F co BY O N E - E L E C T R O N STEPS is illustrated by the reaction 

of methyl radicals with C O to form a transient intermediate acyl ( C H 3 C O ) 
radical. This intermediate subsequently takes part in a second one-electron 
reaction at the carbonyl carbon to produce acetone, ( C H 3 ) 2 C O , and biacetyl, 
C H 3 - C ( 0 ) - C ( 0 ) - C H 3 (eqs 1-3) (1-3). Related reactions of alkyl radicals and 
atomic species like Η· and CI* are also well known (3-5). 

C H 3 . + C O -> C H 3 C O 

C H 3 C O + C H 3 * -> ( C H 3 ) 2 C O 

2 C H C O - » C H - C ( 0 ) - C ( 0 ) - C H 

(1) 

(2) 

(3) 

0065-2393/92/0230-0249$06.00/0 
© 1992 American Chemical Society 
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In transition metal chemistry one-electron activation of C O has been 
accomplished by reduction of 18-electron metal carbonyl complexes to form 
transient "19-e" species like [(CO) 4 FeCO] e ~ (6-11). One important reaction 
of 19-e" carbonyl complexes like [(CO) 4 FeCO] # " is hydrogen atom abstraction 
from metal hydrides to form transient 18-e" metalloformyl species, 
[Fe(CO) 4 CHO]~ (eq 4) (6). Reactions 2-4 serve as models for several types 
of reactions that are characteristic of one-electron activated carbon monoxide. 

[(CO) 4FeCO]- + H - M (CO) 4 Fe-C(0)H + [Μ·] (4) 

As part of a program to evaluate the reactivity patterns of metalloradicals 
with small molecules, we have been studying the reactions of Co(II), Rh(II), 
and Ir(II) porphyrins with C O . One of our objectives was to determine 
whether metalloradicals (Μ·) can react with C O to form intermediate com
plexes, [MCO]% that exhibit one-electron carbonyl carbon reactions in anal
ogy with the acyl radical ( C H 3 C O ) (eqs 1-3). A feature that distinguishes 
this study from previous work is that the one-electron activating species (Μ·) 
is present at thermal equilibrium. This characteristic provides an opportunity 
to have an equilibrium source of one-electron activated C O , (MCO). 

A series of Group 9 metalloporphyrin complexes [(POR)M(II); M is 
Co(II), Rh(II), Ir(II)] were selected as sources of metalloradicals. Monomeric 
d 7 metal ion complexes of porphyrins are expected to be low-spin (s = V2) 
complexes with the unpaired electron effectively localized in the d z 2 orbital 
normal to the porphyrin plane. Species of this type are often referred to 
as metalloradicals because there is a single metal-based unpaired electron 
(s = V2) in an orbital (dz2) capable of giving one-electron reactions. 

Cobalt(II) porphyrins are invariably low-spin monomeric complexes with 
the expected dxy2, dxzyz4, d z 2 i electron configuration (12). Rhodium(II) and 
iridium(II) porphyrin complexes are usually diamagnetic M - M bonded di
mers, but function as sources of the paramagnetic monomers (13, 14). The 
large steric requirements of tetramesitylporphyrin (TMP) preclude dimeri
zation through M - M bonding and provide a stable monomeric Rh(II) com
plex, (TMP)Rh(II) (15). Electron paramagnetic resonance (EPR) spectra for 
(TMP)Rh(II) in toluene glass (90 K) clearly indicate that this low-spin d 7 

(s = V2) complex has a d z 2 i electron configuration (Figure la). 

Figure 1. EPR spectra for (TMP)Rh(ll) and (TMP)Rh-CO in toluene. Key: a, 
anisotropic EPR spectrum for (TMP)Rh(II) (90 K) [g12 = 2.65, g, = 1.915; 
KmRh(gi.2) = 197 MHz, AmRh(&) = 158 MHz]; b, anisotropic EPR spectrum 
that results from exposing a frozen solution of (TMP)Rh(II) to 12CO (PCo = 
200 torr, Τ = 100 Κ), warming to 195 Κ and refreezing to 100 K; c, anisotropic 
EPR spectrum for (TMP)Rh-13CO (90 K) /g, ~ 307 MHz; & = 2.14, Α130(&) 
= 330 MHz; g3 = 1.995, AmRh(&) = 299 MHz; A103Rh(g3) = 67 MHz]; d, 
isotropic spectrum for (TMP)Rh-™CO (90 K) l<%>iso = 2.101; <A13C> = 

312 MHz]. 
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Table I. Thermochemical Estimates for Generalized Reactions of X - X and X· 
with C O To Form Ketone and 1,2-Ethanedionyl Compounds 

Reactions Δ Η 0 (kcal mol-1) AG0 (298 K) (kcal mol1) 

X-X + C O τ± X-C(0)-X 
2Χ· + C O τ± X-C(0)-X 
X-X + 2CO i=± X-C(0)-C(0)-X 
2X. + 2CO τ± X-C(0)-C(0)-X 

(X-X) - 2[X-C(0)] + 70 
-2[X-C(0)] + 70 

(X-X) - 2[X-C(0)] + 70 
-2[X-C(0)] + 70 

(X-X) - 2[X-C(0)] + 78 
-2[X-C(0)] + 86 

(X-X) - 2[X-C(0)] + 86 
-2[X-C(0)] + 94 

N O T E : Bond energies from reference 22 were used in deriving the table: (C=C)-(C = O), 70 
kcal mol"1, and C(0)-C(0), 70 kcal mol"1. Bond energies for X-X species were discussed in the 
chapter: H - H , 104; H 3 C - C H 3 , 85; (OEP)Rh-Rh(OEP), 15; (TXP)Rh-Rh(TXP), 12; 
(OEP)Ir-Ir(OEP), 23; and (TXP)Ir-Ir(TXP), 20 kcal mol 1 . 

Interaction of a half-occupied metal σ orbital (dz2i) with the C O σ orbitals 
places spin density at the carbonyl carbon and should also result in a bending 
of the M - C O unit (16). As the M - C covalent bond strength increases, the 
carbonyl carbon will rehybridize toward sp 2 , the C - O bond order will de
crease, the M - C - O angle will decrease from 180° toward 120°, and the 
carbon spin density will increase. The limiting case is approximated by 
C H 3 - C O , which is properly depicted as C H 3 - C = 0 . Evidence for one-
electron metalloradical activation can come from observation of these struc
tural and spin density changes, but further requires the characteristic overall 
reactivity depicted by eqs 1-4. Guideline thermodynamic criteria for the 
metal analogs of reactions 2 and 3 are given in Table I. 

Reactions of (Porphyrin)M(H) Complexes with CO 

Co(II) Porphyrin. Monomeric cobalt(II) complexes of porphyrins 
have the low-spin d 7 electron configuration, which is frequently associated 
with metalloradical species, and accomplish one-electron reactions with N O 
and 0 2 (eqs 5 and 6) (16). 

(POR)Co + N O ?± (POR)Co-NO (s = 0) (5) 

(POR)Co + 0 2 «± (POR)Co-0 2 (s = V2) (6) 

Tetraphenylporphyrincobalt(II), (TPP)Co, binds C O in toluene glass 
(90 K) to form a monocarbonyl complex [(TPP)CoCO] (eq 7) (16). 

(TPP)Co + C O τ± (TPP)CoCO (7) 

E P R spectra of (TPP)Co 1 3 CO were used in probing the properties of 
this species. An isotropic 1 3 C hyperfine coupling constant of 170 M H z yields 
a Csjj spin density of 0.054. A nonlinear C o - C - O fragment should be a 
fundamental feature of a half-filled d z 2 orbital forming a σ bond with C O . 
However, the E P R g values and the 1 3 C hyperfine coupling constants are 
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compatible with axial symmetry (A) for (TPP)CoCO (g,, = 2.017; g x = 2.217; 
A„ 1 3 C = 179 M H z ; A ±

 1 3 C = 166 MHz). The anisotropic 1 3 C coupling 
constants yield a C 2 p spin density of 0.049 for an axially symmetric complex. 
They are used to deduce that the carbonyl carbon exhibits near-sp hybrid
ization (pea/Pa^ = 1.1) and that the total C O spin density is —0.13. The 
odd electron in (TPP)CoCO is thus largely based on cobalt. The C o - C O 
covalent bonding is too weak to produce sufficient carbonyl carbon rehy-
bridization for the associated bending of the C o - C O unit to be detected in 
the E P R spectrum. The C o - C bond energies determined for cobalt por
phyrin alkyls (20-30 kcal mol"1) (17) are far too small to produce reactions 
analogous to reactions 2-4, which result in reduction of the C O bond order 
to 2. 

Rh(II) Porphyrin. The search for metal complexes capable of one-
electron activation of C O was subsequently extended to Rh(II) and Ir(II) 
porphyrins, which are expected to form stronger M - C bonds than Co(II) 
complexes. Reactivity studies of C O with octaethylporphyrinrhodium(II) di-
mer, [(OEP)Rh] 2, revealed the formation of dimetal ketone [(OEP)Rh-
C(0)-Rh(OEP)] and dimetal α-diketone [(OEP)Rh-C(0)-C(0)-Rh(OEP)] 
complexes (eqs 8 and 9) (18, 29). 

[(OEP)Rh] 2 + C O «± (OEP)Rh-C(0)-Rh(OEP) (8) 

[(OEP)Rh] 2 + 2 C O *± (OEP)Rh-C(0)-C(0)-Rh(OEP) (9) 

These products have a formal relationship to acetone ( C H 3 - C ( 0 ) - C H 3 ) 
and biacetyl (CH 3 -C(0) -C(0) -CH3) that results from the reaction of C H 3 -
with C O (eqs 2 and 3). The desired type of C O complex, (OEP)Rh-CO, 
could be an intermediate in reactions 8 and 9. The insertion of C O into the 
R h - H bond in (OEP)Rh-H to produce a metalloformyl complex 
(OEP)Rh-C(0)H (eq 10) (20) involves a radicallike pathway in benzene. 

(OEP)Rh-H + C O +± (OEP)Rh-C(0)H (10) 

A detailed kinetic study of the [(OEP)Rh] 2 catalysis of reaction 10 (21) 
demonstrated a rate law consistent with a radical chain process in which 
(OEP)Rh-CO functions as an intermediate (eqs 11-13). 

[(OEP)Rh] 2 +± 2(OEP)Rh- (11) 

(OEP)Rh- + C O *± (OEP)Rh-CO (12) 

(OEP)Rh-CO + (OEP)Rh-H *± (OEP)Rh-C(0)H + (OEP)Rh- (13) 

Our efforts to observe the proposed intermediate complex, 
(OEP)Rh-CO, directly by E P R spectroscopy were not successful. However, 
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1 3 C N M R spectra of bulk l 3 C O in solutions of [(OEP)Rh] 2 with 1 3 C O manifest 
large line broadening of the 1 3 C O peak as the temperature increases. This 
broadening provides qualitative evidence for C O exchange with a paramag
netic complex, (OEP)Rh-CO (22). 

Subsequent investigations of the reaction of C O with the monomeric 
tetramesitylrhodium(II) complex, (TMP)Rh% have resulted in the direct ob
servation of (TMP)Rh-CO. This observation led to evaluation of some general 
structural and electronic features of this 17-electron monocarbonyl complex 

(TMP)Rh- (1) reacts with C O to form a mono-CO complex, (TMP)Rh-CO 
(2), and an α-diketone (TMP)Rh-C(0)-C(0)-Rh(TMP) (3) (eqs 14 and 15) 
(15). 

A dimetal ketone [M-C(0) -M] is not observed for the (TMP)Rh system 
because of the large steric requirements of tetramesitylporphyrin. Similarly, 
tetramesitylporphyrin was previously shown to block formation of oxo-
bridged Fe and Ru complexes (23). EPR spectra for (TMP)Rh-CO are il
lustrated in Figure 1. The toluene glass (EPR) spectrum of ( T M P ) R h - 1 3 C O 
was obtained under nonequilibrium conditions by exposing a solution of 
(TMP)Rh» near the solvent freezing point and then rapidly freezing to 90 Κ 
(Figure lc). The E P R g values clearly place the unpaired electron in a 
molecular orbital with dz2 character. The large 1 3 C coupling constants indicate 
substantial intermixing of d22 with the C O σ orbitals. 

In contrast with ( P O R ) C o - 1 3 C O complexes, the anisotropic E P R spec
trum of ( T M P ) R h - 1 3 C O provides evidence for a bent R h - C O unit. Obser
vation of a smaller 1 3 C coupling on the g 3 (g2) transition than observed for 
gl or g 2 indicates that the g and A 1 3 C tensors are not coincident. This property 
is shared with both H C O (24) and [(CO) 4 FeCO] e ~ (25). It provides a clear 
indication of nonaxial symmetry and a bent X C O unit. The isotropic 1 3 C 
coupling constant of 312 M H z in ( T M P ) R h 1 3 C O is larger than in 
[(CO) 4 FeCO] # (224 MHz) (25) and approaches the value for the formyl 
radical (365 MHz) (23). An isotropic 1 3 C coupling constant of 312 M H z 
corresponds to a C 2 s spin density of 0.10 electrons (p 2 s = <A 1 3 C>/3110 
MHz) compared to p 2 s = 0.12 in H C O . Anisotropy of the 1 3 C coupling 
constants on the g value transitions cannot be used to extract the C 2 p spin 
density because the principal values of the A I 3 C tensor are not observable 
in the glass spectrum. Presence of a bent R h - C O unit implies substantial 
rehybridization at the carbonyl carbon from sp toward sp 2 . The carbonyl 
carbon spin density is thus —0.2-0.3, which implies that the total C O spin 
density is -0.25-0.35. The C O spin density in (TMP)Rh-CO is 2 to 3 times 
larger than in (TPP)Co-CO but probably substantially less than that in H C O 

(15). 

(TMP)Rh- + C O ?± (TMP)Rh-CO 

2(TMP)Rh. + 2 C O <± (TMP)Rh-C(0)-C(0)-Rh(TMP) 

(14) 

(15) 
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(Pco = 1 - P H 1 s - 0.75) (23, 24). (TMP)Rh-CO thus contains a bent, partially 
rehybridized R h - C O unit in which the unpaired electron occupies a σ mo
lecular orbital (dz2 + C O J that has -70% d z 2 and -30% Ο Ο σ character. 
The electronic structure can be depicted as a resonance hybrid of limiting 
electron structures that localize the odd electron in the rhodium dz2 
(•Rh-C^O) or a carbon sp 2 hybrid (Rh-C=0). The 17-electron complex, 
(TMP)Rh-CO, is thus poised for a second one-electron reaction at either 
the rhodium or carbonyl carbon sites. Reaction with a one-electron species 
X· at the metal would produce an 18-electron Rh(III) carbon monoxide com
plex, (TMP)Rh(X)(CO). Correspondingly, reaction at the carbonyl carbon 
forms a 16-electron Rh(III) complex, (TMP)Rh-C(0)X. 

Reversible dimerization of (TMP)Rh-CO (1) through C - C bond for
mation to produce a 1,2-ethanedionyl complex, (TMP)Rh-C(0)-C(0)-
Rh(TMP) (2), illustrates a carbonyl carbon-centered one-electron reaction 
that can be viewed as an organometallic analog of formyl radical coupling 
[2H C O H-C(0)-C(0>-H] (eq 16). 

2(TMP)Rh-CO τ± (TMP)Rh-C(0>-C(0)-Rh(TMP) (16) 

The type of C O reductive coupling depicted by eq 16 is presently known 
only for reactions of (POR)Rh(II) complexes with C O . Temperature depen
dence of the isotropic E P R intensity for (TMP)RhCO (1) has been analyzed 
to provide the enthalpy change for reaction 16 ( Δ Η 1 6 ° = -18.3 ± 0 . 8 kcal 
mol"1) (15). 

Temperature dependence of the pyrrole lH line broadening of 
(TMP)Rh-C(0)-C(0>-Rh(TMP) (2) is ascribed to exchange of the diamagnetic 
dimer (2) with the paramagnetic monomer (1) and used in deriving the 
activation energy for the dissociation of 2 into 1 (ΔΗ* = 21.3 ± 0.8 kcal 
mol"1) (Figure 2). An energy profile for the reversible dimerization of 
(TMP)Rh-CO is illustrated in Figure 3. The activation energy for dimeri
zation ( Δ Η 1 6 * - 3 ± 1 kcal mol"1) is derived from Δ Η 1 6 ° (-18.3 kcal mol*1) 
and ΔΗ_ 1 6 * ( + 21.3 ± 0.8 kcal mol 1 ) , which is close to the value calculated 
for a diffusion-controlled process in benzene (3.1 kcal). 

Assuming that the dionyl unit [-C(0)-C(0)-] in 3 is similar to the organic 
analogs like biformyl, the dissociation of 3 into 2 results in cleavage of a 
65-70-kcal C - C bond. The experimental dissociation energy (ΔΗ_ 1 6 ° = 18.3 
± 0 . 8 kcal mol 1 ) is considerably smaller than the expected C - C bond energy 
in 3 (—65-70 kcal mol 1 ) (26). The energy difference indicates that —50 kcal 
of the energy change associated with reduction of the C O bond order in 
forming the α-diketone complex [2(C=0)-2(C=0) — 140 kcal mol" 1 ] is 
regained in forming (TMP)Rh-CO. This observation supports the E P R evi
dence that (TMP)Rh-CO contains only a partially rehybridized carbonyl unit 
with a bond order between 2 and 3 (Rh-C=0). 

Thermodynamic studies for reactions of [(OEP)Rh] 2 and (OEP)Rh-H 
with C O have been used in deriving values for the Rh-C(0)X bond energies 
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-24 

-25 H 

* -26 
e 

-27 H 

(TMR)Rh-C(0)-C(0)-Rh(TMP) ^ 2 (TMP)Rh-CO 

Δ Η » r 21.3 ± 0.8 kcal mol-1 

-28 
0.0033 0.0034 

1 
0.0035 0.0036 

Figure 2. Temperature dependence of the pyrrole Ή line broadening for 
(TMP)Rh-C(0)-C(0)-Rh(TMP) in C6D6. 

(TMP)Rh-C(0)-C(0)-Rh(TMP) 2 (TMP)Rh-CO 

4o 

Δ Η 

[(TMP)Rh-C* 1 
^ ^C-RhfTMPJJ 

[(TMP)Rh-CO]2 

k t 3.0 kcal 2(TMP)Rh-CO 

21.3 ±0.8 18.3 ±0.8 kcal 
kcal 

Reaction Coordinate 
Figure 3. Enthalpy profile for the dissociation of (TMP)Rh-C(0)-C(Oy 

Rh(TMP) into two (TMP)Rh-CO in C6D6. 
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in (OEP)Rh-C(0)H (58 kcal mol 1 ) (13), (OEP)Rh-C(0)-C(0}-Rh(OEP) (54 
kcal mol 1 ) , and (OEP)Rh-C(0)Rh(OEP) (49 kcal mol"1) (16). The current 
maximum Rh-C(0)X bond energy of —58 kcal mol" 1 is insufficient to justify 
full rehybridization of C ^ O to a C = 0 unit [(C=0)-(C=0) « 70 kcal mol"1). 

More complete C O rehybridization occurs in the formyl radical because 
of the stronger H-C(O) bond. The bond strength and directional character 
of the C H 3 - C ( 0 ) bond produces virtually complete C O rehybridization in 
the acyl radical (Table II). In (POR)Rh-CO complexes, reduction of the C - O 
bond order to 2 (C=0) requires the formation of a second bond at the 
carbonyl carbon. This bond formation is observed to be effectively accom
plished in forming (POR)Rh-C(0)H, (POR)Rh-C(0)-Rh(POR), and 
(POR)Rh-C(0)-C(0)-Rh(POR) complexes, where the observed C O stretch
ing frequencies for these species fall in the range for C - O double bonds 
(1700-1770 c m 1 ) (18, 21, 29). 

(POR)Rh-CO is the probable central intermediate in reactions of rho
dium porphyrins that produce formyl, ketone, and α-diketone complexes. 
The bent and partially rehybridized R h - C O fragment provides a relatively 
low-energy pathway for reversible one-electron reactions at the carbonyl 
carbon. Thermodynamic and kinetic studies of the dissociation of 
(TMP)Rh-C(0)-C(0)-Rh(TMP) provide a detailed view of how the nature 
of (TMP)Rh-CO provides a facile pathway for (O)C-C(O) bond homolysis. 
The stretching and ultimate cleavage of the C - C bond is synchronized with 
an increase in the C O bond order such that the activation energy for dis
sociation (ΔΗ* = 21 kcal mol"1) is -43-48 kcal mol" 1 less than the C - C 
bond energy (—65-70 kcal mol 1 ) in the α-diketone complex. The R h - C O 
units in the transition state are thus similar to that present in the monomer, 
(TMP)Rh-CO. 

Most of the reorganization energy expended for rehybridization of the 
carbonyl unit in forming the C - C bond is regained in the transition state, 
in which an increase in the C - O bond order occurs at the expense of breaking 

Table II. Reorganization Energies for the XCO Units 
in the Homolysis of the (O)C-C(O) Bonded Dimers 

XC(0)C(0)X 2XCO 

Δ Η 0 Reorganization Energy"/XCO 
X (kcal mot1) (kcal mol1) 

C H 3 69.20 0 
H 69.9 0 
(TMP)Rh 18.3 - 2 5 

The reorganization energy per XCO unit is defined here as one-
half of the difference between the enthalpy of dissociation (24, 27, 
28) and the enthalpy for the bond homolysis without electronic or 
structural reorganization in the resulting fragments. The (O)C-C(O) 
bond energies in biformyl and biacetyl are 69-70 kcal mol"1 and 
assumed to be similar in dimetal α-diketone species (25). 
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the C - C bond. Similarly, homolytic dissociation energies and potentially 
associated activation enthalpies for dissociation of any X· from 
(POR)Rh-C(0)X should be - 2 5 kcal m o l 1 less than the C(0)-X bond energy. 
This feature of (POR)Rh-C(0)X species can be contrasted with organic an
alogs C H 3 - C ( 0 ) - X , in which the C(0)-X bond homolysis enthalpies ap
proach the values for the C(0)-X bond energies (Table II) (30). 

Ir(H) Porphyr in . [(OEP)Ir] 2 and (OEP)Ir-H are in many ways closely 
related to the corresponding (OEP)Rh complexes. However, their reactions 
with C O are surprisingly different (eqs 17 and 18). 

Carbon monoxide reacts with [(OEP)Ir] 2 and (OEP)Ir-H (31) to form 
only terminal C O complexes. Reactions that give overall insertion of C O 
into Ir-Ir and I r - H bonds, which are prominent types of reactions for rho
dium porphyrins, are not observed for (OEP)Ir derivatives. These observa
tions indicate that increases in the M - M and M - H bond energies in going 
from Rh to Ir are not compensated by corresponding increases in the 
Ir-C(O)- bond energies. Weakening of the Ir-Ir bond by increasing the 
ligand steric requirements should permit formation of dimetal ketone and 
α-diketone complexes. However, testing of this supposition must await re
sults from studies utilizing tetramesitylporphyriniridium(II). 

Summary 

Reactions of carbon monoxide with Group 9 M(II) porphyrin complexes (M 
is Co, Rh, Ir) have been evaluated. At present only rhodium(II) porphyrin 
complexes have manifested the characteristics of one-electron C O activation. 
Cobalt-carbon bond energies (—20-30 kcal mol 1 ) are too small and the Ir-Ir 
and I r - H bond energies are too large for the compounds studied to produce 
observable equilibrium quantities of acyl derivatives. Rhodium(II) porphyrin 
complexes react with C O to form equilibrium distributions of dimetal ketone 
and dimetal α-diketone complexes. The porphyrin rhodium hydrides are 
also known to form metalloformyl complexes. 

Studies of the reaction of (TMP)Rh(II) with C O have provided direct 
observation of the monocarbonyl species (TMP)RhCO, which contains a 
nonlinear R h C O unit and substantial carbon spin density. (POR)RhCO spe
cies contain one-electron activated carbon monoxide that provides low-en
ergy pathways for a second one-electron reaction to occur at the carbonyl 
carbon. (POR)RhCO species can thus function as productive intermediates 
in the sequential two-electron reduction of C O manifested in reactions of 
C O that produce metalloformyl, dimetal ketone, and dimetal diketone spe
cies. 

[(OEP)Ir]2 + C O *± [(OEP)Ir] 2(CO)n 

(OEP)Ir-H + C O *± (OEP)Ir-(H)(CO) 

(n = 1, 2) (17) 

(18) 
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Electrochemical vs. Chemical Synthesis 
of Homogeneous Catalysts for Regio– 
and Enantioselective Olefin 
Hydroformylation 

André Mortreux and Francis Petit1 

Laboratoire de Chimie Organique Appliqueé de l'ENSC Lille, URA Centre 
National de la Recherche Scientifique 402, Université des Sciences et 
Techniques de Lille Flandres Artois, BP 108, 59652 Villeneuve d'Ascq Cedex, 
France 

Electrochemical reduction of organometallic complexes of rhodium 
and platinum was used for the synthesis of active species useful for 
regio- and enantioselective olefin hydroformylation. These catalytic 
species behave differently from conventional catalysts by enhancing 
the regio- and enantioselectivity. A 98% regioselectivity is obtained 
for 1-hexene with platinum. Analyses of the catalysts synthesized 
under these conditions revealed the structural characteristics of the 
main species obtained in solution. From the structural knowledge of 
these complexes it was possible to identify other catalytic systems 
prepared by purely chemical means in which electrochemistry was 
not needed, and to produce similar species with the same interesting 
catalytic properties. 

E L E C T R O C H E M I S T R Y IS A U S E F U L T O O L for the synthesis of catalytic moie

ties because the number of electrons transferred tends to be easily checked. 
Consequently, by controlling the electrode potential, one can often obtain 
specifically different oxidation states. Furthermore, because there is no ex
cess of cocatalyst, the side reactions occurring when chemical reducing 
agents are used can be avoided. 

Corresponding author 

0065-2393/92/0230-0261$06.00/0 
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An organometallic complex M h^ix
rLz generates unsaturated species in 

neutral or acidic medium by electroreduction according to eq 1. A vacant 
coordination site is available after this electrochemical process. Thus, a cat
alytic cycle can occur in the presence of an organic substrate, through an 
organometallic intermediate that decomposes further into products and again 
generates the catalytic species. All the intermediates are in accordance with 
the 18-electron Tolman rule. 

<S p X 

[ M L n X x - p Z s H ] + 

M L n X t Z . + pe 
(precursor) 

[MLnXx_pZz] substrate 

(catalyst) (1) 

products * y [ M L n X x _ p Z z S ] 

^ Γ organometallic 1 
[ intermediate J 

We already used this method to describe the synthesis of several catalytic 
systems for the reaction of cyclic or linear dimerization (J) of mono- or 
diolefins (2) and metathesis (3) of alkenes. The olefin hydroformylation re
action has been the subject of numerous studies (4-6). However, new hy
droformylation catalysts can be electrosynthesized for producing aldehydes 
or acetals (7) by using platinum, rhodium, or cobalt precursors and olefins 
as substrates. 

Catalysis by Electrogenerated Phtinum Species 

Concerning the bimetallic platinum-tin system (8), several species have been 
isolated from the reaction mixture (9). However, the role of the S n C l 2 co
catalyst in both activity and selectivity remains an open question (10). 

This chapter describes the electrochemical synthesis of new platinum 
species from P t L 2 C l 2 , 1, complexes. After C O - Η 2 treatment these complexes 
afford well-defined platinum hydride cationic moieties. These moieties may 
be responsible for the very high regioselectivity observed during 1-hexene 
and styrene hydroformylation (eq 2). 

PtL 2 Cl 2 /e /Sn 
R C H = C H 2 + C O + H 2 — > 

R C H ( C H O ) C H 3 + R C H 2 C H 2 C H O (2) 
b η 
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where Ρ is pressure, Γ is temperature, b is branched, and η is normal 
(straight-chained). Thus, a preliminary voltamperometric study on the 
Pt(DIOP)Cl 2 (la) complex in a propylene carbonate-benzene mixture 
( N B u 4 P F 6 as supporting electrolyte) shows a reduction wave at -1.6 V 
vs. A g - A g C l ; D I O P is 2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis(diphen-
ylphosphino)butane. 

If a tin anode is used during electrolysis of this complex, S n 2 + is gen
erated. In this way a new Pt-Sn couple can be produced electrochemically. 

In a typical experiment, 10 - 2 mmol of complex l a is introduced in an 
undivided electrochemical glass cell in a propylene carbonate—benzene mix
ture (25 mL, 40:60). The electrolysis is then performed under controlled 
potential (-1.85 V vs. Ag-AgCl) with a cylindrical platinum gauze and a 
cylindrical tin plate. It is stopped after two electrons per platinum atom 
have passed, which corresponds to the dissolution of one S n 2 + per Pt. The 
overall mixture is then transferred into an autoclave under nitrogen, and 
0.9 g (8.66 mmol) of styrene is added. The hydroformylation test is conducted 
at 90 °C under C O - H 2 (1:1, 100 atm), and the reaction is followed by 
gas-liquid chromatography. Table I compares the results obtained with the 
classical S n C l 2 · 2 H 2 0 cocatalyst and also with an iron anode. 

Table I. Styrene Hydroformylation over l a Modified Chemically 
or Electrochemically 

Reaction Conversion PhEt n-Aldehyde nlh 
Cocatalyst Time (h) (mol %) (mol %) (mol %) Ratio0 

SnCl 2 · 2H 2 0 5 100 22 53.5 2.2 
Sn, e~ 7 100 8 73.5 4 
Fe, e" 24 100 3 87.5 9.2 
Fe, e 24 46* 1 90 10 

N O T E : See text for conditions of hydroformylation. 
flNormal-to-branched ratio. 
; ' C O - H 2 = 4. 

These electrochemically reduced catalysts have been applied to 1-hexene 
hydroformylation. For a substrate-to-catalyst ratio of 500, a 98% selectivity 
into 1-heptanal is obtained with the Pt-Sn system. Previous experiments 
conducted in propylene carbonate mixtures have shown no effect on regio
selectivity with P t L 2 C l 2 - S n C l 2 combinations. 

These remarkable regioselectivities prompted us to look at other 
phosphines in P t L 2 C l 2 precursors that could substitute the ligand D I O P 
(Table II). 

Obviously, a long methylene chain in the ligand is the key factor gov
erning regioselectivity into linear aldehyde. The activity also depends on 
the rigidity of the four-membered carbon chain. Such behavior agrees with 
previous studies on 1-pentene hydroformylation (II). 
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As indicated, the reactions were conducted in a benzene-propylene 
carbonate mixture in each case. The choice of propylene carbonate as 
cosolvent, previously made to enhance the solution conductivity for the 
electrolysis, appears to be critical. Indeed, with the electrogenerated 
Pt(DIOP)Cl 2 -Sn-e~ catalysts, the selectivities during styrene hydroform
ylation change drastically with the propylene carbonate:benzene ratio, as 
shown in Table III. 

Table III. Effect of Solvent Concentration During Styrene Hydroformylation 
over Pt(DIOP)Cl2-Sn-e- Catalyst 

Selectivities 8 20 40 50 60 92 

Conversion (%) 60 58 67 61 53 17 
PhEt (mol %) 15 10.5 6 6.5 4 0.2 
Ph(CH 2) 2CHO (mol %) 53 60 76 76.5 81 89 

N O T E : The column headings are the concentrations of propylene carbonate in volume percents. 
Conditions were as follows: solvent, 25 mL; Pt(DIOP)Cl2-Sn-styrene = 1:2.5:100; P c o = 
P„ 2 = 25 atm; Τ = 80 °C; t = 24 h. 

The same behavior is observed with ethylene carbonate but not with 
other acyclic alkyl carbonates, whose dielectric constant is much lower. 
Furthermore, as shown in Table II, activity and selectivity are strongly 
dependent upon ligand structure. 

These results indicate that the nature of the solvent and ligand are critical 
in these reactions. Dissociated platinum complexes are probably responsible 
for this unexpected regioselectivity. The role of tin or iron is to abstract 
chloride anions to produce cationic platinum species. The presence of bulky, 
highly strained chelating ligands is also required, as previously shown in the 
P t L 2 C l 2 - S n C l 2 combination. 

The high regioselectivity observed with iron prompted us to study 
Pt(DIOP)Cl 2 -Fe combinations in which the cocatalyst is in a formal 2 + 
or 3+ oxidation state. With styrene, the hydrocinnamaldehyde-hydra-
tropaldehyde ratio is enhanced to 12.4 and 13.6 with F e 2 0 3 and F e 3 0 4 , re
spectively, as cocatalysts in a benzene-propylene carbonate mixture (80:20) 
with the following conditions: styrene-Pt-Fe = 100:1:1; Pco = P H 2 = 50 
atm; Τ = 90 °C; conversion = 100% after 18 h. 

Finally, spectroscopic studies were performed on the Pt(DIOP)Cl 2 

electroreduced solution (obtained with a tin anode) after it had been treated 
with C O - H 2 under 100 atm for 2 h at 90 °C and after the catalytic reaction 
(12). In both cases, the same spectra with the following characteristics were 
observed. 

The 32.45-MHz 3 1P{ 1H} N M R spectrum shows the presence of three 
different phosphorus species. This spectrum can be interpreted as second-
order because of the proximity of the P A and P B chemical shifts (11.5 and 
10 ppm vs. H 3 P 0 4 , respectively, 5 ppm for P x ). The */pt-p coupling constants 
are 2850 Hz for P A , 2680 Hz for P B , and 2050 Hz for P x . 
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A 162-MHz 3l?{lH} N M R spectrum gives an A B X system in which the 
2 / P _ P coupling constants are measured accurately: 2 / P A - P b

 = 315 H z ; 2 / P A _ P X 

and 2/p B_p x = 21 Hz. These values are consistent with a structure in which 
P A and P B are trans to each other and P x is in a cis position vs. P A and P B . 

The 400-MHz lH N M R spectrum reveals the presence of a P t - H bond. 
It consists in a series of doublets of triplets: δ -5.2 ppm, 2 / F _„ trans = 160 
Hz, 2 / p . „ cis = 18 Hz. (The resolution of this spectrum did not allow the 
measurement of the second 2 / P _ H cis coupling constant.) The satellite signals 
are due to the 1 9 5 P t - H coupling (lJPt.u = 825 Hz). 

A v -Pt -H vibration is also observed at 2010 cm" 1 in the infrared spec
trum. 

In the 85.88-MHz l 9 5Pt{ !H} N M R analysis, an octuplet is centered at 
-5390 ppm vs. H 2 P t C l 6 where the values of 7pt-px coupling constant are 
equivalent to those observed in the 3 1 P N M R spectrum. This agreement 
indicates the unicity of the complex, for which the following structure can 
K e assigned. 

(Ρ Ρ = DIOP) 

The counteranion was determined by 1 1 9 S n N M R spectroscopy, as well 
as by mass spectrometry, to be the SnCl 3 ~ structure. In the 149.21-MHz 

1 1 9 Sn N M R , a single peak is observed at -36 ppm, with S n M e 4 as reference. 
A similar spectroscopic study conducted with the other complexes shows 

that only complex l g gives rise to the same dihydrido structure, whereas 
complex If does not give well-defined spectra. Significantly, the same di
hydride structure appears when the iron anode is used, in which case the 
anion formed is FeCl 3 ~. 

Therefore, we suggest that the bridged dimeric structure of the chelated 
complex, dissociated by the polar solvent, plays a key role in the regiose-
lective step of this reaction, via steric interaction between the substrate and 
the ligand in this cage-type structure. 

Catalysis by Electrogenerated Rhodium Species 

Olefin hydroformylation can also be performed on an electrochemically gen
erated rhodium catalyst. The active species are obtained under very mild 
conditions, as shown in the following reaction. 
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Rh(CO)(PPh 3) 2Cl + 2e- - γ * [Rh(CO)(PPh3)2]- (3) 

c i -

This coulometry is effected in an undivided cell in propylene carbonate, 
under pressure (10 atm, C O - H 2 = 1:1) at a fixed cathodic potential (V c = 
-900 mV vs. Ag-AgCl), with an iron as anode and a platinum as cathode. 

These results (Table IV) suggest that the electrochemically generated 
catalyst is less isomerizing than the Rh hydride but gives similar n:b ratio. 
This result is related to that observed on Pd(CO)(PPh 3) 2, which is isoelec-

Table IV. Hydroformylation of 1-Hexene on Rhodium Catalysts 
Precursor RhiCOXPPhshCl HRh(CO)(PPh3)3 [Rh(CO)(PPh3)2]-
Aldehydes (%) 0 31 19 
1-Hexene isomerization0 0 17 0 
Products ratio (n/b) — 3.1 3.1 

N O T E : Conditions were as follows: solvent, CP (20 mL); 1-hexene-Rh = 300; Ρ = 10 atm, 
C O - H 2 = 1:1; Τ = 25 °C; t = 20 h. 
e2-Hexenes and 3-hexenes (mol %). 

tronic with [Rh(CO)(PPh 3) 2 ]" and can be suggested as the catalytic precursor 
in reactions where Pd(PPh 3) 4 is used as a starting material (eq 4). 

C O 
Pd(PPh 3) 4 « = ± 2PPh 3 + Pd(PPh 3) 2 τ=± Pd(CO)(PPh 3) 2 (4) 

High enantiomeric excesses during hydroformylation of styrene and re
lated compounds were attained with platinum catalysts (13). Rhodium cat
alysts still remain far from these excellent results, although they have been 
the subject of numerous attempts with several chiral ligands (14). Our current 
interest in asymmetric catalytic synthesis of C - C bonds with aminophos-
phinephosphinite ligands (25) prompted us to use these new ligands in asym
metric hydroformylation of olefins. In particular, we looked at different 
rhodium catalytic precursor systems to achieve the synthesis of the trigonal 
H R h ( C O ) 2 L 2 catalytic species (16). This synthesis can be performed via at 
least two different routes: 

• direct use of chiral R h ( C O ) L 2 * C l complexes (catalysts 2) 

• ligand exchange between a chiral one and HRh(CO)(PPh 3 ) 3 

(catalysts 3) (27) 

We first applied these methods to compare the ligand (-)DIOP (catalysts 
2a and 3a) with the aminophosphinephosphinite L( + )EPHOS [(lfl,2S)-
P h 2 P N M e C H M e C P h O P P h 2 , catalysts 2b and 3b] during styrene hydroform-
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Table V. Asymmetric Hydroformylation of Styrene with Rhodium Catalysts 
2 and 3 

Reaction Conversion eeh 

Catalyst L2*:Rh (h) (%) bin" (%) 
2a 1 160 89 13.1 8 
2b 1 94 23 19.8 2.4 
3a 4 48 44 2.2 18.2 
3b 4 90 90 8.1 18.8 

N O T E : Conditions were as follows: solvent, benzene (15 mL); [Rh] = 2.86 Χ 10"3 

M ; styrene-Rh = 400; Ρ = 12 atm; C O - H 2 = 1:1; Τ = 40 °C. 
°Rranched-to-linear aldehyde ratio. 
determined according to the method described by Consiglio et al. (18). In all cases, 
the excesses were (R)-configuration. 

ylation (eq 5, Table V). The L( + )EPHOS complex was prepared by C O 
displacement from R h 2 ( C O ) 4 C l 2 and analyzed by 3 1P{ 1H} N M R spectroscopy. 
This complex had a typical pattern consisting of four series of doublets of 
doublets. Two of them correspond to one complex in which the P - N moiety 
is trans to CI and the others to the complex in which P - N is trans to C O . 
The two P - N signals are localized at 9.7 ppm (trans to C O , V R I I - P = 180.2 
Hz, 7 P _ p = 33.5 Hz), 90.1 ppm (trans to C l , 7 R h _ P = 140.8 Hz, 2 / P _ P = 
33.5 Hz) and two P - O resonances at 128.7 ppm (P-O trans to C O , 
7 R h_ P = 181.2 Hz, 2/p_p = 33.5 Hz) and 111.6 ppm (P-O trans to C l , 
ι7ΚΙι_ρ = 145.7 Hz, 7p_p = 33.5 Hz). 

[Rh] 
P h C H = C H 2 + C O + H 2 > 

P h C H M e ( C H O ) + P h C H 2 C H 2 C H O (5) 
b η 

The absence of hydrogen chloride in catalysts 3 seems to be a crucial 
factor to avoid racemization in the case of the L( + )EPHOS ligand. There
fore, removal of the chloride anion from 2 under mild conditions before ca
talysis should increase the enantioselectivity. We attempted to synthesize 
the rhodium hydride via electrochemical reduction of the R h ( C O ) L 2 * C l 
complex in the presence of an excess of ligand, as already described for 
[Rh(CO)(PPh 3) 2 ] + (19). This process used an iron anode in the undivided 
cell to provide F e 2 + by oxidation and hence avoid Η + production. 

In a typical electrochemical synthesis and use of catalysts 4a and 4b, 
0.05 mmol of Rh(CO)L 2 Cl complex is solubilized in 50 m L of a ben-
zene-acetonitrile mixture (80:20) in an undivided electrochemical glass cell. 
The electrolysis was conducted under synthesis gas (syngas) at 40 °C with a 
cylindrical platinum gauze electrode as the cathode and an inner iron cylin
drical plate as the anode. The use of iron as the anode is important because 
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the electrochemical oxidation process can be depicted as Fe —* F e 2 + + 2e~. 
This reaction provides the countercation for the chloride anion coming from 
the cathodic reaction. 

The coulometry was conducted under controlled cathodic potential (-1.2 
V vs. A g - A g + ) and stopped after 2 F per mole of rhodium had passed, which 
took about 1 h. The solution was then removed from the electrochemical 
cell under C O - H 2 and introduced into an autoclave. After evaporation of 
the solvent, styrene (2.08 g, 20 mmol) was introduced as a solution in benzene 
(15 mL) and the C O - H 2 pressure admitted. The reactor was then heated 
rapidly by means of a circulation water bath at 40 °C. The gas chromato
graphic analysis showed that practically no products other than aldehydes 
were formed. Table VI reports the observed activities and selectivities of 
catalysts 4a and 4b. 

Table VI. Asymmetric Hydroformylation of Styrene on Electroreduced 
Rh(CO)L 2*Cl Complexes 4 

Reaction Conversion eeh 

Catalyst L2*:Rh Time (h) (%) b/n" (%) 
4a 1 115 83 4.3 12.2 
4b 2 138 73 1.8 18.3 
4a 1 72 76 9.5 16.3 
4b 2 111 63 9.1 30.9 

N O T E : Conditions were as follows: solvent, benzene-acetonitrile (80:20, 60 mL), [Rh(CO)L2*Cl] 
= 2.86 Χ ΙΟ"3 M , V c = -1.2 V vs. Ag-AgCl; Ρ = 1 atm, C O - H 2 = 1:1; Τ = 40 °C; t = 1 
h (for 2e/Rh). 
"Conditions were as follows: solvent, benzene (15 mL); [Rh] = 2.86 x 10"3 M ; styrene-Rh = 
400, Ρ = 12 atm, C O - H 2 = 1:1; Τ = 40 °C. 
feAll excesses were (R)-configuration. 

3 1 Ρ N M R spectroscopic analysis of the electroreduced solutions clearly 
indicates the presence of a mixture of monomeric and dimeric complexes 
(eq 6). 

[Ru^CO)(CO)L 2 * ] 2 + H 2 2HRh(CO) 2 L 2 * (6) 

The following data have been observed for catalysts 4a and 4b. For 4a: 
3 1P{ lH} N M R (161 M H z , C H 2 C 1 2 ) 3.9 ppm (dm, / R l _ P = 160 Hz) (dimer); 
16.9 ppm (d, / R h _ P = 122.6 Hz), 20-30 (m) (hydrides). For 4b: 3 1P{'H} N M R 
(161 M H z , C H 2 C 1 2 ) 93 ppm (dm, / R h _ P = 115 Hz) (dimer, P-N) 113.2 ppm 
(dm, / R h _ P = 245 Hz (dimer, P-O); 106.4 ppm (dd, / R h _ P = 106.7 Hz, 
7 P . P = 21.3 H z (hydride, P-N); 127.7 ppm (dd, ; B h _ P = 158.9 Hz, / P _ P = 
21.3 Hz (hydride, P-O). However, after evaporation of the solvent, the 
spectrum observed after dissolution in C 6 D 6 is somewhat different. This 
result is consistent with similar transformations already mentioned by Evans 
et al. (20) and Moser et al. (16), which are believed to correspond to the 
following equilibrium. 
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[ R h ^ C O ) L 2 ] 2 ^ [Rh(S)(CO)L 2] 2 ( ? ) 

yellow red 

These compounds can be also obtained upon cleavage of the metal-metal 
bond in the R h 4 ( C O ) 1 2 cluster by hydrogen in the presence of bidentate 
ligands (21, 22). Then we checked and compared catalysts 5a and 5b, pre
pared from Rh 4 (CO) 1 2 and ligands (-)DIOP and L( + ) E P H O S , respectively, 
under the same reaction conditions (Table VII). 

Table VII. Asymmetric Hydroformylation of Styrene with Rh 4(CO)tz-L 2* 
Mixtures (Catalysts 5) 

Catalyst L2*:Rh 
Reaction 
Time (h) 

Conversion 
(V bin" 

eeb 

(%) 
5a 1 96 64 1.6 17.8 
5b 1.5 91 79 2.4 17.9 
5a 2 120 59 2.3 17.4 
5b 1 60 87 6.2 23.9 
5a 1.5 96 86 7.1 30.3 
5b 2 88 64 7.5 26.3 

N O T E : Conditions were the same as in Table V. Premixing cluster and ligand was done in 
benzene under nitrogen for 30 min before reaction. 
"Branched to linear aldehyde ratio. 
''All excesses were (R)-configuration. 

The stereoselectivities obtained either on electrochemical catalysts 4 or 
on catalysts 5 are very similar, and this result suggests a probable similarity 
in the catalytic species. Indeed, addition of 4 equiv of ligand L 2 * to R h 4 ( C O ) 1 2 

under syngas for 2 h at 20 °C affords a mixture of dimers and hydrides in 
equilibrium. In accordance with previous experiments, the D I O P system 
gives a hydride mixture (23). 

In contrast, the 3 1P{ !H} N M R spectrum arising from the L( + ) E P H O S 
complex consists mainly of two doublets of doublets corresponding to only 
one hydride, together with the dimer (Figure 1, signals a and c), whose 
position and patterns are identical to those observed on the electroreduced 
catalyst 4b. In this spectrum, the presence of the R h - H moiety is confirmed 
by a proton-decoupling 3 1 P experiment (Figure 1) where splitting of the 
(P-N) phosphorus at 106.7 ppm (signal b) is only observed. The (P-O) phos
phorus at 128 ppm (signal d) seems to be unchanged, indicating that the 
(P-O) moiety is in a cis position vs. the hydrogen. 

The 7 p..n cis coupling constant is probably too small to be detected in 
this 3 1 P N M R spectrum. For Ir(CO)(triphos)H (triphos is M e C ( C H 2 P P h 2 ) 3 ) , 
coupling constants of 88 ( 2 / P H trans) and 14 Hz ( 2 / P _ H cis) have been reported 
(24). A rhodium trigonal dihydrido cationic complex has been shown to have 
large 2 / P „ trans (ca. 125 Hz) and small 2 / P _ H cis (ca. 16 Hz) (25). 
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d 

a 

Figure 1.31Ρ NMR spectrum ofRh4(CO)l2 + 4 EPHOS after CO-H2 treatment. 

The 400-MHz *H N M R spectrum (Figure 2) consists of two series of 
doublets of doublets centered at -8.6 ppm, in which the 2 / P _ H trans observed 
as ca. 115 Hz in the 3 1 Ρ N M R spectra can be accurately measured at 115.9 
Hz. V R H - H a n d 2 / p - H have either 10.9- or 9.9-Hz values. This confirmation 
suggests the trigonal structure 6 for this hydride, as previously reported by 
Moser (16) with P P h 3 as ligand from R h 4 ( C O ) 1 2 under hydroformylation 
conditions. 

- 7 , 5 -8 -8,5 - 9 
PPM 

Figure 2. 400-MHz Ή NMR spectrum of Rh4(CO)12 + 4 EPHOS after 
CO-H2 treatment. 
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This pentacoordinate complex has the phosphinite group in an equatorial 
position. This conformation is expected if one considers that a phosphinite 
is a stronger ττ acceptor than an aminophosphine ligand. Theoretical studies 
(as well as several examples in which crystal structure determinations have 
been done) led to the conclusion that for d 8 - d 1 0 pentacoordinate complexes 
a ττ acceptor will favor an equatorial site (26). A similar rhodium trigonal 
hydride HRh(CO)(triphos) complex has already been reported (27) and shown 
to have dynamic behavior at ambient temperature. The absence of such a 
processing with 6 gives further evidence for the specificity of the E P H O S 
ligand. 

The most interesting feature of these spectroscopic analyses is that the 
species obtained via electrochemical reduction or from R h 4 ( C O ) 1 2 are the 
same, as are the enantiomeric excesses (ee) on catalyst 4a and 5a (ca. 18%) 
and 4b and 5b (ca. 30%). 

The presence of three different hydrides in catalysts 4a and 5a is certainly 
not a favorable factor for asymmetric hydroformylation. The overall optical 
yield must then result from the average enantioselectivity of several hydrides 
whose intrinsic hydroformylation activities and stereoselectivities are not 
identical. 

In contrast, it might well be possible that the unexpected selective 
production of the hydride 6, in which the (P-N) moiety is specifically in a 
trans position vs. hydrogen, is at least partly responsible for the enantio
selectivity given by the E P H O S ligand (ee ~ 30%). This enantioselectivity 
is one of the highest ever reported for this reaction with rhodium catalysts. 
These results also show that electrochemistry can substitute the use of a 
cluster as precursor. Extension of this work to other aminophosphinephos-
phinite (AMPP) ligands such as ( S ) - P h 2 P N M e C H - t - P r C H 2 O P P h 2 [(S)-
ValNOP] has also shown that the enantioselectivity could be improved (ee 
~ 32% with (S)-ValNOP) (28). 

Catalysis by Electrogenerated Cobalt Species 

The complex Sn[Co(CO) 4 ] 4, 7, was prepared in high yield by controlled 
cathodic potential electrolysis of C o 2 ( C O ) 8 in the presence of a sacrificial tin 
anode. The quantity of tin consumed from the anode, together with the 
quantity of charge passed, indicates the production of 7 consistent with eqs 
8 and 9. 
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Co 2 (CO) 8 + 2e" 2[Co(CO) 4]" cathode (8a) 

Sn - * S n 2 + + 2e" anode (8b) 

Co 2 (CO) 8 + 2Co(CO) 4- + S n 2 + Sn[Co(CO) 4] 4 solution (9) 
7 

The hypothetical intermediate complex Sn[Co(CO) 4 ] 2 has not been de
tected by infrared studies. Therefore, reaction 9 appears to be rapid. 

The electrochemical synthesis of 7 offers numerous advantages over 
conventional chemical methods. It produces complex 7 rapidly, without any 
byproducts (29). X-ray diffraction studies show that 7 has a T d symmetry. 

Compound 7 is a good catalyst for the synthesis of aldehydes from olefins 
in C 6 H 6 (eq 10) under higher reaction conditions (T = 150 °C, Ρ = 60 atm, 
C O - H 2 = 1:1), as expected with a cobalt-based catalyst. 

7 (1:100) 
R C H 2 C H = C H 2 + C O + H 2 > 

R C H 2 C H ( C H 3 ) C H O + R ( C H 2 ) 3 C H O (10) 
b η 

Acetals are also produced from aldehydes and alcohols or organic car
bonates (eq 11). 

C 6 H 1 3 C H O + C H 3 C H C H 2 0 ( C O ) 0 - 4 ^ C 6 H 1 3 C H O C H ( C H 3 ) C H 2 0 (11) 

I ι λ I I 
c o 2 

Because of the presence of the tin atom, a direct synthesis of acetals is 
observed from olefins, syngas, and cyclic carbonates. This synthesis indicates 
that compound 7 acts as a bifunctional catalyst. 

Conclusion 

Electrochemistry is a useful tool for the synthesis of active and selective 
species. In the hydroformylation field, this technique induces particularly 
selective catalysts. They are generated via electrochemical reduction of 
either P t L 2 C l 2 complexes in the presence of a tin or iron anode, R h ( C O ) L 2 * C l 
under syngas atmosphere, or electroreduced C o 2 ( C O ) 8 with tin as a sacrificial 
anode. 

Spectroscopic analyses of the resulting solutions have shown the pro
duction of the cationic dihydride [ P t 2 ( L 2 ) 2 ^ L 2 ) ( H ) 2 ] 2 + , 2SnCl 3 " , the hydride 
H R h ( C O ) L 2 * , and the cluster Sn[Co(CO) 4 ] 4 . 
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The platinum complex was used to selectively hydroformylate α-olefins 
such as styrene into linear aldehydes (>92%). With a chiral L 2 * ligand in 
rhodium systems, asymmetric hydroformylation of styrene into hydra-
tropaldehyde was observed (95% yield, >30% ee). The synthesis of acetals 
was also realized with organic carbonates and alkenes in the presence of 
syngas atmosphere with Sn[Co(CO) 4 ] 4 as catalyst. 

Finally, the structural knowledge of the species resulting from electro-
synthesis led to the discovery of new selective catalysts that can be prepared 
by purely chemical processes. This procedure provides interesting synthetic 
systems. 
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New Carbonylations Catalyzed 
by Transition Metal Complexes 

Iwao Ojima, Zhaoda Zhang, Anna Korda, Patrizia Ingallina, and Nuria Clos 

Department of Chemistry, State University of New York at Stony Brook, Stony 
Brook, N Y 11794 

The Rh-catalyzed hydroformylation of N-allylamides gives isoalde-
hyde with good regioselectivity through chelation control. The Rh– 
and Co2Rh2(CO)12-catalyzed reactions of an N-methallylamide give a 
novel double carbonylation product and a pyrrolidine, respectively. 
These reactions are successfully applied to homoallylic systems to 
generate the corresponding azabicyclo[4.n.0]alkenes and alkanes. 
Intramolecular amidocarbonylation of 3-butenamide catalyzed by a 
Rh complex with excess phosphine ligands gives 3,4-dihydro-2-pyr-
idone. The same reaction with excess P(OPh)3 affords a unique het-
erodimer selectively. The reaction of 4-pentenamide gives 5-methyl-
3,4-dihydro-2-pyridone exclusively, regardless of rhodium catalysts 
used. Reactions of hydrosilanes with 1-hexyne catalyzed by 
Co2Rh2(CO)12 and Rh4(CO)12 at 25 °C under CO give (Z)-1-silyl-2-
formyl-1-hexenes, which are the products of "silylformylation". Novel 
Rh-Co complexes, (R3Si)2Rh(CO)n-Co(CO)4 and RhCo(n-Bu-C≡ 
CH)-(CO)S, are found to be important catalyst species for the re
action catalyzed by Co2Rh2(CO)12. The catalytic cycle of the reaction 
is proposed. 

H E L A T I O N - C O N T R O L L E D R E G i o s E L E C T I V E and stereoselective reactions 

have been studied extensively in the field of organometallic chemistry for 
organic synthesis. In the catalysis field, the asymmetric hydrogénation of 
dehydroamino acids and dehydropeptides (1-4), asymmetric epoxidation of 
allylic alcohols (5), and asymmetric isomerization of allylamines (6, 7) are 

0065-2393/92/0230-0277$06.00/0 
© 1992 American Chemical Society 
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excellent examples of the chelation-controlled methodologies to attain high 
stereoselectivity. However, to the best of our knowledge, no systematic 
studies have been performed on the application of chelation control to se
lective carbonylations. We describe here our recent results on the successful 
chelation control in hydrocarbonylations of N-allylamides and alkenamides 
catalyzed by rhodium and C o - R h mixed-metal complexes and other novel 
carbonylation reactions such as sequential double carbonylation (8). 

New Syntheses of Nitrogen Heterocycles 
Through Amide-Directed Hydrocarbonyfotions 

Intramolecular Amidocarbonylation of IV-Alkenylamides. The 
hydroformylation of N-ally lace tarn ide was carried out by using a variety of 
rhodium catalysts [i.e., RhCl(PPh 3 ) 3 , RhCl(CO)(PPh 3) 2 , HRh(CO)(PPh 3 ) 3 , 
[Rh(dppb)(NBD)]Cl0 4, Rh 4 (CO) l 2 , and a C o - R h mixed-metal complex, 
C o 2 R h 2 ( C O ) 1 2 ]. Typical results are summarized in Table I. 

Table I. Hydrocarbonylation of N-Allylacetamide 

Catalyst 
Entry (mol %) 
1 [Rh(dppb)(NBD)]ClCV (1.0) 
2 RhCl(PPh3)3 (1.0) 
3 RhCl(CO)(PPh3)2 (1.0) 
4 HRh(CO)(PPh3)3 (1.0) 
5 Rh4(CO)l2(0.25) 
6 Co2Rh2(CO)i2(0.5) 
7 Co 2Rh 2(CO)i 2 (1.0)c 

Yield Products Ratio0 

(%)a 1 2 3 4 
78 71 — 5 24 
80 65 — 7 28 
79 66 — 7 27 
76 63 11 13 13 
78 79 6 6 9 
80 79 — 21 — 
80 82 — 18 — 

N O T E : All reactions were run by using a Pyrex reaction vessel (50 mL) in a stainless steel 
autoclave (300 mL) with 1.50 mmol of N-allylacetamide in T H F (3.6 mL) at 80 °C and 1200 
psi of carbon monoxide and hydrogen ( C O / H 2 = 1) for 18 h unless otherwise noted. The 
products were isolated by column chromatography on silica gel and identified by 'H and I 3 C 
NMR, IR, and mass spectroscopy. 
"Determined by *H NMR and G L C analyses. 
bdppb is l,4-bis(diphenylphosphino)butane. NBD is norbornadiene. 
C 60°C. 

As Table I shows, the major product of the reaction is isoaldehyde (2-
methyl-3-acetylaminopropanal) (1) and the minor products are n-aldehyde 
(4-acetylaminobutanal) (2), 1-acetylpyrrolidine (3) and/or l-acetyl-2-formyl-
pyrrolidine (4), which is the product of novel sequential double carbonylation 
(eq 1). 
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Ο 
CO, H 2 

Η 

Ο 

Cat. 

Η I Η 
CHO 

1 (major) 2 

CHO 

(1) 

I 
CHO 

Hydroformylation of 1-alkenes catalyzed by rhodium complexes gives 
η-aldehyde as the predominant product. η-Aldehyde selectivity is increased 
when phosphine ligands are introduced [i.e., the n-to-iso ratio is in the range 
of 5-10 for phosphine-rhodium complexes and 1.1-2 for rhodium carbonyls 
(9) ]. Accordingly, good isoselectivities observed in the present system are 
opposite to those for the usual 1-alkenes. The C o - R h mixed-metal catalyst, 
C o 2 R h 2 ( C O ) 1 2 , brings about substantially better product selectivity than 
other rhodium complexes (entries 6 and 7, Table I). This result implies the 
synergistic effects of the mixed-metal system: The Co 2(CO) 8-catalyzed hy-
drocarbonylation was reported (10, II) to give a mixture of three amino acids 
instead of amino aldehydes [i.e., 2-(benzoylamino)butanoic acid (45%), 2-
methyl-3-(benzoylamino)propanoic acid (8%), and N-benzoylproline (21%) 

(10) l 
The results of the rhodium complex-catalyzed reactions shown in Table 

I are not as selective as those of the Co 2Rh 2(CO) 1 2-catalyzed reaction. Thus, 
there is a substantial synergistic effect when the two metals are combined. 
The observed unique isoselectivity is best interpreted by taking into account 
the amide-directed chelation control of regioselectivity. 

l-Acetyl-2-formylpyrrolidine (4), obtained as a minor product in rho
dium-catalyzed reactions, is formed through a new type of amidocarbonylation 
via a hemiamidal (5) arising from n-aldehyde (2) followed by the sequential 
formation of an alkyl-Rh complex (6) and an acyl-Rh complex (7), as shown 
in Scheme I. In the final reductive elimination step, the acyl-Rh bond is 
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Scheme 1. Proposed mechanism for sequential double carbonylation. 

selectively cleaved by hydrogen to yield aldehyde (4). This reaction forms 
a sharp contrast to the cobalt-catalyzed amidocarbonylation, which gives the 
corresponding carboxylic acid exclusively (10-13). This new type of amido
carbonylation reaction provides the first example of rhodium-catalyzed se
quential double carbonylation. Because this novel reaction has high potential 
as a synthetic method, we studied the reaction further to make it more 
selective. 

We employed N-(2-methyl-2-propenyl)benzamide as a substrate (eq 2). 
The results are summarized in Table II. Because of the 2-methyl group, 
initial hydroformylation became highly regioselective. Thus the reaction gave 
an expected 2-formylpyrrolidine (8) (1:1 diastereomer mixture) as the pre
dominant product (almost exclusive in entry 3) together with a pyrrolidine 
(9) and a hemiamidal (10) in rhodium-catalyzed reactions (entries 1-8, Table 
II). In contrast to the rhodium-catalyzed reactions, the Co 2 Rh 2 (CO) ^-cat
alyzed reaction gave 9 with >98% selectivity (entries 9 and 10, Table II). 
This reaction clearly demonstrates the synergistic effects of the mixed-metal 
system. 
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(2) 

Table II. Hydrocarbonylation of iV-(2-Methyl-2-propenyl)benzamide 
Catalyst CO H2 Yield" Products Ratio 
(mol %) Entry (psi) (psi) (%) 8 10 

1 [Rh(dppb)(NBD)]C104
fc (1.0) 

[Rh(dppb)(NBD)]Cl(V (1.0) 
600 600 94 62 27 11 

2 
[Rh(dppb)(NBD)]C104

fc (1.0) 
[Rh(dppb)(NBD)]Cl(V (1.0) 1500 300 90 87 — 13 

3C [Rh(dppb)(NBD)]Cl04
b (1.0) 1700 150 87 >99.5 — — 

4 RhCl(PPh3)3 (1.0) 600 600 85 54 46 — 
5 RhCl(PPh3)3 (1.0) 

HRh(CO)(PPh3)3 (1.0) 
1500 300 91 82 7 11 

6 
RhCl(PPh3)3 (1.0) 
HRh(CO)(PPh3)3 (1.0) 600 600 93 48 13 39d 

7 Rh 4(CO) 1 2 (0.25) 600 600 95 46 20 34e 

8 Rh 4(CO) 1 2 (0.25) 600 200 87 — — 100̂  
9 Co 2Rh 2(CO) l 2 (0.5) 600 600 83 2 98 — 

10 Co 2Rh 2(CO) 1 2 (0.5) 300 900 85 0 100 — 
N O T E : All reactions were run by using a Pyrex reaction vessel (50 mL) in a stainless steel 
autoclave (300 mL) with 1.50 mmol of N-(2-methyl-2-propenyl)benzamide in T H F (3.6 mL) at 
100 °C for 18 h unless otherwise noted. The products were isolated by column chromatography 
on silica gel and identified by Ή and 1 3 C NMR and mass spectroscopy. 
"Determined by ' H NMR and G L C analyses. 
*dppb is l,4-bis(diphenylphosphino)butane. NBD is norbornadiene. 
The reaction was run with 2.0 mol % of catalyst for 71 h. 
^Containing 15% of n-aldehyde. 
'Containing 18% of n-aldehyde. 
'Containing 13% of n-aldehyde. 

We looked into the mechanisms of these reactions and found that the 
hemiamidal (10) is the common intermediate to 8 and 9. Controlled exper
iments using 10 revealed that 10 was actually converted to 8 (95% yield) in 
the presence of C O (1500 psi), H 2 (300 psi), and RhCl(PPh 3 ) 3 (1 mol %) at 
100 °C for 18 h and that 10 was transformed to 9 (95% yield) in the presence 
of C o 2 R h 2 ( C O ) 1 2 (1 mol %) at 100 °C and 1200 psi ( C O : H 2 = 1) for 18 h. 
We also found that the hydrocarbonylation of 10 with C o 2 ( C O ) 8 (10 mol %) 
at 125 °C and 2000 psi ( C O : H 2 = 1) for 20 h gives N-benzoyl-4-methylproline 
(11) cleanly in 72% yield (Scheme II). 
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The formations of 8, 9, and 11 are rationalized by taking into account 
the formylation, the hydrogenolysis, and the carboxylation, respectively, of 
an alkyl-metal complex 12 that is generated from 10 (Scheme II). The three 
reactions are competing processes. Carbon monoxide insertion is the pre
dominant process for rhodium and cobalt catalysts; hydrogenolysis is almost 
exclusive for C o 2 R h 2 ( C O ) i 2 . The rhodium catalyst gives aldehyde 8 through 
exclusive hydrogenolysis of an acyl-metal complex 13, whereas the cobalt 
catalyst gives carboxylic acid 11 through exclusive hydrolysis of 13. 

Because the intramolecular amidocarbonylation has high potential as a 
new annulation method in organic synthesis, we applied these amide-di
rected hydrocarbonylations to 5-(2-methyl-2-propenyl)-2-pyrrolidinone (14) 
and 6-(2-methyl-2-propenyl)piperidinone (15) (Scheme III). 

The hydrocarbonylation of 14 and 15 with rhodium catalysts (1 mol % 
Rh) such as HRh(CO)(PPh 3 ) 3 , RhCl(PPh 3 ) 3 , RhCl(CO)(PPh 3) 2 , and 
R h 4 ( C O ) 1 2 at 100 °C and 1800 psi ( C O : H 2 = 1) for 18 h gave 4-methyl-l-
azabicyclo[4.3.0]-2-nonen-9-one (16) and 4-methyl-l-azabicyclo[4.4.0]-2-de-
cen-10-one (17), respectively, in 60-65% yield. The product included small 
amounts of the corresponding saturated bicyclic lactams (18 and 19; 10-20%). 
The reactions catalyzed by C o 2 R h 2 ( C O ) 1 2 (0.5 mol %) at 125 °C and 1800 
psi ( C O : H 2 = 0.5) for 18 h, gave 4-methyl-l-azabicyclo[4.3.0]-9-nonanone 
(18) and 4-methyl-l-azabicyclo[4.4.0]-10-decanone (19), respectively, in 
75-80% yield. The Co 2(CO) 8-catalyzed reactions at 125 °C and 2000 psi 
( C O : H 2 = 1) with 10 mol % of the catalyst for 24 h gave 2-carbohydroxy-
4-methyl-l-azabicyclo[4.3.0]-9-nonanone (20) and 2-carbohydroxy-4-methyl-
1- azabicyclo[4.4.0]-10-decanone (21), respectively, in only moderate yield 
(25-45%). The Rh-catalyzed hydroformylation of 14 or 15, carried out in the 
presence of ethyl orthoformate at 100 °C and 1800 psi ( C O : H 2 = 1), gave 
the corresponding homologous O-ethyl hemiamidals (22 and 23) in 65-80% 
yield. This product results through a sequential formation of the diethylacetal 
followed by cyclization. The subsequent Co 2(CO) 8-catalyzed carbethoxyla-
tion gave the ethyl ester of 24 or 25 in much better yield (60-75%). Treatment 
of 22 and 23 with trifluoroacetic acid in chloroform gave 16 and 17, respec
tively, in nearly quantitative yields. Construction of l-azabicyclo[4.n.O] sys
tems through hydrocarbonylation can serve as a new annulation method in 
organic synthesis, especially for alkaloid syntheses. 

Amide-Directed Hydrocarbonylation of Alkenamides. The di-
hydro-2-pyridone skeleton is one of the important nitrogen heterocycles for 
pharmaceutical and agrochemical agents (14, 15). Simple dihydro-2-pyri-
dones have been synthesized by the direct reaction of 2,4-pentadienoic acid 
or sorbic acid with ammonia (16) and by the sodium borohydride reduction 
of glutarimide (17). The 2,4-pentadienoic acid reaction gives a mixture of 
3,6-dihydro- and 5,6-dihydro-2-pyridones; the reaction yields 3,4-dihydro-
2- pyridones selectively. We describe here new and convenient routes to 
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3,4-dihydro-2-pyridones through intramolecular amidocarbonylation (18-20) 
of alkenamides, as well as a novel coupling reaction giving 6-(4-methyl-3-
pyrrolidin-2-on-l-yl)-2-piperidone (21, 22). 

First, the intramolecular amidocarbonylation of 3-butenamide was car
ried out by using typical rhodium catalysts for hydroformylation (i.e., 
RhCl(PPh 3 ) 3 , RhCl(CO)(PPh 3) 2 , and R h 4 ( C O ) 1 2 at 80-100 °C and 1200 psi 
( C O : H 2 = 3/1 or 1/1) (eq 3). Results are shown in Table III. 

Ο 

26 27 28 

As Table III shows, the reaction under those conditions gave a mixture 
of 3,4-dihydro-2-pyridone (26), 4-methyl-3-pyrrolin-2-one (27), and a het-
erodimer, 6-(4-methyl-3-pyrrolin-2-on-l-yl)-2-piperidone (28). As Scheme 
IV shows, 26 and 27 are formed via 4-formylbutanamide (30) and 3-formyl-
butanamide (31), respectively, whereas 28 is yielded via the crossed coupling 
of 26 (via 34) and 27 under the reaction conditions. Only the crossed coupling 
product, heterodimer 28, was obtained; no homocoupling of 26 or 27 was 
observed. 

To obtain 26-28 selectively, we examined the effects of phosphine ligands 
on the regioselectivity, as well as monomer-dimer selectivity of the reaction. 
As Table III shows (entry 3), the addition of 20 equiv of triphenylphosphine 
to RhCl(PPh 3 ) 3 remarkably improved the selectivity for the formation of 26 
(92%); no heterodimer 28 was formed. On the other hand, when 10 equiv 
of triphenylphosphite was employed instead of triphenylphosphine for 
RhCl(PPh 3 ) 3 , heterodimer 28 was produced with excellent selectivity (94%) 
in 90% yield. Heterodimer 28 may serve as a useful intermediate for the 
synthesis of tricyclic or tetracyclic nitrogen heterocycles. Reaction conditions 
that afford 27 selectively have not been found so far. 

Next we employed N-benzyl-3-butenamide as the substrate (eq 4). It 
was found that the N-benzylation of 3-butenamide favors the formation of a 
2-pyrrolinone (27a) to some extent. The reaction catalyzed by RhCl(PPh 3 ) 3 

under 1200 psi of carbon monoxide and hydrogen ( C O : H 2 = 1) gave 27a as 
the major product [e.g., 27a:26a = 2 (70% yield) at 100 °C; 27a:26a = 3 
(64% yield) at 120 ° C ] The results contrast with those for 3-butenamide, in 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

01
9

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



286 H O M O G E N E O U S T R A N S I T I O N M E T A L C A T A L Y Z E D R E A C T I O N S 

c ο 
X 

I1 

ο 
u 
ee 

a:* 

ε 

3 ; 

.5 ^ 

2 o 
I 

oo to ι OJ co 3» 

1^ <M j t^- ^ r-H lO <J5 

Ή l O OS ή '"if h * Ν 

( Ν φ Ο φ φ Ο Ο Ο Ο Ο 

0 0 O O 0 0 O O 0 0 O 

çu eu 
Ph pu, 
Ο Ο η η 

OJ J 3 

ο « ο >Γ>>Ξ!> 

ε ε ε ρ ρ 

ι Ρ-. 
I Pk 
1 ο 

; Ϊ 
JZ 
Ρη 
Ρμ 

_ _ , ο ^ ε 
p ^ p ^ U U U Ο Ρ-. 

ϋ ϋ ϋ ϋ ϋ ϋ ^ ϋ 

i l 

C Λ a 
to ^ ^ 
co § 

feg ε 

.s a ' 

1 1 * 
S gy 
o U 2 

ε ·- -° 
c « 

« £ s 

o s 2 

ε 5 -S 

s ε 
> 3 
C « 
o c 

1 

ε -s 
« S 

v 9· 
-C Pm o 

Ί3 

OS 

c c g 5 ? 

"g pû 

IJ'S'S'S 
< 1 i S S 
a ΰ ϋ ϋ 
H ϋ u α> α) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

01
9

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



5 c > K H > r O
 

δ
- o C*
 

c<o
 

O
 T
O

 
α.

 
OS


's

: i3 s ce
 O*
 

T
O

 
S"

 
O

 
o 3 ts

 ?T
 

H TO
 

ce
 

ta
 

oo
 

-4
 

S
ch

em
e 

IV
. 

P
ro

po
se

d 
m

ec
ha

ni
sm

 f
or

 
th

e 
fo

rm
at

io
n 

of
 d

ih
yd

ro
py

ri
do

ne
 (2

6)
, 

4-
m

et
hy

lp
yr

ro
li

no
ne

 (
27

), 
an

d 
he

te
ro

di
m

er
 (2

8)
. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

01
9

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



288 H O M O G E N E O U S T R A N S I T I O N M E T A L C A T A L Y Z E D R E A C T I O N S 

Ο 

which 2-pyrrolinone (27) is the minor product. However, the addition of 20 
equiv of triphenylphosphine to RhCl(CO)(PPh 3 ) 2 gave 26a with 91% selec
tivity in 98% yield, which was similar to the case of 3-butenamide. Because 
of the N-protection, no dimer formation was observed with this substrate. 

Amidocarbonylation of N-benzyl-3-butenamide catalyzed by C o 2 ( C O ) 8 

at 100 °C and 1470 psi ( C O : H 2 = 1) is reported to give 3-(N-benzylcarba-
moyl)-2-methylpropanoic acid in 69% yield; no formation of nitrogen het-
erocycles was observed (Ii). Finally, the reaction of 4-pentenamide was 
examined in a similar manner (eq 5). Results are shown in Table IV. 

29 

Table IV. Synthesis of 5-Methyl-3,4-dihydro-2-pyridone (29) 
Through Intramolecular Amidocarbonylation of 4-Pentenamide 

CO H2 Temperature Time Yield" 
Entry Catalyst (psi) (psi) (°C) (h) (%) 

1 RhCl(PPh3)3 600 600 100 18 91 
2 RhCl(COKPPh3)2 600 600 100 18 89 
3 HRh(CO)(PPh3)3 600 600 100 18 88 
4 Rh 4(CO)i2 600 600 100 18 92 

N O T E : All reactions were run with 1.50 mmol of 4-pentenamide and 0.015 mmol of a rhodium 
catalyst in T H F (3.6 mL) in an autoclave (300 mL) using a Pyrex reaction vessel (50 mL). The 
product, 29, was isolated by column chromatography on silica gel. 
"Isolated yield. 
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As Table IV shows, the reaction catalyzed by several rhodium complexes 
gave 5-methyl-3,4-dihydro-2-pyridone (29) as the sole product in excellent 
yield (88-92%). Although the formation of seven-membered ring lactam is 
conceptually possible, such a product was not detected at all, even when 2 0 
equiv of triphenylphosphine to RhCl(PPh 3 ) 3 was employed as an additive. 
The result clearly indicates that a "chelation control" is operative in this 
reaction. 

The result also strongly suggests that a similar chelation control is op
erating in the reactions of 3-butenamide and N-benzyl-3-butenamide as well. 
Thus, the effects of a large excess of triphenylphosphine to the rhodium 
catalysts cannot be accommodated by the blocking (or disruption) of the 
amide-directed chelation control, but can be interpreted as the regioselective 
hydroformylation of 3-butenamide (or iV-benzyl-3-butenamide) with the 
amide chelation intact. It is clearly indicated that the coordination of alken-
amide to the rhodium catalysts is much stronger than that of triphenyl
phosphine. 

Silylformytoion of 1-Alkyne Catalyzed by Rh-Co 
Mixed-Metal System 

The silicon version of hydroformylation of olefins, known as "silylcarbony
lation", was discovered by Murai and co-workers (23). It is promoted by 
C o 2 ( C O ) 8 to give silyl enol ethers of homologous aldehydes. In Murais 
silylcarbonylation, the silicon moiety always attaches to oxygen: No silicon 
migration is observed to the olefinic bond to form a silicon-carbon bond. As 
a part of our study of the catalysis of C o - R h mixed-metal complexes such 
as C o 2 R h 2 ( C O ) 1 2 and CoRh(CO) 7 (20, 24 -28) , we investigated the reactions 
of Co 2 Rh 2 (CO) 1 2 and CoRh(CO) 7 with hydrosilanes in the presence and 
absence of carbon monoxide, substrates, or both. Our goal was to determine 
the active sites of these C o - R h mixed-metal catalyst systems by identifying 
active catalyst species as well as intermediates for catalytic cycles. To examine 
possible synergistic effects in the C o - R h mixed systems, R h 4 ( C O ) l 2 and 
C o 2 ( C O ) 8 also were used as references. 

We carried out the hydrosilylation of 1-hexyne with triethylsilane cat
alyzed by C o 2 R h 2 ( C O ) 1 2 at 2 5 °C in the presence of carbon monoxide (am
bient pressure) in toluene. (Z)-l-Triethylsilyl-2-formyl-l-hexene (36c) was 
formed, in addition to usual hydrosilylation product, 1-triethylsilyl-l-hexene 
(37c) (36c:37c = 58/42) and some higher molecular weight materials 
(heavies). Dimethylphenylsilane gave 36a as the exclusive product under 
the same reaction conditions, although the formation of heavies was detected 
as well. This reaction yielding compound 36 from an alkyne is a new type 
of silylcarbonylation (i.e., silylformylation, which is different from Murais 
reaction. 
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While our study was in progress (29, 30), Matsuda et al. (31) reported 
the discovery of silylformylation catalyzed by R h 4 ( C O ) 1 2 by using a variety 
of alkynes and dimethylphenylsilane as the specific hydrosilane at 100 °C 
and 150-450 psi of carbon monoxide. We describe here our C o - R h mixed-
metal version of silylformylation with mechanistic study. This procedure 
unveiled the presence of (R 3 Si) 2 Rh(CO) n -Co(CO) 4 (38: η = 2 or 3) as one 
of the key active catalyst species for the reaction. 

H S i R 3 = a : H S i P h M e 2 ; b : H S i M e 2 E t ; c : H S i E t 3 ; d : H S i ( O M e 3 ) 3 

We carried out the reactions of 1-hexyne with a variety of hydrosilanes 
in toluene at 25 °C and ambient pressure or 150 psi of carbon monoxide in 
the presence of Co 2 Rh 2 (CO) 1 2 (substrate:catalyst = 1000) for 24 h; Rh 4 (CO) 1 2 

was also employed for comparison purposes. The results are summarized in 
Table V. 

As Table V shows, the structure of hydrosilane exerts a marked influence 
on the selectivity of the reaction (i.e., silylformylation vs. hydrosilylation). 
Trimethoxysilane clearly favors hydrosilylation, whereas dimethylphenylsi
lane gives silylformylation product exclusively and trialkylsilanes give ca. 
40:60 mixture of the hydrosilylation and silylformylation products. At 25 °C 
and ambient pressure of carbon monoxide, the reaction catalyzed by 
Rh 4 (CO)i 2 is substantially faster than that catalyzed by C o 2 R h 2 ( C O ) 1 2 , al
though the ratio of the hydrosilylation to silylformylation is very similar. In 
both cases, considerable amounts of heavies are formed. At 25 °C and 150 
psi of carbon monoxide, C o 2 R h 2 ( C O ) 1 2 acts as an excellent catalyst, giving 
the silylformylation product (36) with 93-100% selectivity (entries 2, 4, and 
6) except for HSi(OMe) 3 (entry 8). Formation of the heavies is also substan
tially decreased. Under the same conditions, the Rh 4(CO) 1 2-catalyzed re
actions give a larger amount of heavies compared with the C o 2 R h 2 ( C O ) 1 2 -
catalyzed ones, and HSi(OMe) 3 does not give any silylformylation product 
(36) (entry 16). As C o 2 ( C O ) 8 is found to be virtually inactive even under 
forced conditions, it is apparent that there is a synergistic effect in the C o - R h 
mixed-metal system. 

The regio- and stereochemistry of both silylformylation and hydrosil
ylation deserve mention. All silylformylation products (36) have (Z)-l-silyl-2-
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Table V. Reactions of Hydrosilanes with 1-Hexyne Catalyzed by C o 2 R h 2 ( C O ) i 2 
and R h 4 ( C O ) i 2 in the Presence of Carbon Monoxide 

Product 

Entry Catalyst Hydrosilane Condition" (%) 36 37 

1 Co 2 Rh 2 (CO ) i2 HSiMe 2Ph A 72 100 — 
2 Co 2Rh 2(CO), 2 Β 92 100 — 
3 Co 2Rh 2(CO)i 2 HSiMe 2Et A 48 60 40 
4 Co 2Rh 2(CO)i 2 Β 84 100 — 
5 Co 2Rh 2(CO)i 2 HSiEt 3 A 63 58 42 
6 Co 2Rh 2(CO)i 2 Β 80 93 7 
7 Co 2Rh 2(CO)i 2 HSi(OMe)3 A 86 20 80 
8 Co 2Rh 2(CO) l 2 Β 95 38 62 
9 Rh 4(CO) 1 2 HSiMe 2Ph A 72 100 — 

10 Rh 4(CO) l 2 Β 76 100 — 
11 Rh4(CO)i2 HSiMe 2Et A 61 65 35 
12 Rh 4(CO) l 2 Β 80 91 9 
13 Rh4(CO)12 HSiEt 3 A 65 65 35 
14 Rh 4(CO) l 2 Β 77 86 14 
15 Rh 4(CO) 1 2 HSi(OMe)3 A 76 — 100 
16 Rh 4(CO) l 2 Β 80 — 100 

N O T E : All reactions were run with 5.0 mmol of 1-hexyne, 5.5 mmol of a hydrosilane, and 5 X 
10"3 mmol of a catalyst in toluene (7.5 mL) at 25 °C for 24 h. 
"Condition A: Reaction was carried out at ambient pressure of carbon monoxide in a Schlenck 
reactor; Condition B: Reaction was carried out at 150 psi of carbon monoxide in a stainless steel 
autoclave using a Pyrex reaction vessel (50 mL). 
fcYield was determined by G L C analysis based on 1-hexyne consumed. 
determined by G L C analysis. 

formyl structure (i.e., the reaction is extremely regioselective as well as 
stereoselective). All hydrosilylation products (37) turn out to be (E)-isomers 
exclusively. This result makes a sharp contrast to the reported rhodium 
complex-catalyzed hydrosilylation of 1-alkenes, which gives a mixture of (Z)-
isomer (major) and (E)-isomer (minor) (32-35). 

As for the mechanism of silylformylation, the following facts should be 
taken into account. Silylformylation must include 

• a silicon shift from catalyst metal to an alkyne to form a 2-silyl-
1-alkylethenyl-RhCo complex, 

• subsequent formation of 3-silyl-2-alkylacryloyl-RhCo complex, 

• formation of 3-silyl-2-alkylacryloyl-RhCo hydride, and 

• reductive elimination giving the silylformylation product (36). 

To obtain structural information about active catalyst species in the 
silylformylation, we looked at the reaction of hydrosilanes with Co 2 Rh 2 (CO) 1 2 

(30). The tetrametallic cluster (deep reddish brown) was converted to a 
C o - R h mixed-bimetallic complex (pale yellow) during the reaction. The 
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reaction of C o 2 R h 2 ( C O ) 1 2 with 1-alkynes in the absence of hydrosilane gave 
the corresponding purple butterfly cluster complexes, C o 2 R h 2 ( C O ) 1 0 ( R - C = 
CH) . The structure of a triphenylphosphine complex, Co 2 Rh 2 (CO) 9 (n-Bu-
C=CH)(PPh 3 ) , was determined by X-ray crystallography (36). 

When a hydrosilane (4 equiv) was allowed to react with C o 2 R h 2 ( C O ) 1 2 

under carbon monoxide atmosphere in organic solvent (e.g., chloroform-d 
and n-hexane) at ambient temperature for an hour, novel (R 3 Si) 2 Rh(CO) n -
Co(CO) 4 complexes (n = 2, 38A; η = 3, 38B) were quantitatively formed. 
The structure of 38 is suggested by the following facts: 

• the number of silyl groups on the rhodium metal was unam
biguously determined to be 2 by titration, with ferrocene as 
the internal standard, 

• the Ή N M R spectra of 38 [R 3Si = (a) PhMe 2 Si , or (c) Et 3 Si] 
do not show any R h - H signals (δ 0 to -20 ppm) and the Fourier 
transform IR spectrum of 38c prepared from E t 3 S i - D and 
C o 2 R h 2 ( C O ) 1 2 does not show any R h - D stretching band at all 
in the expected region (1600-1450 cm"1), and 

• the silyl groups were replaced by R - N C (R = f-Bu, cyclohexyl, 
and 2,6-dimethylphenyl) to form [ (R-NC) 4 Rh] + [Co(CO) 4 

These results clearly indicate that 38 is generated through oxidative 
addition of two molecules of hydrosilanes to a rhodium, followed by evolution 
of molecular hydrogen. These disilyl-RhCo complexes (38) are stable in n-
hexane under carbon monoxide for more than a week at ambient tempera
ture, but decompose slowly under nitrogen and/or in chloroform. 

We carried out the reaction of (PhMe 2 Si) 2 Rh(CO) n -Co(CO) 4 (38a-A and 
38a-B) with 1 equiv of 1-hexyne at 25 °C and ambient pressure of carbon 
monoxide for 30 min (eq 7) (30). 

The *H N M R monitoring of the reaction clearly demonstrated the for
mation of 36a (with 5% Ε-isomer) accompanied by a small amount of 38a-B 
(38a-A disappeared) and a mixed-metal butterfly complex, Rh 2 Co 2 (n-
Bu-C==C-H)(CO) 1 0 (39) T h j s reaction strongly suggests that 38a is an active 
catalyst species or its direct precursor. 

Next, we looked at the reaction of C o 2 R h 2 ( C O ) 1 2 with 1-hexyne under 
carbon monoxide. The reaction of C o 2 R h 2 ( C O ) 1 2 with 2 equiv of 1-hexyne 
at 25 °C and 75 psi of carbon monoxide in hexane for 20 h gave a novel 
Rh-Co mixed-bimetallic alkyne complex bearing semibridging carbonyl ( v c o , 
1935 c m 1 ) , RhCo(n-Bu-C=C-H)(CO) 5 (40), as the major product. The com
plex was isolated through column chromatography on silica gel under carbon 
monoxide as a reddish-orange solid (30). Complex 40 was then allowed to 
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HS1R3 
+ 

38a-A 

^ΆίΖΓ^ 0 0 38a-B CO 

R3Si=PhMe2Si 

W W 

react with 6 equiv of dimethylphenylsilane and 4 equiv of 1-hexyne at 
25 °C and ambient pressure of carbon monoxide in chloroform for 1 h to 
give cleanly the silylformylation product 36a. The ! Η N M R spectrum of the 
reaction mixture only shows 36a, 40, and unreacted hydrosilane (eq 8) (30). 
This result clearly indicates that 40 is an active catalyst species or its direct 
precursor. 

Accordingly, there are two possible catalytic cycles for silylformylation 
at present. Either one or both catalytic cycles may be operative, depending 
on the reaction conditions. Mechanisms for the silylformylation of 1-hexyne 
using C o 2 R h 2 ( C O ) 1 2 as the catalyst precursor, which can accommodate all 
the observations described, are proposed in Scheme V (30). 

The unique disilyl-RhCo complex (38) and alkyne-RhCo complex (40) 
are identified as the key catalytic species for silylformylation of 1-alkyne. 
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Although the insertion of carbonyl compounds or imines into sili
con-transition metal bonds is known in rhodium complex-catalyzed hydro-
silylations, that of alkynes and alkenes in catalysis has not been reported 
under thermal reaction conditions. Recently we found the selective insertion 
of 1-alkynes to the Rh-Si bond in rhodium complex-catalyzed hydrosilylation 
(35). Our results present the first examples of such a process in catalysis by 
taking advantage of the unique properties of the C o - R h mixed-bimetallic 
system. Also, the silylformylation of alkynes catalyzed by the C o - R h mixed-
metal system is very likely to involve homogeneous bimetallic catalysis. 
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Scheme V. Proposed mechanisms for the Co2Rh2(CO)i2-catalyzed silylform-
yhtion. 
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Tetracarbonylalkylcobalts 
from Tetracarbonylhydridocobalt and 
Dimethyl Fumarate or Aldehydes 

Ferenc U n g v á r y , Attila Sisak, and László Markó 

Institute of Organic Chemistry, University of Veszprém, Veszprém, 
Hungary 8201 

Tetracarbonylalkylcobalts, supposed intermediates in olefin hydro
formylation and aldehyde reduction, were prepared. When tetra
carbonylhydridocobalt reacted with dimethyl fumarate at 10 °C, tet-
racarbonyl[l,2-bis(methoxycarbonyl)ethyl] cobalt was formed and 
isolated in 65% yield. The rate of the accompanying carbon monoxide 
uptake was found to be 0.5 order with respect to CO2(CO)8. Tetra-
carbonyl-α-hydroxyalkylcobalts were prepared by the reactions of 
tetracarbonylhydridocobalt with formaldehyde, pivalaldehyde, 
glyoxal, ethyl glyoxylate, and crotonaldehyde between -40 and 
-79 °C and characterized partly in the form of their silylated deriv
atives by IR and NMR spectroscopy. An ionic path that accounts for 
the observed regiochemistry is suggested for the reaction with al
dehydes. 

C A R B O N Y L A L K Y L C O B A L T S A N D C A R B O N Y L A C Y L C O B A L T S are intermediates 

in olefin hydroformylation (J, 2). The studies of Heck and Breslow (3) leave 
little doubt of this fact. However, only tetracarbonylacylcobalts have been 
detected under catalytic reaction conditions by high-temperature, high-pres
sure infrared spectroscopy (4). The failure to detect carbonylalkylcobalts can 
be explained by the assumption that at high pressure the alkyl-acyl equi
librium is far on the side of the acyl complex. Under ambient conditions we 
can detect and in some cases isolate tetracarbonylalkylcobalts in reaction 
mixtures of C o H ( C O ) 4 and olefins bearing electron-withdrawing substit
uents. 

0065-2393/92/0230-0297$06.00/0 
© 1992 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
0

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



298 H O M O G E N E O U S T R A N S I T I O N M E T A L C A T A L Y Z E D R E A C T I O N S 

Intermediate complex formation between aldehydes and C o H ( C O ) 4 was 
repeatedly postulated in mechanistic suggestions for aldehyde reductions 
under catalytic (5, 6) and stoichiometric (7) conditions, C O reductions (8), 
and alcohol homologations (9). We found that complex formation between 
formaldehyde and C o H ( C O ) 4 takes place at -40 °C (10). Further experiments 
showed that tetracarbonyl-a-hydroxyalkylcobalts are formed with other al
dehydes as well; they can be isolated in form of their silylated and PPh 3 -
substituted derivatives. 

Experimental Details 

All manipulations involving air-sensitive compounds were carried out by the 
usual Schlenk technique (II) using deoxygenated dry solvents and gases and 
thermostated reaction vessels with magnetic stirring. Kinetic runs were per
formed in a gasometric apparatus fitted with a mercury-filled gas burette. In
frared spectra were recorded by using a 0.06-mm C a F 2 cuvette on a spectrometer 
(Specord IR 75; Carl Zeiss, Jena, Germany), which was calibrated with benzene 
(1959.6 cm"1) and polystyrene (1601.4 cm"1). *H NMR spectra were obtained on 
an 80-MHz spectrometer (BS-487; Tesla, Brno, Czechoslovakia), using hexa-
methyldisiloxane as an internal reference. A 1 3 C NMR spectrum was obtained 
on a 20-MHz spectrometer (CFT 20, Varian, Palo Alto, California). Solutions of 
CoH(CO) 4 in n-pentane or η-octane, which were prepared from Co 2 (CO) 8 , di-
methylformamide (DMF), and concentrated H C l (12), contained 1-3 mol % of 
Co 2 (CO) 8 according to IR and Co analyses. Other starting materials were com
mercial products purified by crystallization or distillation. 

Preparation of Tetracarbonyl[l,2-bis(methoxycarbonyl)ethyl]cobalt. A 
1.0 M solution of CoH(CO) 4 in n-pentane (16 mL, -60 °C) was added through 
a cannula to a stirred solution of 13.83 g (96 mmol) of dimethyl fumarate in 400 
mL of a 2.5:1 (v:v) mixture of dichloromethane and n-pentane under C O at
mosphere at 10 °C. The C O pressure was then raised to 150 mm Hg (—20 x 
103 Pa) over atmospheric pressure. After 3 h of continuous stirring, the resulting 
light brown solution was concentrated in vacuum at -20 °C and placed on dry 
ice overnight. Cold filtration at dry ice temperature on a P-2 glass frit gave 10.8 
g of crystals and a light reddish-yellow filtrate. After the crystals were washed 
with 5 X 10 mL of n-pentane at -10 °C, 10.2 g of dimethyl fumarate remained 
on the frit and 0.5 g of Co 2 (CO) 8 could be crystallized from the dark brown n-
pentane solution at -79 °C. The light reddish-yellow filtrate was further con
centrated in vacuum at -20 °C to 70 mL and crystallized on dry ice overnight. 

After separation of a light yellow crystalline solid (1.0 g), the filtrate was 
concentrated to 20 mL in vacuum at -20 °C and stored on dry ice overnight. 
After separation of ca. 0.2 g of solid and a repetition of the foregoing procedure, 
the final concentrate (ca. 7 mL) was diluted with 14 mL of n-pentane and 
crystallized at -79 °C. Cold filtration, washing with 3 x 4 mL of cold n-pentane, 
and drying in vacuum at -20 °C gave 3.27 g (65% yield) of the title compound 
as ivory-colored crystals. For the IR spectrum, see Table I and Figure 1. 1 3 C 
NMR spectroscopy (CDC1 3, -15 °C, tetramethylsilane) revealed chemical shifts 
downfield (δ) at 194.10 (CO) 4, 177.60 (CHC0 2 Me), 169.91 ( C H 2 C 0 2 M e ) , 
50.0Φ-19.77 ( C H 3 0 2 C ) , 39.59 (CH 2), 19.95 (CH) ppm. 
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Table I . Infrared Spectroscopic Data of R ! R 2 CHCo(CO)4-Type Complexes 
in the C=Q Stretching Region 

R! R2 ν (CO) (cm-1) Réf. 

H H 2104, 2035, 2018 15 
EtO z C H 2111, 2046, 2036, 2027, 1720 16 
M e 0 2 C M e 0 2 C C H 2 2111, 2046, 2036, 2026, 1744, 1720 this work 
E t 0 2 C E t 0 2 C C H 2 2110, 2044, 2036, 2024, 1740, 1714 this work 
EtO z C Me 2107, 2041, 2031, 2021, 1726 17, 18 
E t 0 2 C Et 2106, 2040, 2030, 2020, 1718 18 
M e 0 2 C Ph 2106, 2040, 2031, 2025, 1717 17 
CN Me 2109, 2044, 2029, 2020 19 

N O T E : In n-hexane solution. 

2100 2000 1900 1800 1700 cm"1 

j 1 1 , , 

Figure 1. The infrared spectrum of the reaction mixture of dimethyl fumarate 
and CoH(CO)4 just after CO uptake has stopped and Co^COjs and dimethyl 

fumarate have been removed at -79 °C. 

Preparation of Tetracarbonyl( 1-hydroxy, l-formyl)methylcobalt, lc. To 58 
mg (1 mmol) of monomeric glyoxal (13) dissolved in 3.8 mL of dichloromethane, 
1 mmol of CoH(CO) 4 in 1.2 mL of n-pentane was added under Ar at -79 °C. 
Overnight storage on dry ice resulted in a bright yellow precipitate, which was 
filtered off and dried in an Ar stream. This compound is extraordinarily sensitive 
to air and heat; it decomposes above -50 °C. Its IR spectrum was recorded at 
this temperature in dichloromethane solution (Table II). 

Preparation of Tetracarbonyl( 1-hydroxy, l-ethoxycarbonyl)methylcobalt, 
Id. This compound was prepared analogously in toluene-n-pentane from ethyl 
glyoxylate. 

Preparation of Tetracarbonyl(2-trimethylsflyloxy)-frane-3-pentenoylcobalt, 
4e. To 201 μ ί α (2.43 mmol) of crotonaldehyde in 4 mL of n-hexane, 0.81 mmol 
of CoH(CO) 4 in 1.0 mL of n-pentane was added under C O at -55 °C. After 
1 min, 213 of bis(trimethylsilyl)trifluoroacetamide (BSTFA) was injected into 
the reaction mixture. Within 5 min the solution turned lemon yellow. In addition 
to some Co 2 (CO) 8 , tetracarbonylacylcobalt 4e resulted (Table II). 
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Preparation of Tetracarbonyl( l-trimethylsilyloxy-2,2-dimethyl)propyl 
cobalt, 3b, and Tricarbonyltriphenylphosphine(2-trimethylsilyloxy-3,3-di-
methyl)butanoylcobalt, 5b. To a solution of 172 μΐ , (162 mmol) of pivalaldehyde 
in 3 mL of n-hexane, 1.62 mmol of CoH(CO) 4 in 2.0 mL of n-pentane was added 
under Ar at -55 °C. After 1 min, 472 μL· (1.62 mmol) of BSTFA was injected. 
The IR spectrum recorded after 45 min reaction time showed the complete 
conversion of CoH(CO) 4 and the presence of 3b together with traces of Co 2 (CO) 8 . 
Addition of PPh 3 in 10 mol % excess and stirring at 0 °C for 3 h gave a yellow 
precipitate, which was filtered and washed with 2 X 1 mL of n-pentane and 
dried in vacuum to produce 480 mg of 5b (50% yield). For spectral data, see 
Table II. 

Results and Discussion 

Reaction of Dialkyl Fumarate with CoH(CO)4. Diethyl fumarate 
(DEF) reacts readily with C o H ( C O ) 4 at 10 °C under atmospheric pressure 
of C O . This reaction forms diethyl succinate (DES) as the hydrogenated 
product (14) and diethyl 2-formylsuccinate as hydroformylated product (eqs 
1 and 2). 

D E F + 2CoH(CO) 4 -> D E S + Co 2 (CO) 8 (1) 

D E F + 2CoH(CO) 4 + C O -> E t 0 2 C C H C H 2 C 0 2 E t + Co 2 (CO) 8 (2) 

C H O 

Both reactions were found to be autocatalytic with respect to C o 2 ( C O ) 8 . 
Thus, when these reactions were started at different C o 2 ( C O ) 8 concentra
tions, the induction period decreased with increasing initial C o 2 ( C O ) 8 con
centration (Figure 2), and the initial rates showed a 0.5-order dependence 
in [ C o 2 ( C O ) 8 ] 0 (Table III). 

In experiments with excess diethyl fumarate, a large part (60-70%) of 
the converted C o H ( C O ) 4 could not be accounted for by the products of 
reactions 1 and 2. Instead, the formation of tetracarbonyl[l,2-
bis(ethoxycarbonyl)ethyl]cobalt could be observed (eq 3). 

D E F + CoH(CO) 4 - » E t 0 2 C C H C H 2 C 0 2 E t (3) 

I 
Co(CO) 4 

Just after C O uptake stopped, and after C o 2 ( C O ) 8 was removed by 
crystallization at -79 °C, the infrared spectrum of the reaction mixture 
showed carbonyl stretching bands characteristic of a tetracarbonylalkylcobalt 
(Table I; cf. refs. 15-19), as well as bands for two different ester carbonyls. 

With the dimethyl ester of fumaric acid, not only C o 2 ( C O ) 8 but the 
surplus dimethyl fumarate as well could be removed by low-temperature 
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Figure 2. The effect of initial Co^CO)^ concentration on the reaction of diethyl 
fumarate (DEF) with CoH(CO)4 under CO atmosphere at 10 °C in n-octane. 

[DEF]o = 0.152 M , [CoH(CO)4]0 = 0.030 M , [CO] = 0.00946 M. 

Table III. Effect of Initial Co 2(CO) 8 Concentration on the Amount of Absorbed 
C O and on the Initial Rate of C O Absorption in the Reaction of D E F 

with CoH(CO)4 _ _ _ _ _ _ _ 

[C03(CO)H]o 
(M) 

CO,mx 
[mol CO/mol CoH(CO)4] 

106 Γ,η 

(Ms-1) 
iœrJ[Co.2(CO)s]o05 

(M05 s-1) 

0.001 0.159 1.58 5.0 
0.015 0.167 6.22 5.1 
0.049 0.176 11.5 5.2 
0.10 0.16 16.1 5.1 

NOTE: C O n i a x is adsorbed C O ; r i n is the initial rate of C O absorption; [CO] is 0.00946 M ; [DEF] 0 

is 0.152 M ; [CoH(CO) 4] 0 is 0.030 M ; 10 °C; η-octane solution. 

fractional crystallization (Figure 1). From this solution pure tetracar-
bonyl[l,2-bis(methoxycarbonyl)ethyl]cobalt could be crystallized at -79 °C 
in 65% yield. 

On the basis of the kinetic behavior of reactions 1 and 2, similar to that 
already observed for 1-heptene, 1-octene (20), and ethyl acrylate (18) under 
the same conditions, we assume that the role of C o 2 ( C O ) 8 is to catalyze the 
formation of a tricarbonyl(hydridoolefincobalt) intermediate according to 
Scheme I. This intermediate converts to a tricarbonylalkylcobalt, which then 
reacts in competing fast reactions to form the products of reactions 1, 2, and 
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Co2(CO)8 - ^.CofCOU 

•coico)A *)C'c{ - - coicoiaiX-c;) • CO 

Co(C0)3CC=C( ) » CoHICOU s l o w - ComC0)3r,C°C< ) • Co (COU 

CoH(C0)3( X=C'V ) - - )CH-Ç-Co(C0)3 

)CH-CH • Co2(C0)7 " " " " ^ )CH-C-Co(C0)<, 

, 1 
)CH-C-C-Co(C0)3 

' δ , 
ICoH|C0)4 

/CH-Ç-CHO • Co2(CO)7 

Co2(CO)7 • CO - Co2(CO)8 

Scheme L 

3. C o 2 ( C O ) 8 is one of the products in both reaction 1 and reaction 2. Its 
increasing concentration during the conversion of C o H ( C O ) 4 accounts for 
the observed autocatalytic behavior. 

Reaction of Aldehydes with CoH(CO)4. Aldehydes react with 
C o H ( C O ) 4 between -79 and -40 °C under Ar or C O atmosphere to produce 
tetracarbonyl-a-hydroxyalkylcobalt (1) or tetracarbonyl-a-hydroxyacylcobalt 
(2), respectively (eq 4). 

+ C O 
R C H O + CoH(CO) 4 -> RCH(OH)Co(CO) 4 < = ± 

ι 
RCH(OH)C(0)Co(CO) 4 (4) 

2 

Number R 

la , 2 a H 
l b , 2b f-Bu 
lc , 2c C H O 
Id, 2 d C 0 2 E t 
le , 2e * r a n s - C H = C H - M e 
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Compounds 1 and 2 were identified by infrared spectroscopy, but they 
decompose below -20 °C and are too unstable for isolation. More stable O -
silyl derivatives 3 and 4 could be formed by adding powerful silylating agents, 
such as B S T F A , to the cold solutions of 1 and 2 (eqs 5 and 6). 

1 + B S T F A RCH(OSiMe 3 )Co(CO) 4 (5) 
3 

2 + B S T F A -H> RCH(OSiMe 3 )C(0)Co(CO) 4 (6) 
4 

By adding P P h 3 to solutions of compounds 3 and 4, isolable derivatives 
5 were obtained (eq 7). Spectral data of the compounds prepared are listed 
in Table II. 

3 or 4 + PPh 3 RCH(OSiMe 3 )C(0)Co(CO) 3 PPh 3 (7) 
5 

The formation of type 1-5 complexes could not be detected in mixtures 
of C o H ( C O ) 4 and isobutyraldehyde or methyl isobutyl ketone at -50 °C. 
Substantial amounts of silyl enol ethers were formed, however, by adding 
B S T F A to the cold reaction mixtures (eqs 8 and 9). Generation of ethers 
indicated that an interaction with C o H ( C O ) 4 preceded the silylation. Without 
C o H ( C O ) 4 , isobutyraldehyde and methyl isobutyl ketone do not react with 
B S T F A at such a low temperature. 

CoH(CO) 4, 10 mol % 
M e 2 C H C H O + B S T F A > M e 2 C = C H O S i M e 3 (8) 

2 -50 °C 2 35% 

CoH(CO) 4, 10 mol % 
M e 2 C H C H 2 C ( 0 ) M e + B S T F A — > 

-̂ 50 °C 

M e 2 C H C H = C ( O S i M e 3 ) M e + M e 2 C H C H 2 C ( O S i M e 3 ) = C H 2 (9) 
>90% 

The preparative results obtained with different carbonyl compounds can 
be explained by Scheme II. 

It is conceivable that aldehydes and ketones, similarly to ketenes (21) 
or oxiranes (22, 23), behave as hard bases and deprotonate C o H ( C O ) 4 in a 
fast but unfavorable equilibrium reaction, and that the resulting ion pair 
collapses rapidly to the α-hydroxyalkylcobalt compound 1. In consecutive 
reactions, 1 can insert C O to form a tetracarbonyl-ot-hydroxyacylcobalt, 2, 
and give the more stable derivative 3 by silylation of the hydroxy group. 
Addition of P P h 3 to silylated compounds 3 and 4 provides the substitution 
product 5. The catalytic effect of HCo(CO) 4 on the formation of silyl enol 
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)CH-C- • CoHICOU 

; C H - C - ·, coicoii 
O H 

) C H - C - C O ( C 0 ) A 1 

XH-Ç-C^cotcoU 
OH 
1BSTFA 

-CH-Ç-C^Co(C0k fy 

0SiMe3 

ι ^ ° 
XH-Ç-C^Co(C0)3PPh3 

OSiMe3 

XH-C-Co(CO)A 

OSiMe, 
|-CoH{C0|4 

OSiMe, 

BSTFA - CF,C 
OSiMe, 

NSiMe, 
Scheme II. 

ethers from aldehydes or ketones and B S T F A is explained by intermediates 
1 and 3. 

The observed regiospeciflcity of reaction 4 has important mechanistic 
implications concerning some catalytic processes. In both aldehyde and C O 
reductions, C o H ( C O ) 4 was postulated to lose C O , resulting in C o H ( C O ) 3 , 
which is able to coordinate aldehyde. Insertion into the C o - Η bond could 
then occur in two ways (5, 6, 8) (eq 10). 

Ο 
- C o H ( C O ) 3 : 

C 
/ \ 

R Η 

>RCH 2 OCo(CO) 3 

RCH(OH)Co(CO) 3 

(10) 

This mechanism is, however, not very probable. According to molecular 
orbital calculations, the energy of C O dissociation from C o H ( C O ) 4 is pre
sumably high; a dissociation energy of 186 kj mol" 1 was estimated (24, 25). 
The suggestion of a tricarbonyl intermediate is therefore incompatible with 
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the easy and regiospeeific formation of tetraearbonyl-a-hydroxyalkyleobalts 
in our experiments. We prefer an explanation through a low-energy ionic 
path, which may start with the protonation of the aldehyde, as depicted in 
Scheme II. The important role of bases in the hydroformylation of formal
dehyde with rhodium catalysts (26) and in the synthesis of ethylene glycol 
with rhodium (27, 28) or ruthenium (29) also support this view. 
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Oxides as Heterogeneous Promoters 
for Liquid-Phase Hydrocarbonylation 
Reactions with Iodocarbonylruthenium 
Catalysts 

Giuseppe Braca1, Anna Maria Raspolli Galletti1, Glauco Sbrana1, and 
Elizeu Trabuco2 

1Department of Chemistry, University of Pisa, 56126 Pisa, Italy 
2Instituto de Biocencias, Letras e Ciencias Exatas, Universidade Estadual 
Paulista, San Jose do Rio Preto, Brazil 

Basic or acid oxides, used as heterogeneous promoters of carbonyl-
ruthenium catalysts in liquid-phase hydrocarbonylation reactions on 
oxygenated substrates, strongly affect the activity and selectivity of 
the catalytic system. Concurrent or successive reactions of simple 
carbonylation, homologation, hydrogenation to hydrocarbons, and 
etherification take place to varying extents. Carbonylation and ether-
ification are favored by acid oxides and homologation and hydro
genation by basic oxides. This behavior is related to the formation 
and stabilization by the oxides of H+ and H- hydridocarbonylru-
thenium catalytic species, whose relative concentrations in solution 
depend on the nature of the oxide. Heterogeneous oxides are easily 
separated and recycled from the reaction mixture. Their use simplifies 
the catalytic system and allows one to direct the catalytic process 
toward the target product. 

I N H O M O G E N E O U S A N D H E T E R O G E N E O U S CATALYSIS, promoters or cocat

alysts generally operate in the same phase of the catalytically active species. 
This feature is practically an unvarying rule in heterogeneous gas-solid ca
talysis, whereas it is not essential in homogeneous liquid-phase systems. 
Liquid-phase promoters and cocatalysts can interact directly and easily with 

0065-2393/92/0230-0309$06.00/0 
© 1992 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
1

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



310 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

the soluble active species. However, chemical interactions at the liquid-solid 
interface are also important when the two components are in different phases. 

In our research on carbonylation and hydrocarbonylation reactions of 
oxygenated substrates with carbonylruthenium iodide systems, we demon
strated the important role various promoters play in the activity and selec
tivity of the reaction: iodide derivatives (I), complexing agents, Lewis acids, 
and protonic acids (2). Moreover, promoters with different acid-base prop
erties can modify the nature or the relative concentration of the different 
earbonylmetal species present in solution and thus change the total activity 
and selectivity of the system (3, 4). 

Analogous effects related to acid-base interactions are also extensively 
reported in the literature for carbon monoxide hydrogénation with rhodium 
and ruthenium heterogeneous catalysts (5-8). 

With the aim of establishing a bridge between homogeneous and het
erogeneous catalytic phenomena related to the role of promoters, we studied 
the effect of some heterogeneous oxides, y - A l 2 0 3 , M g O , L a 2 0 3 , T i 0 2 , and 
N b 2 O s . These oxides have different Lewis or Bronsted acidity or basicity on 
hydrocarbonylation reactions of oxygenated substrates catalyzed by homo
geneous carbonyl- and iodocarbonylruthenium systems. 

Carbonylation-Homologation of Ethanol and 1-Butanol 

The test reaction chosen was the carbonylation-homologation of ethanol and 
1-butanol with synthesis gas. It was carried out under typical conditions used 
for the hydrocarbonylation of oxygenated substrates with iodocarbonylru
thenium systems (9): ruthenium precursor, Ru(acac)3 (acac is acetyl aceto-
nate, C 5 H 7 0 2 ) or Ru(CO) 4 I 2 ; iodide promoter, C H 3 I or HI; Γ, 200 °C; C O / 
H 2 , 1; P, 14 MPa (Tables I and II). 

Under these conditions a number of concurrent and successive reactions 
(Scheme I), catalyzed either by the protonic cocatalyst or by the ruthenium 
species, take place. The relative selectivities are greatly affected by the 
reaction conditions and by the intervention of the added promoters. 

Under specific conditions, products coming from the direct activation 
of C O are also produced. Water produced in various reactions also plays an 
important role by interacting with the surfaces of the oxides and affecting 
their acid-base properties (JO, IJ). 

To better distinguish and compare the action of the cocatalysts and of 
the ruthenium species, the tables indicate both the total conversion and the 
conversion due only to metal-catalyzed reactions. 

Soluble and Insoluble Aluminum Promoters. The role of soluble 
aluminum halides acting as effective Lewis acids in the activation of C O 
groups bound to organometallic derivatives has been extensively reviewed 
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H + 

H 2 

EtOH + 
CO 

H 2 

CO EtOH 

[Ru] PrOH 

C O - H 2 H + 

[Ru] 

EtCOOH 

[ H + ] 
[Ru] 
[ H + ] 
[Ru] 

EtOEt 

C 2 H 6 

EtCOOH 

EtCOOEt 

EtCOO-n-Pr 

n-PrOH 

EtO-n-Pr 

n-PrO-n-Pr 

EtCOOEt 

MeOH 
MeOEt 

H 2C(OEt) 2 

+ H 2 0 Etherifïcation 

Hydrogénation 

Carbonylation 

+ H 2 0 Homologation 

+ H 2 0 

+ H 2 0 Esterification 

CO activation 
products 

Scheme 1. Products formed in the hydrocarbonylation of ethanol. 

(12). We reported their positive effect on activity and selectivity in some 
hydrocarbonylation reactions of esters (2) and alcohols (3). 

The results of ethanol hydrocarbonylation runs, without solvent or in 
toluene, using different aluminum-soluble and -insoluble promoters, are 
shown in Table I and compared with data obtained by using the usual iodide 
promoter, C H 3 I , alone. 

When initially soluble A l l 3 is used as promoter, it undergoes a partial 
hydrolysis by the water with separation of insoluble aluminum hydroxide. 
This hydrolysis leads to a change in the acid-base properties of the catalytic 
system. In addition, selectivity toward hydrogénation and homologation 
products improves with time (Table III). Accordingly, the ratio of the car
bonylation to the hydrogénation reaction rate, 1.9 at the beginning, de
creases to about 0.9 when the conversions are higher than 50%. 

The interactions of carbonylruthenium clusters with the metal oxide 
surfaces and particularly with the hydroxylated aluminum oxides are well 
documented (7, 13-16). A promotion effect of the alumina surface on the 
kinetics of the alkyl migration-carbonyl insertion reaction in some carbon-
ylmanganese derivatives has also been reported (12, 17). However, exper
imental data concerning the kinetic and selectivity effects of these interac
tions in catalytic reactions are almost rare. 

In our experiments, when hydroxylated alumina is used as a hetero
geneous promoter the basic properties of the - O H groups predominate (13). 
The Lewis acid character, generated by the presence of surface-exposed 
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Table III. Dependence of Selectivity on Conversion in the Hydrocarbonylation 
of Ethanol with Different Promoters 

Turnover Number (7rJ)fe 

Promoter Period Conversion0 Homolo Carbonyl Hydrogén
System (h) (%) gation ation ation Ratio* 

C H 3 I 0-6 22.3 12.3 25.9 11.4 2.27 
18-24 43.5 1.92 1.91 1.71 1.11 

A1I 3 0-4 20.9 16.3 35.0 18.2 1.92 
18-24 57.1 1.26 5.86 6.71 0.87 

N b 2 O S 0-8 22.4 9.2 26.2 1.92 13.60 
18-24 49.2 5.81 18.30 2.64 6.93 

N O T E : Figure 2 caption gives reaction conditions. 
"Only metal-catalyzed reactions. 
^Calculated as (moles of product formed in the indicated reaction) -τ- [(moles of catalyst) (hour)]. 
f Ratio of turnover number carbonylation/turnover number hydrogénation. 

A l 3 + ions, can be exerted only using a high-temperature dehydroxylated y-
alumina in the absence of water (12-18). Thus in the hydrocarbonylation of 
ethanol with C H 3 I and A l 2 0 3 (Table I, run 3), the decrease in ethanol 
conversion can be ascribed to the lowered acidity of the catalytic system due 
to the neutralization of the acid species by the - O H groups. 

Furthermore, the observed increase in selectivity toward hydrogénation 
and homologation (carbonylation plus hydrogénation) products probably re
sults from the involvement of the anionic carbonylruthenium hydrides 
[HRu 3 (CO) u ]~ and [HRu(CO) 4]~, which are particularly active in the hy
drogénation of acyl intermediates (19). 

IR spectra of the reaction product solution recorded at room temperature 
and C O atmosphere show the presence of [HRu 3 (CO) H]~ (Figure 1, spectrum 
Q (v(co) = 2002, 1990 cm"1). This species can be produced on the surface 
by the reaction of chlorocarbonylruthenium derivatives with hydroxylated 
aluminum oxide acting as a halide acceptor (13). 

However, once formed, this HRu-active species can easily be displaced 
from the surface by the strong lone-pair donor ethanol and water. Operating 
in solution can improve the formation of hydrogénation products, while 
depressing that of simple carbonylation. 

When an apolar solvent is used (i.e., toluene) the opposite effect is 
observed. Hydrogénation decreases and carbonylation product selectivity 
increases (Table I; compare runs 1-3 with runs 4-6). 

Analogous effects are observed in 1-butanol hydrocarbonylation (Table 
II), in which the maximum selectivity toward carbonylation products is ob
tained by operating in toluene as solvent. In all cases the use of y - A l 2 0 3 as 
promoter decreases the activity and favors the hydrogénation and homolo
gation reactions. 

Magnesium Oxide. The second promoter tested, magnesium oxide, 
was almost completely hydroxylated (MgO-25: hydrated M g O dried at 
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2 1 0 0 2 0 0 0 2 1 0 0 2 0 0 0 
cm"1 

Figure 1. CO stretching frequencies in the carbonylruthenium species present 
in solution. Promoter system: A , Ch3I; B , Alh; C , y-AhOr-ChJ; D , MgO-ChJ; 
£, La20j-CH3I; F, Nb205-CH31. Key: O , [Ru(CO)3I3]-; Δ , [RuJCO)l2]; A, 

[HRU3(CO)n]-. 

25 °C) and only partially hydroxylated (hydrated M g O dried at 200 °C) 
according to the literature (20). The results obtained (Table IV, runs 14 and 
15) agree with the following actions displayed by these oxides: 

• neutralization of the protonic species HI and H R u ( C O ) 3 I 3 by 
its strong Brônsted basicity (IJ); 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
1

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



CO
 

T
ab

le
 I

V
. H

yd
ro

ca
rb

on
yl

at
io

n 
of

 E
th

an
ol

 w
ith

 D
if

fe
re

nt
 O

xi
de

s 
as

 P
ro

m
ot

er
s 

as
 

ο 2 Ο
 

Ο
 

M
 

ζ w
 

Ο
 

G
 

C/
3 H Ζ C/
3 H δ
 

r n > Ζ N PI
 

O
 > o H C Ζ 

P
ro

m
ot

er
 

Sy
st

em
 

C
on

ve
rs

io
n 

T
yp

es
 o

f 
R

ea
ct

io
ns

 
(c, %

 
se

le
ct

iv
it

y)
 

M
et

al
-C

at
al

yz
ed

 
R

ea
ct

io
ns

 
({ %

 
se

le
ct

iv
it

y)
 

Io
di

de
 

Su
pp

lie
r 

O
xi

de
 

E
th

er
i-

E
st

er
i-

M
et

al
-

H
om

ol
o

C
ar

bo
ny

l
H

yd
ro

gé
n

Ru
n 

(m
m

ol
) 

(g
) 

A"
 

B
b 

fic
at

io
n 

fic
at

io
n 

C
at

al
yz

ed
 

ga
ti

on
 

at
io

n 
at

io
n 

14
f 

C
H

3
I 

(3
.6

) 
U

g0
^ c

 
(1

.0
) 

13
.3

 
7.

1 
43

.0
 

4.
0 

53
.0

 
29

.0
 

4.
6 

66
.4

 
15

r 
C

H
3I

 
(3

.6
) 

M
g

C
W

U
.O

) 
27

.0
 

13
.3

 
47

.0
 

3.
8 

49
.2

 
20

.4
 

7.
4 

72
.2

 
16

 
C

H
3I

 
(3

.6
) 

M
g

C
0 3

 
(1

.0
) 

16
.7

 
8.

1 
47

.8
 

3.
6 

48
.6

 
31

.4
 

12
.2

 
56

.4
 

17
 

C
H

3I
 

(3
.6

) 
L

a
2
0

3 
(1

.0
) 

56
.3

 
22

.0
 

58
.4

 
7.

5 
34

.1
 

25
.6

 
23

.8
 

50
.6

 
18

 
C

H
3I

 
(3

.6
) 

T
i0

2 
(1

.0
) 

68
.4

 
20

.5
 

62
.8

 
7.

3 
29

.9
 

25
.4

 
34

.2
 

40
.4

 
19

 
C

H
3I

 
(3

.6
) 

N
b

2
0

5 
(1

.0
) 

61
.3

 
19

.9
 

59
.2

 
8.

4 
32

.4
 

34
.8

 
37

.1
 

28
.1

 

N
O

TE
: 

R
ea

ct
io

n
 c

on
di

ti
on

s 
ar

e 
gi

ve
n

 i
n

 T
ab

le
 I

. 
T

ot
al

 c
on

ve
rs

io
n.

 
^C

on
ve

rs
io

n 
to

 m
et

al
-c

at
al

yz
ed

 r
ea

ct
io

n
 p

ro
du

ct
s.

 
f
C

i 
pr

od
uc

ts
 f

or
m

ed
 b

y 
C

O
 h

yd
ro

gé
na

ti
on

: 
ru

n
 1

4 
=

 
8 

m
m

ol
; 

ru
n

 1
5 

7.
5 

m
m

ol
. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
1

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



21. BRACA ET AL. Oxides as Heterogeneous Promoters 317 

• absorption of the I ligands (21); and 

• promotion of the formation in solution of [HRu 3 (CO) n ]~ species 
(20). 

Neutralization negatively affects the activation of the substrate by protonation 
(3). The result is a decrease in conversion. The lowest activity is observed 
with the more hydroxylated oxide, MgO-25. 

The second effect, related to the formation of basic magnesium iodides 
(21), seems to be a reversible process. The equilibrium is displaced to right 
under C O pressure, with formation of Ru 3 (CO) 1 2 , and to left toward iodo-
carbonyl species when C O is removed (reaction 1). 

, Ο ^ +CO = 

M g ' + HRu(CO) 3 I 3 = 
3 . O H 

M g ' + [Ru(CO) 4] 3 

I 
(1) 

Finally, hydroxylated magnesia promotes the formation of 
[HRu 3 (CO) n ]~ on the surface (20). This anion is released in solution, as 
indicated by the presence in the IR spectrum (Figure 1, spectrum D) of its 
characteristic v c o bands. 

Ru 3 (CO) 1 2 + H - O - M g ΕΞ 

[ H R u 3 ( C O ) „ ] - ( M g 2 + ) 1 / 2 + C 0 2 (adsorbed) (2) 

This behavior is in accord with the reactivity on the M g O surface of the 
halocarbonylruthenium derivatives (22). 

The formation of the [HRu 3 (CO) n ]~ species favors hydrogénation to 
hydrocarbons and the homologation reaction. It also leads to a significant 
production of C l derivatives (methanol, methyl ethyl ether, and formalde
hyde diethyl acetal) by C O hydrogénation (Table IV, runs 14 and 15) (7, 23). 

When a promoter without Bronsted basicity (such as M g C 0 3 ) is used, 
the [HRu 3 (CO) u ]~ species are not produced. In this case [Mg] 2 + [Ru(CO) 3 -
I3]2~ is the predominant species, and an increase in simple carbonylation 
products is observed (Table IV, run 16). 

Lanthanum and Titanium Oxide. Lanthanum oxide, L a 2 0 3 , has a 
lower basic surface sites content (OH~ and O 2 ) than M g O and hydroxylated 
A l 2 0 3 . Its use causes a lower decrease of catalytic activity and favors the 
formation of carbonylation products by reducing hydrogénation to hydro
carbons. The IR spectra of the solution indicate the prevailing presence of 
the [Ru(CO) 3I 3]- on the [HRu 3 (CO) n ] species (Figure 1, spectrum E). 

Therefore, the use of the neutral oxide T i 0 2 does not affect the process 
to a great extent. Conversions and selectivities obtained in the presence or 
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time, h 

Figure 2. Hydrocarbonylation of ethanol with different promoter systems. 
Reaction conditions: Ru(acac)3y 3.6 mmol; URu, 10; EtOH, 4.8 mol; Τ, 200 
°C; Ρ, 14 MPa; CO/H2, 1; Nb205, 3 g. Key: Selectivity to ·, etherification 
products; O , carbonylation products; •, estenfication products; Δ , homol
ogation products; O , hydrogénation products; evaluated according to refer

ence 3. 

absence of the support are practically the same (compare run 1, Table I, and 
run 18, Table IV). In this case only [Ru(CO) 3I 3]" species are evident in the 
IR spectrum of the reaction solution. 

N i o b i u m Pentoxide. Niobium pentoxide, N b 2 O s , has the highest 
Brônsted acidity strength among all the metal oxides dried at 100 °C, coupled 
with the coexistence of Lewis acid sites on the surface (24, 25). 

This peculiarity has been well exploited in the hydrocarbonylation of 
ethanol. The result is a high activity of the catalytic system with a significant 
decrease in hydrogénation and an improvement of the carbonylation reac
tion. 

The best performances in the production of valuable products (propio
nates and η-propyl derivatives) are obtained by using N b 2 O s . This advantage 
is illustrated by the change with time of the selectivities obtained with 
different catalytic promoters (Figure 2). N b 2 O s appears to be particularly 
effective for the carbonylation and homologation reactions of diethyl ether. 
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Under the reaction conditions, diethyl ether is consumed about 10 times 
more rapidly than in the presence of C H 3 I alone. 

This behavior is also observed in the methyl acetate homologation to 
ethyl acetate in acetic acid solution. The Nb 2 05-[Ru(CO) 3 I 3 ]~ system par
allels that of a homogeneous system promoted with an external soluble 
noncomplexing protonic acid like H P F 6 (2), the activity being higher and 
the selectivities comparable (Table V). 

Conclusions 

The action of oxides used as promoters for soluble ruthenium hydrocarbon
ylation catalysts originates from their acid-base (Bronsted and Lewis) prop
erties. These properties are more or less enhanced by the solvating capacity 
of the liquid medium. This action is strictly related to the formation and 
stabilization in solution of different metal species active in the fundamental 
steps of the catalytic cycle. 

Several cluster species are formed and stabilized by interaction of car-
bonylruthenium derivatives with oxide surfaces (26). However, only three 
types of derivatives are produced in solution when these species are brought 
into contact, under hydrocarbonylation conditions, with a liquid polar me
dium. The detected species are [Ru(CO) 3I 3]~, [HRu 3 (CO) u ]~ (probably in 
equilibrium with [HRu(CO) 4]"), and the neutral species Ru 3 (CO) 1 2 . Their 
relative concentrations are strongly dependent on the type of oxide. 

Basic oxides (MgO, hydroxylated A l 2 0 3 , and L a 2 0 3 ) , acting as Brônsted 
bases and iodide acceptors, promote the formation of the carbonyl hydrido 
species [HRu 3 (CO) n ]~. They have a pronounced hydrogenating activity (3) 
and favor the production of homologation products and (unfortunately) of 
hydrocarbons. 

Acid oxides (e.g., N b 2 O s ) , acting as Brônsted acids, have a positive effect 
on the activation of the substrate. They promote the formation of carbon-
ylruthenium iodide species, active in the carbonylation steps of the process 
(3). 

Thus these insoluble oxides may be advantageously used, for instance, 
in fixed beds contacted with liquid hydrocarbonylation solutions containing 
the homogeneous catalytic species. Here they would improve the activity 
and modify the selectivity of the process without introducing complications 
connected with the use of soluble acid or basic promoters. 
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Rhodium-Catalyzed Reductive 
Carbonylation of Methanol 

Kenneth G. Moloy and Richard W. Wegman 

Union Carbide Corporation, P.O. Box 8361, South Charleston, WV 25303-0361 

Rhodium catalyzes the reductive carbonylation of methanol to acet-
aldehyde if the appropriate diphosphine ligands are employed. The 
reductive carbonylation of methanol has been studied for nearly 50 
years. Cobalt catalysis has dominated this area from its beginning, 
and significant improvements were made through the use of various 
promoters and cocatalysts. However, in all cases the reaction con-
ditions are extreme (4000-8000 psi, 175-220 °C). The new rhodium 
catalyst gives rates and selectivities comparable to the best cobalt 
catalysts (100-200 turnovers per hour, 80-90%) but at much lower 
temperature and pressure (140 °C, 1000 psi). Addition of ruthenium 
to this catalyst results in the in situ hydrogenation of acetaldehyde 
and production of ethanol. The catalyst is very robust, and crystalline 
acetyl complexes Rh(diphosphine)(COCΗ3)(I)2 are isolated quanti
tatively after catalysis. These complexes can be reused as catalysts 
with no loss in catalyst performance and again be isolated in very 
high yield. Mechanistic studies suggest that the acetyl complexes are 
important intermediates in the catalytic reaction. 

V ^ O B A L T - B A S E D CATALYSTS H A V E D O M I N A T E D research activity in the area 

of reductive carbonylation of methanol for nearly 50 years (1-8). Although 
other metals also catalyze these reactions, they are generally inferior to 
cobalt-based catalysts. 

C O / H 2 

C H 3 O H % C H 3 C H O + H 2 0 
(methanol hydroformylation) 

(1) 

0065-2393/92/0230-0323$06.00/0 
© 1992 American Chemical Society 
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C O / H 2 

C H 3 O H i C H 3 C H 2 O H + H 2 0 (2) 
(methanol homologation) 

Improvements in cobalt-based catalysts have been made through the 
use of various cocatalysts and promoters such as iodide, phosphines, and 
transition metals. Iodide, by far the most important of this group, is almost 
always employed. In spite of significant advances in catalyst performance, 
high pressures and temperatures are required. These traditional catalysts 
are usually operated at pressures of 4000-8000 psi and temperatures of 
175-200 °C. The high-pressure requirement poses obvious difficulties. The 
high temperatures employed often result in the formation of heavy byprod
ucts via aldol condensation reactions of acetaldehyde. A catalyst exhibiting 
high activity at pressures below 1000 psi and at lower temperature would 
be of significant practical interest. 

We became interested in the homologation of methanol as part of a 
Department of Energy contract to investigate the synthesis of fuel alcohols 
from synthesis gas. The drawbacks of the traditional cobalt catalysts 
prompted us to consider other metals. An obvious choice is rhodium. 

Both rhodium and cobalt catalyze a variety of carbonylation reactions, 
such as olefin hydroformylation and the carbonylation of alcohols to acids 
(9, 10). Rhodium catalysts are significantly more active than their cobalt 
counterparts, allowing reactions to be conducted at much lower extremes 
of temperature and pressure. Previous studies of the use of rhodium in the 
reductive carbonylation of methanol were not encouraging (II). The reason 
is quite simple. Iodide is a standard promoter in the cobalt-based catalysts. 
In the presence of iodide and C O , rhodium is an extremely proficient catalyst 
for the carbonylation of methanol to acetic acid. Of course, this property 
forms the basis for the well-known Monsanto acetic acid process (12-15). 

To devise a strategy to divert the carbonylation to reductive carbon
ylation, it is instructive to consider the mechanism of the carbonylation 
reaction. Fortunately, the mechanism of the Monsanto chemistry has been 
studied extensively (12-15). It is summarized in Scheme I. 

A key step is the reductive elimination of acetyl iodide from 
Rh(CO) 2 (COCH 3 ) I 3 . This elimination is facile, occurring rapidly at tem
peratures as low as 25 °C (oxidative addition of C H 3 I to Rh(I) is rate-limiting). 
If rhodium is to be employed in a reductive carbonylation scheme, it would 
seem that acyls much more stable with respect to reductive elimination of 
acid iodides or other nonproductive reactions would be required. In this 
way interception of the acyl by hydrogen or other reductant might be pos
sible. 

Work by Slack et al. (16) and McGuiggan et al. (17) suggests a ligand 
environment to achieve this interception. They showed that chelating di-
phosphines [e.g., Ph 2 P(CH 2 ) 3 PPh 2 ] impart high stability to rhodium acyl 
complexes. Thus, the five-coordinate complexes (1) resist reductive elimi-
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Rh(CO)2l2-

Rh(CO)2(CH3)l3-

Rh(CO)(COCH3)l3-
J 

CH3COI + CH3OH + CH 3C0 2CH 3 • HI 

CH3OH + HI **CH 3 UH 2 0 

Scheme I. Mechanism of the carhonyhtion reaction. (Reproduced from ref
erence 22. Copyright 1989 American Chemical Society.) 

nation and decarbonylation even at elevated temperatures. To our knowl
edge, the reactivity of these acyls with respect to reducing agents has not 
been investigated, although they have been reported to catalyze methanol 
carbonylation (18). The stability of these complexes prompted us to attempt 
the reductive carbonylation of methanol with rhodium, iodide, and diphos
phine ligands (19-22). 

Experimental Procedure 

The following is a general procedure for conducting catalysis experiments. 
In a nitrogen-filled glove box a 100-mL Parr autoclave was charged with 
Rh(CO)2(acac) (0.26 g, 1 mmol; acac is acetylacetonate) and methanol. 
Ph 2 P(CH 2 ) 3 PPh 2 (0.41 g, 1 mmol) was slowly added. When gas evolution ceased, 
RuCl 3 (H 2 0) t (0.82 g, ~4 mmol) was added; the reactor was sealed and removed 
from the glove box. Next the reactor was connected to a stirrer and high-pressure 
gas manifold. The apparatus was flushed with synthesis gas (2:1 H 2 :CO) by 
pressurizing to 30 psig and venting three times. C H 3 I (2.5 mL, 40 mmol) was 
added via syringe; the reactor was sealed and pressurized to 400 psig. The reactor 
was heated to 140 °C and then pressurized to 975 psig. The reaction was mon
itored by gas uptake. After each 50-psig drop, the reactor was repressurized to 
975 psig. After 2.5 h the autoclave was cooled to 18 °C and the gas was vented 
through a trap cooled by dry ice. 

COR 

R = phenyl, alkyl 

1  P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
2

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



326 H O M O G E N E O U S T R A N S I T I O N M E T A L C A T A L Y Z E D R E A C T I O N S 

Analysis of the liquid products (gas chromatography) showed the presence 
of C H 3 C H O , C H 3 C H 2 O H , and C H 3 C 0 2 H , in addition to unreacted methanol. 
The selectivity to reductive carbonylation products was 80%. This calculation 
takes into account the many ether-, ester-, and acetal-producing equilibria that 
are established in these reaction mixtures, as is traditional in studies of this 
chemistry (IS). Table I shows the composition of a typical product mixture 
resulting from these reactions. 

Table I. Representative Product Distribution 
Product Condition A" Condition Bb 

C H 3 C H O 1.9 12.1 
CH 3 CH(OCH 3 ) 2 0.3 1.7 
CH 3 CH(OCH 3 )(OCH 2 CH 3 ) 0.2 0.4 
C H 3 C H 2 O H 68.9 55.5 
C H 3 C H 2 O C H 3 

(CH 3 CH 2 ) 2 0 
6.1 8.1 C H 3 C H 2 O C H 3 

(CH 3 CH 2 ) 2 0 1.2 0.7 
C H 3 C 0 2 C H 2 C H 3 4.5 2.3 
C H 3 C 0 2 H 6.2 4.3 
C H 3 C 0 2 C H 3 10.2 14.5 
NOTE: All values are given in mole percents. All experiments were 
conducted with 40 mL of C H , O H and 40 mmol of CH,I, at 100 psi 
of 2:1 H 2 - C O and 140 °C. 
"Condition A: catalyst, Rh, Rh(CO)2(acac) (2.0 mmol); ligand, 
PhaPiCH^PP^ (2.0 mmol); Ru, RuCl, (4.0 mmol); time, 2.5 h. 
'Condition B: catalvst: Rh, Ph2P(CH»WPPh2 (2.0 mmol); no ligand; 
Ru, (CHJ4NRu(CO).J., (4.0 mmol); time, 2.0 h. 

The rate of methanol conversion to these products was 3 mol of C H 3 O H 
per liter of catalyst per hour, which corresponds to a turnover frequency of ~ 120 
per hour. Analysis of the gaseous products showed small amounts of C H 4 and 
trace amounts of C 0 2 . The autoclave also contained an orange crystalline ma
terial, which was shown by NMR and IR spectroscopy and elemental analysis 
to be Rh(Ph 2P(CH 2) 3PPh 2)(COCH 3)(I) 2. IR analysis also showed the presence of 
Ru(CO)3(I)3" (23-25). This species is formed regardless of the ruthenium source 
employed and therefore is a thermodynamic sink under these reaction conditions. 
The most likely counterion is H + (23-25). 

Further details regarding experimental procedures and characterization of 
the complexes described here may be found elsewhere (22). 

Results and Discussion 

Our initial experiments involved the addition of diphosphine ligands to meth
anol suspensions of Rh(CO)2(acac). When gas evolution ceases (displacement 
of C O by diphosphine), the reactor is charged with C H 3 I and synthesis gas. 
The resulting solution contains a very active catalyst for the hydroformylation 
of methanol to acetaldehyde. More important, the catalysis occurs at much 
lower temperatures and pressures than those required for cobalt catalysts. 
Thus, for the diphosphine P h 2 P ( C H 2 ) 3 P P h 2 , acetaldehyde is produced at 
rates of 4-6 mol L " 1 h" 1 and 80+% selectivity at 1000 psi total pressure and 
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140 °C. The remaining liquid products are composed entirely of acetic acid 
(as the free acid and its methyl ester). Small amounts of methane are also 
produced, but generally no more than 5 mol %. Methanol can be hydro
genated to methane in the presence of rhodium and iodide (26). 

Reaction Selectivity. As our initial interest in this topic was the 
production of higher alcohols via synthesis gas chemistry, we investigated 
methods to hydrogenate the acetaldehyde produced in the hydrofor
mylation reaction to ethanol. Addition of ruthenium to the rhodium-
diphosphine-iodide catalyst results in the homologation of methanol to 
ethanol (27-31). As shown in Figure 1, the relative amount of C H 3 C H O and 
C H 3 C H 2 O H is directly related to the amount of ruthenium employed. More
over, the total selectivity (defined as the sum of C H 3 C H O and C H 3 C H 2 O H ) 
remains constant with changing ruthenium concentration. This result shows 
that rhodium governs the overall reaction selectivity and ruthenium serves 
as an in situ reductant. 

The reaction selectivity is highly dependent on the diphosphine ligand. 
Although a wide spectrum of diphosphines has been examined (Table II), 
to date we have found little correlation between ligand structure and catalyst 
performance. The best results are obtained with diphosphines related to 
P h 2 P ( C H 2 ) 3 P P h 2 , where selectivities greater than 80% can be achieved. In 
contrast, shortening or lengthening the diphosphine bridge or replacing the 
phenyl groups with alkyls results in significant losses in selectivity. As ex
pected, monodentate phosphines (e.g., PPh 3) give very poor results. 

80 

0 ^ , , , , , j i , 1 1 1 1 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 

[Ru(CO)3l3-], M 
Figure 1. Product distribution as a function of ruthenium concentration. Key: 
•, CH3CHO; • , CH3CH2OH; ·, CH3CHO + CH3CH2OH. Conditions for 
all experiments: 1000 psi of 2:1 H2-CO, 140 °C, 0.0188 M 2a. (Reproduced 

from reference 22. Copyright 1989 American Chemical Society.) 
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Table II. Selectivity as a Function 
of Diphosphine Ligand 

Diphosphine Selectivity (mmol)" 
Ph2P(CH2)3PPh2 80 
(CH3)2P(CH2)3P(CH3)2 35 
(p-tol)2P(CH2)3P(p-tol)2 54 
(p-ClC 6H 5) 2P(CH 2) 3P(p-ClC 6H 5) 2 29 
(CH3)PhP(CH2)3PPh(CH3) 24 
(c-hex)2P(CH2)3P(c-hex)2 34 
(CH 3CH 2) 2P(CH 2) 3PPh 2 54 
Ph2P(CH2)4PPh2 7 
Ph2P(CH2)2PPh2 39 
(p-tol)2P(CH2)2P(p-tol)2 26 
Ph 2P(CH 2) 2CH(CH 3)PPh 2 65 
Ph2P(CH2)2C(CH3)2PPh2 71 
2PPh3 6 
NOTES: All experiments were conducted at 140 ° C , 1000 psig of 2:1 
H 2 - C O . Ph, phenyl; toi, tolyl; and c-hex, cyclohexyl. 
"Selectivity to C H 3 C H O - C H 3 C H 2 O H ; liquid products only. 

Stability. For most diphosphines, an orange crystalline product is 
typically present at the end of these experiments. We have unequivocally 
identified a number of these complexes as the acetyl complexes 2a-2f. These 
same complexes led us to investigate the use of diphosphine ligands. The 
fact that they are isolated in quantitative yield at the end of these experiments 
further demonstrates their stability. The complexes so isolated, or prepared 
by alternative synthetic routes, can be employed as catalysts with no change 
in rate or selectivity and again be isolated unchanged in essentially quan
titative yield. 

Some phosphine ligands are quaternized by C H 3 I under the reaction 
conditions, particularly monodentate phosphines such as PPh 3 . This situation 

COCH3 

Ph2PCH2C(CH3)2CH2PPh2 2c 

Ph2P(CH2)2CH(CH3)PPh2 2d 

(p-tol)2P(CH2)3P(p-tol)2 2e 

(p-CIC6H5)2P(CH2)3P(p.CIC6H5)2 2f 
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is easily detected by the presence of Rh(CO) 2 I 2 (IR) or C H 3 P R 3
 + ( 3 1P NMR) 

in the product solutions. Diphosphine complexes 1 are very resistant to this 
degradation, showing no evidence of quaternization under reaction condi
tions after the longest times we have investigated to date (11 h). 

Reactivity of Complexes 2. The stability and isolation of what may 
be a key reactive intermediate in the catalysis provided us with a unique 
opportunity to investigate the mechanism of this chemistry. A reasonable 
assumption is that the acyls are converted to acetaldehyde. This possibility 
was tested by investigating the reaction chemistry of complex 2a. We first 
examined the reaction of 2a directly with H 2 (120 psi, 120 °C); it does indeed 
yield acetaldehyde. The hydride complex 3 is also produced in this reaction, 
as shown in eq 3. Spectroscopic data indicate that this complex adopts a 
square-based pyramidal structure with an apical hydride, analogous to acyl 
complexes 2. X-ray crystallography, done in collaboration with J. L . Peterson 
(West Virginia University), shows that the structure of complex 3 is a cen-
trosymmetric dimer with bridging iodides. Both the hydride and acetalde
hyde are formed in essentially quantitative yield. 

2a + H 2 — * - * Rh(PPh 2(CH 2) 3PPh 2)(H)I 2 + C H 3 C H ( O C H 3 ) 2 (3) 

Other pathways to convert the acetyl ligand of 2 to acetaldehyde were 
also investigated. One likely possibility is via the protonation of 2 (32). Given 
the acidic nature of these reaction solutions, this possibility seemed reason
able. However, treating 2a with the powerful acids HI or C F 3 S 0 3 H does 
not produce acetaldehyde. In fact, no reaction at all occurs. IR monitoring 
of C H 2 C 1 2 solutions of 2a in the presence of C F 3 S 0 3 H shows no shift in the 
acetyl carbonyl vibration at 1701 cm" 1 . This result is perhaps not surprising 
in that little backbonding from Rh(III) to the acetyl ligand is expected. Thus 
the contribution of a resonance form such as 5 is minimized. This result 
seems to rule out the involvement of acid in the production of acetaldehyde. 

Reaction of 2 with hydride (e.g., Rh-H) is also a potential route to 
acetaldehyde. However, treatment of 2 with a variety of hydridic (R 3 SnH, 
R 3 B H L i ) reagents does not lead to liberation of C H 3 C H O . Complexes 2 are 
also unreactive with hydride complex 3. Further, bimolecular reactions of 
2 with a rhodium hydride is inconsistent with kinetic results (vide infra). 

C H O H 

3 

4 5 
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In addition to the possibility that the acyl complexes are directly re
sponsible for the production of acetaldehyde, the cis arrangement of acetyl 
and iodide ligands in complexes 2 suggests that reductive elimination of 
acetyl iodide is also possible. In the presence of C H 3 O H or H 2 0 this reaction 
would immediately result in the formation of acetate and therefore explain 
the formation of acetic acid. In view of the preceding discussion, however, 
it was not surprising to find that thermolysis of complex 2a in C H 3 O H (140 
°C, Ν 2 , 45 min) leads to only trace amounts of C H 3 C 0 2 H (as the free acid 
or its methyl ester) and recovery of 2a. 

This rate is far too slow to account for the formation of C H 3 C 0 2 H during 
catalysis. If the reaction is conducted under a C O atmosphere, however, 
C H 3 C 0 2 H is produced much more rapidly. In fact, this reaction leads to 
the catalytic carbonylation of C H 3 C 0 2 H , and complex 2a is again recovered 
intact (18). No additional C H 3 I was added. This result not only confirms the 
possibility that 2 can be used to generate C H 3 C 0 2 H , but also demonstrates 
that 2 is a competent catalyst for this transformation. The fact that C H 3 C 0 2 H 
is observed only upon treatment of 2 with C O suggests that C O coordination 
is required prior to reductive elimination of C H 3 C O I . 

Kinetic Studies. These studies suggest a reaction sequence in which 
complexes 2 are intimately involved in the selectivity-determining step. 
Thus, conversion of the acetyl ligand to acetaldehyde has been demonstrated 
by reaction with H 2 . Alternatively, the catalytic formation of C H 3 C 0 2 H is 
possible if 2 is treated with C O in the presence of C H 3 O H . The stability of 
complexes 2 (relative to other reaction intermediates) further indicates that 
they are thermodynamic sinks. This conclusion predicts that complexes 2 
are directly involved in the overall rate-determining step. 

The reaction studies discussed suggest that the rate- and selectivity-
determining step involves the reaction of 2 with either H 2 or C O . If this is 
true, then the reaction rate should be first-order in 2. No other chemistry 
should appear in the rate law. Thus, the reaction should be zero-order in 
iodide. A brief kinetic analysis was undertaken to test these predictions. 

The rate dependence on 2a was first investigated. The kinetic analyses 
were performed by monitoring gas uptake as a function of time. Uptake is 
typically linear for the first 40-50 min; at longer times significant curvature 
occurs. This time span corresponds to ~5% C H 3 O H conversion and is there
fore suitable for determining reaction orders by the method of initial rates 
(33). Reaction orders were determined by measuring the initial gas uptake 
rate vs. time at different concentrations of 2a. Concentrations were varied 
by 1 order of magnitude. 

Figure 2 illustrates the results from these experiments. The data show 
that the reaction is first-order in 2a over the concentration range 0-0.03 M . 
This result is consistent with the reaction scheme discussed. However, the 
rate law abruptly changes to zero-order in [Rh] at concentrations greater 
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30 

Ε 
CO 
Q. 

0.00 0.02 0.04 0.06 0.08 0.10 

[Rh], M 

Figure 2. Initial gas uptake rate dependence on rhodium concentration. Con
ditions for all experiments: 1000 psi of 2:1 H2-CO, 140 °C, 0.10 M 
(CHahNRuiCOhh, 10 M CH3I. (Reproduced from reference 22. Copyright 

1989 American Chemical Society.) 

than ~0.03 M . The explanation for this observation is straightforward: at 
concentrations greater than 0.03 M the solubility limit of 2a is exceeded. 
We measured the solubility of 2a at 140 °C in C H 3 O H ; it corresponds exactly 
with the change in rate law. This observation is very significant. 

Although 2a was employed as the catalyst charge for these experiments, 
the experiments in reality only measure the rate as a function of rhodium 
concentration and do not distinguish among the many possible rhodium 
species that could be responsible for the observed kinetics. The observation 
that the rate behavior depends on a distinct physical property of 2 is con
sistent with a model wherein this species is involved in the rate-determining 
step. However, the possibility cannot be ruled out that another species with 
similar solubility properties is actually responsible for the observed rate 
behavior. 

The reaction order with respect to iodide was also measured. Figure 3 
shows that over the concentration range 0-1.0 M the rate exhibits a zero-
order dependence on iodide. This result is exactly as predicted. In these 
experiments rhodium and ruthenium are charged as the iodo complexes 2a 
and [ (CH 3 ) 4 N][Ru(CO )3 l 3 ] , respectively. Thus, there is an ample reservoir 
of iodide available for catalysis. Gas chromatographic analyses of the final 
reaction solutions show that experiments employing little or no C H 3 I initially 
have only trace amounts of C H 3 I present at the end of the experiment, and 
the metal-iodo complexes are recovered intact. This analysis further confirms 
that very little free C H 3 I is required for catalysis. 

Although this latter result may further suggest that C H 3 I is not involved 
in the reaction chemistry whatsoever, labeling studies indicate otherwise. 
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25 

c 

Ε 
CL 

0 

[CH3I], Μ 

Figure 3. Initial gas uptake rate dependence on iodide concentration. Con
ditions for all experiments: 1000 psi of 2:1 H 2 - C O , 140 ° C , 0.0188 M 2a, 0.1 
M (CH3)4NRu(CO)3l3. (Reproduced from reference 22. Copyright 1989 Amer

ican Chemical Society.) 

Thus, a typical reductive carbonylation experiment was conducted with 
l 3 C H 3 I as promoter. Analysis of the reaction products showed incorporation 
of the label in both the C H 3 C H O - C H 3 C H 2 O H and C H 3 C 0 2 H produced. 
The C H 3 I in the final reaction solution was found to be almost entirely l 2 C . 
C H 3 I is apparently converted to products and regenerated under the reaction 
conditions. This result is consistent with the involvement of iodide as a 
promoter in this chemistry, although it has no influence on the reaction rate. 

Isotopic Tracer Studies. An additional pathway to C H 3 C H O that 
must be considered is via hydrogénation of C H 3 C 0 2 H or its esters. The 
diphosphine catalyst has been shown to catalyze the carbonylation of 
C I I 3 O H . The selectivity to reductive carbonylation products may simply 
reflect the different ability of various catalysts to hydrogenate the acid or 
ester. To test this possibility a homologation run was spiked with labeled 
acetic acid ( C H 3

1 3 C 0 2 H ) . The resulting products, analyzed by gas chro-
matography-mass spectroscopy, showed no detectable amounts of label in 
the C H 3 C H O or C H 3 C H 2 O H produced. Diluted label was detected in 
C H 3 C 0 2 H and its methyl and ethyl esters. Hydrogénation of acetic 
acid-acetate ester is therefore not a viable pathway to the reductive car
bonylation products. This result is not surprising in that hydrogénation of 
esters and acids is difficult. It requires much more extreme conditions than 
those employed here (34-37). 

The Catalytic Cycle. The catalytic cycle shown in Scheme II is 
consistent with the available kinetic, mechanistic, and labeling results. The 
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Scheme 11. The catalytic cycle. 

first step is oxidative addition of C H 3 I to Rh(I); a reasonable possibility is 
Rh(diphosphine)(CO)I. We tested this theory by preparing Rh(PhP 2 (CH 2 ) n -
PPh2)(CO)I (n = 2 or 3) and examining their reactivity with CII 3 I . Oxidative 
addition occurs under mild conditions (25 °C, several hours) and produces 
a mixture of the two isomeric methyl complexes, as shown in eq 4. 

C > < J , CH3I 
25°C 

Ç H 3 

d>Rh<; 
CO 

CH 3 

ι 
CP ' n . . p i , . . i i l I (4) 

These transient complexes have not been isolated, as they gradually undergo 
migratory insertion to yield the acyl complexes 2. Similar behavior has been 
reported for analogous complexes with monodentate phosphines (38-41). 
Note that only isomer 7 has the required cis arrangement of C H 3 and C O 
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ligands required for migratory insertion. The oxidative addition must there
fore be reversible, at least with respect to isomer 6. At the 130-150 °C 
temperatures employed for catalysis, this sequence of oxidative addi
tion-migratory insertion is expected to be extremely rapid. 

The next step in the reaction is the most critical. Complexes 2 may react 
with H 2 to give C H 3 C H O and hydride or with C O to generate C H 3 C 0 2 H . 
The evidence available so far is consistent with this step being both rate-
and selectivity-determining. Thus, the key to the successful application of 
diphosphine ligands to effect reductive carbonylation lies in the intrinsic 
reactivity of complexes 2 with H 2 vs. C O . Reductive elimination of C H 3 C O I 
directly from 2 is apparently disfavored, probably because they are already 
unsaturated with 16 electrons. Thus, prior coordination of C O is required 
to give the 18-e~ intermediate Rh(diphosphine)(CO)(COCH 3)I 2, from which 
reductive elimination is much more favorable. 

The hydrogenolysis of 2 to C H 3 C H O , obviously the most critical step 
of the reaction, is also the most perplexing. Hydrogenolysis of Rh(I)-carbon 
bonds is well known and is an important step in many catalytic reactions 
that employ rhodium. These reactions are believed to involve oxidative 
addition of H 2 to generate a Rh(III)-dihydride. Reductive elimination results 
in hydrogenolysis of the Rh-carbon bond and formation of a Rh(I)-hydride. 
The mechanism of the corresponding reaction with the Rh(III)-carbon bond 
in complexes 2 is not so obvious. Several mechanisms can be envisioned, 
but to date there is little or no evidence by which to judge them. 

The remaining step in this sequence is conversion of the hydride to acyl 
complexes 2. Although hydride 3 is thermally robust (it is prepared at 120 
°C), heating this complex in the presence of C O ( C H 3 O H solvent) leads to 
rapid, quantitative formation of complex 2a and catalytic production of 
C H 3 C 0 2 H . Precoordination of C O to produce the carbonyl adduct 
Rh(diphosphine)(CO)(H)I2, followed by reductive elimination of HI, is a 
reasonable explanation for this observation. The HI so produced is expected 
to form C H 3 I rapidly in C H 3 O H solvent. Oxidative addition of C H 3 I to 
Rh(diphosphine)(CO)I would then rapidly generate acyl complex 2 as the 
observed product. 

Conclusions 

We have demonstrated that with the proper choice of ligands, rhodium 
catalyzes the reductive carbonylation of methanol. The catalyst performs 
with good rates and selectivities at much lower temperatures and pressures 
than previously demonstrated for more traditional catalysts. Its robust nature 
has allowed us to explore in-depth the chemistry of this catalyst. 

Although most of the reaction steps appear to be straightforward, the 
key step, hydrogenolysis of acyl complexes 2, is not well understood. In 
particular, the hydrogenolysis of a Rh(IlI)-carbon bond is unusual and sug-
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gests several interesting mechanisms such as heterolytic H 2 activation or 
four-centered transition states, among other possibilities. The available evi
dence suggests that this hydrogenolysis is both rate- and selectivity-deter
mining. Thus, a better understanding of this reaction may lead to simulta
neous enhancement of both the reaction rate and selectivity. 
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Hydrogen Activation by Soluble Metal 
Oxide Complexes 

R. J. Klingler, T. R. Krause, and J. W. Rathke 

Chemical Technology Division, Argonne National Laboratory, 
Argonne, IL 60439 

To better define the chemistry associated with nucleophilic oxide 
centers, the catalysis of the water-gas shift reaction was investigated 
in triethylene glycol solution (150-250 °C and 1-300 atm) by em
ploying alkali metal hydroxide catalysts. Under reaction conditions 
most of the sodium salt is in the form of the formate complex, which 
is produced through the carbonylation of hydroxide ion. The resultant 
water-gas shift reaction is first order in sodium formate over a con
centration range from 0.01 to 1.0 M. Both formic and acetic acids 
have a beneficial effect on the rate of dihydrogen evolution within 
the sodium hydroxide-formate water-gas shift system. Deuterium, 
D2, is produced in 93% isotopic purity when the reaction is conducted 
in D2O-triethylene glycol-d2. It exhibits a substantial inverse kinetic 
isotope effect (kH/kD = 0.5) compared to the analogous water-gas 
shift reaction conducted in H2O-triethylene glycol. The kinetic results 
indicate that the sodium hydroxide-formate water-gas shift system 
proceeds through an intermediate (or transition state) with substan
tial H-H bond order. This activity contrasts with earlier proposals 
for nucleophilic dihydrogen activation, which focused on a free hy
dride ion intermediate. 

D I H Y D R O G E N IS H E T E R O L Y T I C A L L Y C L E A V E D (I) on most metal oxides, 
with the hydride and the proton residues going to the metal and oxygen 
centers, respectively. For example, dihydrogen is reversibly chemisorbed 
onto zinc oxide at -45 °C with the formation of zinc hydride and surface 
hydroxyl groups (eq 1) (2, 3), both of which are observed by IR spectroscopy. 

{ -Zn-0-Zn-} s + H 2 { -ZnH + HOZn-} (1) 

0065-2393/92/0230-0337$06.00/0 
© 1992 American Chemical Society 
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The heterolytic cleavage of dihydrogen by metal oxides is usually de
scribed as a four-centered transition state in which an empty Lewis acid site 
on the metal center and a Lewis base site on the oxygen center simulta
neously interact with opposite ends of the dihydrogen molecule. Further
more, although the metal-centered Lewis acid and the oxygen-centered 
Lewis base act in concert in the four-centered transition state, they are not 
necessarily equal partners in the process. Indeed, the metal is usually 
considered to be the primary point of interaction for the dihydrogen mole
cule (4). 

However, the role of the nucleophilic oxygen centers may be under
estimated in many of these metal oxide systems because the hydrogénation 
of an organic substrate can be catalyzed with a hydroxide ion catalyst in the 
complete absence of a metal center (5). 

Deuterium exchange has been known to be catalyzed by bases since the 
1936 work of Wirtz and Bonhoeffer (6) (eqs 2 and 3). 

O H -
H 2 0 + D 2 > H O D + H D (2) 

N H 3 + D 2 - A N H 2 D 4- H D (3) 

Base-catalyzed deuterium exchange can be quite rapid. The half-life in 
the liquid ammonia-sodium amide system (7) is less than 1 min at -53 °C. 
The kinetics of the base-catalyzed deuterium-exchange reaction has been 
investigated by a number of groups (6-12). The early mechanistic work is 
described in terms of hydroxide attack on the dihydrogen molecule to dis
place a free hydride ion intermediate, which subsequently reacts rapidly 
with the proton source (eqs 4 and 5). 

D 2 + O H " > D " + D O H (4) 

fast 
D " + H 2 0 > H D + O H " (5) 

However, more recent gas-phase work (13) is able to rule out a free 
hydride ion intermediate, at least in the gas phase. The heat of formation 
of gaseous hydride ion is known, and the observed barrier for deuterium 
exchange is too small, by a factor of 5, to generate a high-energy hydride 
ion intermediate. Instead, Grabowski et al. (13) propose an addition adduct 
between the hydroxide ion and the dihydrogen molecule. 

The proposed intermediate, H 3 0 ~ ion, is a long-lived species in ion 
cyclotron resonance experiments (14-16). The nature of the bonding within 
this species has been investigated by extended basis set molecular orbital 
calculations (17, 18). The molecular orbital calculations on the H 3 0 ~ ion 
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system indicate that hydride ion is stabilized by 26 kcal through coordination 
to the Lewis acidic end of a water molecule, [ H O H · H]~. Stabilization of 
the hydride ion increases the lifetime of this species and could facilitate 
hydride transfer to organic substrates. 

Indeed, it is possible to hydrogenate organic substrates with base cat
alysts, as demonstrated by Walling and Bollyky (19, 20). These workers 
observed the hydrogénation of benzophenone and nitrobenzene employing 
a potassium f-butoxide catalyst. Walling (20) proposed a mechanism similar 
to that suggested for the early solution work on deuterium exchange. Thus, 
Walling's mechanism for base-catalyzed hydrogénation contains a free hy
dride ion intermediate. Alternatively, the hydride ion might exist as a tight 
complex with the Lewis acidic end of the alcohol solvent. No kinetic data 
are available for this system. 

We attempted to probe the potential application of nucleophilic dihy
drogen activation processes for synthesis gas transformations with metal oxide 
catalysts. Our recent efforts in this direction have been focused on deter
mining the kinetics for the reduction of carbon dioxide catalyzed by alkali 
metal hydroxide complexes in triethylene glycol solution (eq 6). 

This reaction is commonly referred to as the water-gas shift equilibrium, 
and standard commercial catalysts are available. The experimentally re
versible reaction is usually conducted in the thermodynamically favorable 
dihydrogen evolution direction. The homogeneous alkali metal system is of 
fundamental mechanistic interest. Measurements (5) have demonstrated that 
the activation barrier observed for the catalysis of the water-gas shift reaction 
by solvated hydroxide ion is comparable to the activation barrier exhibited 
by an industrially used iron oxide catalyst. In this industrial reaction the 
metal and oxide centers are free to exert synergistic effects. 

The reactions were conducted in gold-plated stainless steel autoclaves, as 
described elsewhere (5). Identical results were obtained in a Teflon 
[poly(tetrafluoroethylene)] block reactor in which no part of the solution or 
gas phase contacts the stainless steel support walls. These precautions were 
necessary because formic acid produced through the carbonylation of water 
(eq 7) rapidly builds up to nearly equilibrium concentration levels under 
steady-state water-gas shift reaction conditions at 180 °C. 

O H 
H 2 + C 0 2 > H 2 0 + C O (6) 

Results 

O H 
H 2 0 + C O > H 2CO< '2 (7) 
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Formic acid is corrosive to stainless steel and pentacarbonyliron is known 
to be a water-gas shift catalyst in basic solutions (21, 22). Significantly, 
pentacarbonyliron was not detected in any of the solutions removed from 
either the gold-plated or the Teflon block reactors. In addition, as a control 
reaction, pentacarbonyliron was intentionally added to the alkali metal sys
tem and no increase in the rate of dihydrogen evolution was observed (5). 

This evidence demonstrates that the equilibrium formic acid level pro
duced by reaction 7 would be sufficient to inhibit the pentacarbonyliron 
mechanistic pathway for water-gas shifting even if pentacarbonyliron was 
present at concentration levels below the Fourier transform IR detection 
limit of 50 μ Μ . Furthermore, because of the presence of formic acid from 
reaction 7, most of the sodium salt exists as the formate complex (5). The 
steady-state hydroxide ion concentration is correspondingly low. 

Cation Reactivity. Catalysis of the water-gas shift reaction was found 
to proceed cleanly, even in the metal-free system that employed the organic 
tetrabutylammonium cation. Indeed, of the cations investigated, the metal-
free tetrabutylammonium system was the most active (5); B u 4 N + > C s + > 
N a + > L i + > H + > C a 2 + . This ordering of reactivity indicates that metal 
coordination or ion pairing is detrimental to the rate of water-gas shifting 
by soluble alkali and alkaline earth metal hydroxide complexes. Most sig
nificantly, it shows that a metal center is not required to stabilize the reaction 
intermediates. 

Furthermore, catalysis of the water-gas shift reaction by solvated hy
droxide ion is a low-energy mechanistic pathway. The homogeneous sodium 
hydroxide system was found (5) to exhibit an activation energy (26 ± 1 kcal) 
comparable to that reported for a commercially used iron oxide water-gas 
shift catalyst (27 ± 0 . 2 kcal). Additional information on the kinetics and the 
deuterium isotope effect for the homogeneous sodium hydroxide-catalyzed 
water-gas shift reaction has been obtained and is reported here. 

Rate of Dihydrogen Evolution. The initial rate of dihydrogen ev
olution is linear for an 8-h period and increases monotonically with the 
sodium formate concentration, as indicated in Figure 1. The inset demon
strates that a plot of the rate of dihydrogen evolution vs. sodium formate 
concentration extrapolates to the origin, as required if the catalytic species 
is the sodium formate complex. 

The reaction is first order in sodium formate as concentration changes 
by 2 orders of magnitude. This kinetic order is demonstrated by plotting 
the log of the rate of dihydrogen evolution vs. the log of the sodium formate 
concentration in Figure 2. The addition of formic acid at constant sodium 
formate concentration results in an increase in the rate of dihydrogen pro
duction, as demonstrated in Figure 3. This observation provides additional 
evidence against adventitious cocatalysis by pentacarbonyliron. The penta-
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time, hr 

Figure 1. Effect of the sodium formate concentration on the initial rate of 
dihydrogen evolution in the reaction of carbon monoxide (180 atm) and water 

(7.8 M) in Methylene glycol at 180 °C. 
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1.0 

- l . v J 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 
l o g [ N a 0 2 C H ] 

Figure 2. Kinetic order in sodium formate for water-gas shifting; conditions 
as in Figure 1. 

carbonyliron mechanistic pathway exhibits the opposite trend with p H . The 
pentacarbonyliron water-gas shift system is strongly inhibited by formic acid 
(21, 22). 

A large inverse kinetic isotope effect (kn/kD = 0.5) was observed in the 
reaction of deuterated formate with deuterium oxide, compared to that with 
the analogous reaction in water (Figure 4). It is not possible to independently 
label the formate ion and the proton source, because 2 H N M R measurements 
indicate that N a 0 2 C D exchanges with H 2 0 under these conditions. The 
results from four different experiments (data plotted as circles and squares, 
respectively, in Figure 4) demonstrate the reproducibility of the inverse 
kinetic isotope effect. 
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1.00 

0.75 

ο 
Ε 
Ε 

f 
5 
C 

0.50 h 

0.25 

0.00 

[Na02CH] = 0.1 M 
[HOH] - 7.8 M 
Pco = 180 atm 
at 180 C 
In Trlethylene Glycol 

0.0 0.5 1.0 

[HCOOH], M 
1.5 2.0 

Figure 3. Effect of added formic acid on the initial rate of dihydrogen evolution 
at constant sodium formate concentration. Formic acid, monitored (FTIR spec
troscopy) hy measuring the absorbance for the band at 1724 cm1, was found 

to be constant during the initial rate measurements. 

Discussion 

The water-gas shift reaction is experimentally reversible and is first order 
in sodium formate concentration. The tetrabutylammonium system dem
onstrates that a metal center is not required to catalytically activate dihy
drogen. The cation effect suggests that the active species is the solvated 
anion. The reaction proceeds by transferring a hydride moiety from solvated 
formate ion to a proton source, as indicated for water in eq 8. 

OoC-H" + H-OH -» 0 2 C + H 2 + OH" (8) 
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0 1 2 3 4 5 6 7 8 
Time, hr 

Figure 4. Initial rate of D2 (O, Q ) and H2 ( · , U) evolution from reactions 
conducted in D20-triethylene glycol-A2 and H20-triethylene glycol, respec
tively, with 0.1 M sodium formate at 180 °C under 180 atm of carbon monoxide. 
The dihydrogen isotopes were identified by mass spectroscopy and quantitated 
by gas chromatography against authentic standards of D2 and H2. Samples 
from the reactions conducted with D20 exhibited isotopic purity in excess of 

93%forD2. 

Some recent work (23) with a heterogeneous metal oxide system similarly 
indicates that the combination of surface formate and surface water is nec
essary to effect water-gas shifting in the heterogeneous M g O system. These 
workers find that surface hydroxyl is not good enough. The reaction requires 
adsorbed water in addition to surface formate. 

Involvement of Proton Source. The first major mechanistic problem 
that needs to be addressed for the hydride-transfer process of eq 8 is clar
ification of the potential involvement of the proton source in the rate-limiting 
step of the net transformation. The most direct approach to this question 
would be to determine the kinetic order in the water concentration. How
ever, it was not possible to directly determine the kinetic order in the water 
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because polar protic solvents are required to dissolve the sodium formate 
catalysts. Therefore, this question was addressed by investigating the deu
terium kinetic isotope effect and the effect of the addition of proton donors 
more acidic than the water molecule. 

Formic acid has a beneficial effect on the rate of dihydrogen evolution 
and argues for some sort of bimolecular process. Furthermore, formic acid 
is the only acid that can be added to the system without reducing the free 
formate ion concentration. Thus, the addition of other acids to the system 
can lead to more complex kinetic behavior, as the common ion effect will 
decrease the solvated formate ion concentration. This effect is demonstrated 
for acetic acid in Figure 5. Small quantities of acetic acid have a beneficial 
effect on the rate of dihydrogen production. However, at higher acetic acid 
concentrations the hydride-transfer reaction slows. This general parabolic 
behavior is what might be expected for a bimolecular reaction between 
formate anion and a proton source. 

Inverse Deuterium Kinetic Isotope Effect. Additional insight into 
the nature of the transition state was obtained by the observation of an 
inverse deuterium kinetic isotope effect. This observation argues against a 
rate-limiting formate decarboxylation reaction yielding a free hydride ion 
because in that case a normal isotope effect would be expected. In addition, 
the formic acid results suggest that the proton source is involved in the rate-
limiting step of the reaction. 

0.0 
0.0 0.2 0.4 0.6 0.8 

(CH3COOH], M 
1.0 1.2 

Figure 5. Effect of acetic acid on the initial rate of dihydrogen evolution at 
constant sodium formate concentration (0.1 M); conditions as in Figure 1. 
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An inverse deuterium kinetic isotope effect could result if the bonds 
formed in the transition state are stronger than those broken in the reactants 
(24, 25). Such a situation could result if the transition state includes a sig
nificant degree of H - H bond formation. Two mechanistic possibilities are 
consistent with these observations. The first possibility is a concerted re
action with a productlike four-centered transition state for the reaction in 
eq 8. A second possibility involves an intermediate with significant H - H 
bond order. This mechanistic possibility, suggested on the basis of recent 
molecular orbital calculations for the gas-phase H 3 0 ion, is summarized by 
eqs 9-11. 

Intermediate Substances. Molecular orbital calculations indicate 
that the gas-phase H 3 0 ~ system is characterized by two local energy mini-
mums or intermediates. One intermediate is described as a hydride adduct 
to the Lewis acidic end of the water molecule, [ H O H · H]~. The other 
intermediate is best described as an ion-dipole adduct between hydroxide 
ion and the dihydrogen molecule, [HO · H 2 ]~. Both of these species have a 
characteristic end-on bonded geometry. 

The calculations indicate a small barrier, 3-9 kcal, for proton transfer 
in going from the ion-dipole complex to the hydride adduct. The calculations 
also suggest that the hydride moiety in the resultant hydride adduct moves 
between the two protic ends of the water molecule over a shallow potential 
energy surface, consistent with the small experimental barrier for deuterium 
exchange (eq 2). Significantly, a free hydride ion does not exist in the system. 
The protic end of the water molecule bonds with and stabilizes the otherwise 
high-energy hydride ion by 26 kcal. This stabilization of the hydride ion 
increases the lifetime of this species and potentially facilitates hydride trans
fer to carbon dioxide shown in eq 9. 

The existent experimental data is consistent with either a concerted 
hydride transfer (eq 8) or an H 3 0 ~ ion intermediate (eqs 9-11) as mechanistic 
possibilities. In either case, the key intermediate (or transition state) has 
substantial H - H bond order. This proposal contrasts with earlier proposals 
for nucleophilic dihydrogen activation, which focused on a free hydride ion 
intermediate (for example, eqs 4 and 5). 

The catalytic cycle for water-gas shifting (eq 6) is closed by the carbon
ylation of hydroxide ion to formate ion (eq 12). 

0 2 C H " + H 2 0 -> 0 2 C + [Η · H O H ] -

[ H O H - H ] [ Η Ο · Η 2 ] -

[HO - H J - -> O H " + H 2 

(9) 

(10) 

(ID 

O H " 4- C O - » H C 0 2 (12) 

None of the reactions in eqs 7-12 require the presence of a metal center. 
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Lead(II) Oxide. The high-temperature reaction chemistry of solvated 
formate and hydroxide ion in the water-gas shift system is related to the 
effect of metal centers on the solution-phase hydroxide-formate-catalyzed 
water-gas shift reaction. A number of potential metal oxide cocatalysts were 
added to the homogeneous sodium formate-triethylene glycol system, and 
the most dramatic improvement was obtained with lead(II) oxide (5). 

Lead(II) oxide dissolves in these sodium formate-triethylene glycol so
lutions to yield a species that exhibits a single resonance in the 2 0 7 P b N M R . 
The addition of lead(II) oxide to the sodium formate system was found to 
increase the rate of water-gas shifting by nearly 3 orders of magnitude, yet 
the activation energy was unchanged (26 ± 1 kcal). Furthermore, two com
mercial water-gas shift catalysts, a high-temperature iron oxide catalyst and 
a low-temperature copper-zinc oxide catalyst, were compared with the ho
mogeneous sodium hydroxide catalysts, with and without the addition of 
lead(II) oxide cocatalyst. Significantly, all four of the metal oxide systems 
were found (5) to exhibit remarkably similar activation energies: 26 ± 1 kcal 
for the homogeneous sodium hydroxide system, both with and without 
lead(II) oxide; 27 ± 0.2 kcal for the heterogeneous iron oxide catalyst; and 
19 ± 0.6 kcal for the copper-zinc oxide catalyst. The mechanism for the 
cocatalysis by lead is currently under investigation. However, the existing 
activation parameters suggest that entropy factors may be important in these 
metal oxide systems. 

Conclusions 

Triethylene glycol solutions of sodium hydroxide are well-defined water-gas 
shift catalysts. Results with tetrabutylammonium ion demonstrate that a 
metal center is not necessary for catalysis of the water-gas shift reaction. 
Furthermore, the catalysis of the water-gas shift reaction by hydroxide ion 
is not a high-energy mechanistic pathway; its activation energy (26 ± 1 kcal) 
is not substantially different from that exhibited by a commercially used iron 
oxide catalyst (27 ± 0 . 2 kcal). 

Metal centers do, however, have a dramatic effect on the overall activity 
of the soluble metal oxide water-gas shift system, as best demonstrated by 
the addition of lead(II) oxide. The nature of the beneficial effect of lead on 
the water-gas shift reaction catalyzed by sodium hydroxide ion is not under
stood at this point, but it appears that entropy factors may be important. In 
contrast to earlier proposals for nucleophilic dihydrogen activation, which 
focused on free hydride ion intermediates, both the proton dependence of 
dihydrogen evolution and the deuterium kinetic isotope effect argue against 
a free hydride ion intermediate, at least within the water-gas shift system 
catalyzed by hydroxide ion. 

These results, in conjunction with the prior deuterium-exchange data 
and the catalytic hydrogénation work of Walling (19, 20), underscore the 
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importance of nucleophilic oxygen centers as a primary point of reactivity 
for the dihydrogen molecule. In addition to the important metal center, 
nucleophilic oxygen centers need to be considered in evaluating the reaction 
chemistry of metal oxide catalysts. 
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Homogeneous Bimetallic 
Hydroformylation Catalysis 
Two Metals Are Better Than One 

Scott A. Laneman and George G. Stanley1 

Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803 

Homobimetallic rhodium complexes based on the electron-rich bi-
nucleating linear tetratertiary phosphine ligand (Et2CH2CH2)(Ph)-
PCH2P(Ph)(CHC2PEt2) (eLTTP) are surprisingly active and selective 
hydroformylation catalysts. This behavior is remarkable because 
monometallic rhodium catalysts based on electron-rich chelating 
phosphine ligands are extremely poor hydroformylation catalysts. 
The proposed key rate-enhancing step in the bimetallic Rh2(eLTTP) 
catalyst system is an intramolecular hydride transfer that facilitates 
the elimination of the aldehyde product. This proposal has been tested 
by preparing model binucleating tetraphosphine ligands of the gen
eral type Et2PCH2CH2P(Ph)Y(Ph)PCH2CH2PEt2 (Y is p-xylene or pro
pylene) to space the two metal centers apart and limit the extent of 
bimetallic cooperativity. These spaced bimetallic complexes, as well 
as related monometallic model complexes, are very poor hydrofor
mylation catalysts. This evidence clearly points to the most dramatic 
example of homobimetallic cooperativity ever seen for a major cat
alytic process. 

T R A N S I T I O N M E T A L D I M E R A N D C L U S T E R S P E C I E S are of interest as ho

mogeneous catalysts because of the following advantages that multimetallic 
systems should have over mononuclear complexes: 

• the ability to form multicenter metal-to-ligand bonds to a sub
strate, thus assisting in the activation of that species toward 
further reactions; 

'Corresponding author 

0065-2393/92/0230-0349$06.00/0 
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• the capacity to support multielectron transfers (e.g., reduction 
of Ν 2 to Ν Η 3) either as a transfer point or as an electron 
sink-reservoir; 

• the potential to use M - M bonds, particularly weak ones, as 
"disguised" sites of coordinative unsaturation allowing direct 
insertion of a substrate into the M - M bond, thus eliminating 
the need for prior ligand dissociation to open coordination sites; 
and 

• the use of mixed-metal systems, which offer the possibility for 
the selective and subsequent activation of two (or more) dif
ferent substrate species. 

Despite these potential advantages, only a very few dimer or cluster 
catalysts are known to have activities or selectivities even remotely ap
proaching those of well-known mononuclear systems (i , 2). Considering the 
amount of work being done on dimer and cluster species, it might appear 
tempting to wonder if these types of complexes will ever display novel 
homogeneous catalytic behavior. Yet the enormous number of possible com
binations of metal centers (different types and oxidation states), ligands, and 
framework geometries make it clear that the seemingly large body of work 
on multimetallic systems represents only the tip of the iceberg. A seminal 
report by Adams et al. (3) on the cluster-catalyzed amine metathesis describes 
a reaction that is uniquely homogeneously catalyzed by a multimetallic sys
tem. It provides strong impetus for continuing work in the area of poly-
metallic catalysis. 

Two problems have traditionally hampered the study of polymetallic 
systems: the preparation of these complexes in high yields and their frag
mentation under catalytically interesting conditions (e.g., medium to high 
pressures of C O or H 2 ) . In the last decade, however, synthetic techniques 
for the rational preparation of polymetallic complexes have been developed 
by Stone (4, 5), Vahrenkamp (6), Richter (7), Osborn and co-workers (8, 9), 
Geoffroy and Gladfelter (10), and others. The unifying idea behind all of 
these synthetic methods is the use of suitably designed ligand systems that 
can act as a template for the assembly of polymetallic complexes. 

Inhibition of fragmentation of dimer and cluster systems usually centers 
around the use of strong M - M bonds (e.g., osmium clusters, M - M multiple 
bonds) or bridging ligands such as bis(diphenylphosphino)methane (dppm). 
Strong M - M bonds, however, negate the advantage of using M - M bonds 
as reaction sites. Weak M - M bonds can be ideal reactive sites for interaction 
with substrates because the molecular orbitals (MO) associated with the 
M - M interaction are often the highest occupied (HOMO) and lowest un
occupied M O (LUMO). 

The breaking of a M - M bond can play an important role in the activation 
of a substrate species. Similarly, the re-formation of the M - M bond(s) at the 
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end of a catalytic cycle can assist in the elimination of products and the 
temporary stabilization of an unsaturated catalyst. The second approach, 
using bridging ligands such as dppm, often fails either because the ligands 
do not coordinate strongly enough to stop fragmentation or because they 
impose metal coordination geometries that are not as reactive. 

To fully exploit both template and antifragmentation concepts, we de
signed and synthesized a new hexatertiary phosphine ligand ( E t 2 P C H 2 C H 2 ) 2 -
P C H 2 P ( C H 2 C H 2 P E t 2 ) 2 (abbreviated eHTP). This polyphosphine ligand has 
a number of features favoring it as a binucleating ligand system: the ability 
to both bridge and bichelate two transition metal centers; alkylphosphine 
moieties (rather than arylphosphines), which improve solubility and metal 
coordinating strength; and a straightforward, high-yield synthetic procedure 
(Ii). 

As might be expected, e H T P is a powerful binucleating ligand system. 
Every time we have treated it with two equivalents of a simple mononuclear 
metal halide or carbonyl we have obtained a bimetallic system, typically in 
high yields (12-17). Although e H T P was designed to form closed-mode bi-
nuclear complexes of the general type la , we have found that the open-
mode complexes of the general types lb , lc, and Id are produced. 

The preceding work has clearly demonstrated that e H T P is a powerful 
and quite rugged binucleating ligand system. It confirms our choice of com
bining bridging and chelating functionalities into a single ligand system. One 
of our primary concerns with eHTP, however, was that the tridentate, bi-
chelating nature of the ligand ties up too many coordination sites on a metal 
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center. As a result, for a closed-mode ligand conformation such as la , access 
to the metal centers by a substrate molecule is essentially limited to the 
"top-side" of the eHTP-dimer system. Our work on Group VIII square 
planar complexes of e H T P also clearly showed that steric factors would 
prevent these M 2(eHTP) complexes from readily accessing closed-mode ge
ometries. 

A Binucleating Tetraphosphine Ligand System 

One approach to reducing some of the unfavorable steric factors in e H T P is 
to conceptually backtrack and remove two of the chelate arms from e H T P 
to prepare a binucleating tetratertiary phosphine ligand of the general type 
( R 2 P C H 2 C H 2 ) ( R ) P C H 2 P ( R ) ( C H 2 C H 2 P R 2 ) . This ligand would still have the 
bridging-chelating framework of eHTP, yet would provide a considerably 
more open environment about the metal centers for reactions to occur. 

A tetratertiary phosphine of this type is chiral at the two internal phos
phorus atoms. This conformation results in both the racemic (R,R; S,S) and 
meso (H,S) diastereomers shown as rac-eLTTP and m^so-eLTTP. We refer 
to this general class of ligands as L T T P (for linear tetratertiary phosphine). 
The chirality of this system can be a desirable feature for promoting potential 
enantioselective reactions, but will reduce our overall synthetic yields and 
lead to more difficult separations of the tetraphosphine itself. 

P E t 2 E t 2 P PEt 2 

Ph Ph Ph 
E t 2 P 

rac-eLTTP meso-eLTTP 

We developed a straightforward synthetic route to L T T P that is quite 
amenable to a wide variety of structural modifications. Our synthetic pro
cedure for preparing the L T T P ligand (R 2 PCH 2 CH 2 ) (Ph)PCH 2 P(Ph)-
( C H 2 C H 2 P R 2 ) (R is Et or Ph) is shown in Scheme I. It involves the building 
of the central bis(phosphino)methane unit from the reaction of KP(H)Ph with 
C H 2 C 1 2 . The Ph(H)PCH 2 P(H)Ph species thus produced is isolated and then 
treated with 2 equiv of R 2 P ( C H = C H 2 ) under free radical-catalyzed condi
tions (18) to produce L T T P (19). 

We decided to use ethylene-linked terminal phosphines in L T T P be
cause they simplify the synthetic procedure and give higher yields of the 
final tetraphosphine (8&-92% isolated yields based on Ph(H)PCH 2 P(H)Ph, 
39-43% isolated yields based on starting PhPH 2 ) . The presence of phenyl 
groups on the central P - C H 2 - P bridge is a designed feature of this ligand 
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DMF C H , C l t 

2PhPH2 + 2K0H 2PhPH" (H)PhPCH2PPh(H) 

Ph P E t , E t 2 P P E t , 

AIBN 
\ 

Et ,P ' 
2Et 2 P(CH=CHj) 

raoeLTTP meso-eLTTP 

Scheme I. Synthetic procedure for preparing the LTTP ligand. 

to allow more facile crystallizations of transition metal complexes. Although 
the all-phenyl-substituted L T T P ligand was prepared, our primary interest 
is in the ethyl-substituted L T T P (eLTTP) ligand. Its electron-rich alkylated 
terminal phosphines will coordinate strongly to transition metal centers and 
be far more effective at inhibiting ligand dissociation and dimer fragmen
tation processes. 

Bimetallic Complexes Based on eLTTP 

The meso and racemic diastereomers of eLTTP are powerful binucleating 
ligands that can both bridge and chelate two metal centers. They form 
complexes that will have different overall orientations of the phosphines 
about the two metal centers for idealized M - M bonded dimer systems. The 
racemic diastereomer of eLTTP has an anti orientation of the chelate rings; 
the meso diastereomer has the chelate rings directed syn to one another. 

We were able to separate the two eLTTP diastereomers by reacting 
them with metal complexes to produce bimetallic M 2 (eLTTP) systems. Then 
we took advantage of the differences between the rac-M 2 (eLTTP) and meso-
M 2 (eLTTP) coordination geometries to effect separations by column chro
matography or by fractional crystallizations. This approach worked partic
ularly well for the Ni 2 Cl 4 (eLTTP) complexes (20). From them we can isolate 
pure rac- or meso-eLTY? by treatment of the appropriate diastereomerically 

rae-M2(eLTTP) meso-M2(eLTTP) 
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pure nickel complex with excess K C N in refluxing H 2 0-heptane. The cy
anide displaces the nickel atoms to form water-soluble N i C N 4

2 ~ and free 
eLTTP, which quantitatively extracts into the organic phase. We believe that 
the eLTTP ligands can also be separated directly by H P L C techniques, but 
have not yet been able to study this feature in detail. 

The reaction of R h 2 ^ - C l ) 2 ( C O ) 4 with e L T T P produces the bimetallic 
Rh(I) system Rh 2 Cl 2 (CO) 2 (eLTTP) in about 40-50% yield (19). The first 
diastereomer of this complex to crystallize out of the tetrahydrofuran (THF) 
or toluene solution is the racemic system (see structure). Not too surprisingly, 
the rae-Rh 2 Cl 2 (CO) 2 (eLTTP) structure is closely related to the rac-
Ni 2 Cl 4 (eLTTP) system (20) with a R h - P l - P l - R h ' torsional angle of 123° 
and a Rh~Rh separation of 5.813(2) Â. We now almost exclusively use a 
higher yield synthetic route to bimetallic rhodium-eLTTP complexes. It 
involves the use of [Rh(norb)2](BF4) (norb is norbornadiene) as a starting 
material to give 80-90% isolated yields of [Rh 2(norb) 2(eLTTP)](BF 4) 2. 

We characterized bimetallic systems based on eLTTP that formally pos
sess M - M bonds. For example, the Co(0) dimer C o 2 ^ - C O ) 2 ( C O ) 2 ( e L T T P ) 
was prepared by the reaction of the Co(0) dimer system Co2(|x-
CO) 2(CO) 2(norb) 2 with eLTTP (21). Single-crystal X-ray analysis on the or
ange crystals that initially form from the slow evaporation of a T H F solution 
confirms the presence of meso-eLTTF in a cradle geometry that is bridging 
and chelating a C o - C o dimer. The m £ s o - C o 2 ^ - C O ) 2 ( C O ) 2 ( e L T T P ) (see struc
ture) molecule lies on a crystallographic mirror plane that passes through 
the bridging carbonyl ligands and the central methylene group of the e L T T P 
ligand. The C o - C o bond length of 2.513(4) A is typical for a C o - C o single 
bond (22-24). The meso-eLTTF ligand symmetrically bridges and chelates 
both cobalt centers with the two five-membered chelate rings eclipsed and 
oriented syn to one another. Because of the crystallographic mirror plane, 
all four phosphorus atoms lie in the same plane. 

Both the rac- and meso-M 2(LTTP) binuclear systems have significantly 
less steric hindrance than the corresponding M 2 (HTP) complexes. They 
represent new geometric arrangements for phosphine ligands about two 
metal centers. We believe that the more open ligand environment and 

racemic-RhaCljCCO^eLTTP) mes^Co2^-CO)2(CO)2(eLTTP) 
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rotational flexibility in these M 2(LTTP) dimers will promote a greater number 
of interesting reactions. 

Bimetallic Hydroformylation Chemistry 

Hydroformylation (also called the oxo reaction) is the chemical process of 
converting alkenes into aldehydes by using H 2 and C O , typically with soluble 
rhodium- or cobalt-based transition metal catalysts. It is the largest homo
geneous catalytic process in the world, with more than 9 billion pounds of 
industrially important aldehydes and alcohols produced each year (25). Hy
droformylation is also a reaction that is potentially well suited to bimetallic 
systems (26, 27). 

Heck and Breslow (28), for example, proposed in 1963 that there could 
be an intermolecular hydride transfer in the Co 2(CO) 8-catalyzed hydrofor
mylation cycle (Scheme II). Instead of adding H 2 to a Co(acyl)(CO)4 species 
and then eliminating the product aldehyde, they suggested that another 
HCo(CO) 4 species does an intermolecular hydride transfer to the acyl spe-

Scheme 11. Heck-Breslow hydroformylation mechanism. 
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cies. This transfer eliminates aldehyde and forms a C o - C o bonded carbonyl 
system, which then goes on to react with H 2 to form 2 equiv of HCo(CO) 4 . 
Initially, kinetic and high-pressure IR data supported this mechanism for 
cobalt-catalyzed hydroformylation (29-35), but more recently careful high-
pressure IR studies (36, 37) provided strong support for the dominance of 
the monometallic pathway shown in Scheme II. 

Mechanistic data for hydroformylation by rhodium-based catalysts such 
as HRh(CO)(PPh 3 ) 3 is considerably less firm about details such as direct H 2 

addition or intermolecular hydride transfer from another rhodium hydride 
species (38). Sanger's group (39-43) demonstrated rate enhancements for 
hydroformylation with bimetallic rhodium catalysts. However, the linear-
to-branched aldehyde selectivities are quite poor for these systems. 

Several reports (44-47) have described the effects of heterobimetallic 
homogeneous catalysts on the rate and selectivity of hydroformylation re
actions. Kovacs et al. (48), for example, proposed that the rate-limiting step 
in the mechanistic study of a mixed H C o ( C O ) 4 - H M n ( C O ) 5 catalyst system 
is the bimolecular reaction of an unsaturated cobalt acyl with the manganese 
hydride to give a binuclear reductive elimination of the product aldehyde. 

For these reasons, we examined Rh 2(eLTTP)-type bimetallic complexes 
for hydroformylation catalysis. Our reaction studies on Rh 2(CO) 2(norb) 2-
(eLTTP) 2 + (norb is norbornadiene) show that it is a remarkable hydrofor
mylation catalyst. The rates reported for our bimetallic complexes have all 
been divided by 2 to convert from a per-mole basis to a per-rhodium-atom 
basis. This conversion allows straightforward comparisons to monometallic 
catalyst systems. Table I lists the rates and selectivities of our bimetallic 
system and several other conventional monometallic hydroformylation cat
alysts for 1-hexene. 

The bimetallic Rh 2(eLTTP)-based catalyst is quite active and shows re
markable product selectivity with a 25-30:1 linear-to-branched aldehyde 
ratio. This result is particularly impressive considering that we are not adding 
any excess phosphine ligand to our catalyst. Virtually every other commercial 

Table I. Hydroformylation Catalysts for 1-Hexene 

Turnover Linear-to-Branched 
Catalyst P:Rha (h-')b (% isomer)c 

Rh2(norb)2(eLTTP)2+ 0.5:1 390 >25:1 (8%) 
Rh(norb)(depmpe)+ d 1:1 10 3:1 (85%) 
HRh(CO)(PPh i)3< 10:1 4900 4:1 (10%) 
HRh(CO)(PPh3)., 958:1 875 14:1 (4%) 

NOTE: Catalytic runs were done in Parr autoclaves under 60 psi of pressure, at 80 °C with 
acetone as the solvent. Catalyst concentration was 80 ppm. 
"Phosphine ligand to rhodium ratio. 
''Initial turnover number for catalytic run on a normalized per-rhodium basis. 
'Ratio of linear-to-branched aldehyde products. The amount of alkene isomerization observed 
at the end of the run is given in parentheses. 
''depmpe is Et 2 PCH 2 CH 2 PPhMe. 
'Estimated from the work of Hughes and Unruh (49). 
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R h - P R 3 catalyst system we know of requires excess phosphine ligand to 
stabilize the catalyst and to give good product aldehyde selectivities. Excess 
phosphine (usually PPh 3) is required for HRh(CO)(PPh 3) 3-based systems to 
help improve the production of linear aldehydes, cut down on alkene iso-
merization, and improve the stability and lifetime of the catalyst. Even with 
chelating phosphines such as P h 2 P C H 2 C H 2 P P h 2 (dppe), excess phosphine 
is required to maintain catalyst stability (49). Our mainly alkylated e L T T P 
ligand, on the other hand, is considerably more basic and coordinates far 
more strongly than phenylated ligands such as P P h 3 or dppe. 

The activity of our bimetallic system is close to that seen for the com
mercial HRh(CO)(PPh 3 ) 3 catalyst system. This activity is definitely not ex
pected because the considerably more basic nature of the e L T T P ligand 
should give rise to a much slower catalyst. At 60 psi and 80 °C, the initial 
turnover rate for the hydroformylation of 1-hexene in acetone is 390 turn
overs per hour. This rate can be compared to HRh(CO)(PPh 3 ) 3 , with a 10:1 
PPh3-to-catalyst ratio, which has an average rate of 4900 turnovers per hour. 
Under these conditions, however, HRh(CO)(PPh 3 ) 3 has a linear-to-branched 
aldehyde selectivity of only 4:1. Increasing the PPh3-to-catalyst ratio to 950:1 
decreases the average rate to 875 turnovers per hour, but increases the 
linear-to-branched aldehyde selectivity to 14:1. 

Thus, these studies indicate that our bimetallic system is only slower 
by about a factor of 2 (on a per-rhodium basis) relative to the current best 
commercial rhodium catalyst system. It has a significantly higher product 
selectivity and does not require any excess phosphine ligand to maintain the 
selectivity and stability of the catalyst. With the proper steric and electronic 
modifications of the substituent groups on our L T T P ligand, both the rate 
and selectivity of this system should increase even further. 

Our bimetallic Rh 2(eLTTP)-based catalyst has several rather unusual 
features relative to results seen for monometallic R h - P R 3 hydroformylation 
catalysts: its speed, high selectivity, and freedom from the requirement for 
the presence of excess phosphine to stabilize the catalyst and improve its 
selectivity. Why is our system so much faster than one would expect from 
monometallic systems? Pruett and Smith, in their early key work (50) on Rh 
hydroformylation catalysis, clearly showed that, for monometallic systems, 
increasing the basicity of the phosphine ligand resulted in a considerably 
less active catalyst and reduced the selectivity to linear aldehyde product. 
They also demonstrated that excess phosphine ligand was necessary to im
prove the selectivity of the catalyst. 

With our eLTTP ligand system it is relatively straightforward to generate 
monometallic analogs that incorporate half of the eLTTP ligand. In our initial 
studies we used E t 2 P C H 2 C H 2 P E t 2 , depe, to act as a chelating model for 
eLTTP. We also prepared E t 2 P C H 2 C H 2 P M e P h (depmpe), shown in Scheme 
III, and E t 2 P C H 2 C H 2 P P h 2 (dedppe) ligands to act as more electronically 
correct monometallic model ligand systems. All these model monometallic 
hydroformylation catalysts have very similar activities and selectivities. 
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PEt 2 PEt 2 

p 

r1 
M e 

\ 
Ph 

E t 2 P 
depmpe 

Scheme III. Preparation of depmpe. 

Rh(norb)(depmpe)+ is, perhaps, the monometallic complex most elec
tronically analogous to our bimetallic Rh 2 (norb) 2 (eLTTP) 2 + system. It is a 
terrible hydroformylation catalyst (see Table I). It has an initial turnover 
frequency of 10 per hour with a product aldehyde selectivity of only 3:1 and 
does extensive alkene isomerization. Our bimetallic system is, therefore, a 
far superior catalyst relative to this electronically correct monometallic an
alog. We are planning to compare mono- and bimetallic catalyst systems for 
the hydroformylation of ethylene or propylene. The isomerization reaction 
will be eliminated in these systems, and a direct and more accurate com
parison of the absolute hydroformylation rates can be made. 

We believe that this dramatic rate enhancement is due to homobimetallic 
cooperativity. Specifically, it is an intramolecular hydride transfer from one 
metal center to the other. An intramolecular hydride transfer implies that 
the two rhodium centers in the bimetallic Rh 2(eLTTP) unit must be able to 
closely approach one another. The rotational flexibility of Rh 2(eLTTP) has 
been probed by performing van der Waals (VDW) energy calculations on 
the model complex rac-Rh 2 H 2 (CO) 2 (eLTTP) by using the SYBYL molecular 
mechanics-graphic program package (51, 52). The results are summarized 
in Figure 1, which shows an expanded portion of the 360° X 360° two-
dimensional V D W energy map. 

The calculation shows that the rac-Rh 2 H 2 (CO) 2 (eLTTP) complex should 
have a considerable amount of conformational flexibility. Most important, 
the V D W calculation indicates that this complex can readily access a closed-
mode orientation in which the two Rh centers approach one another. This 
closed-mode conformation is shown in Figure 1. 

The rotation of the two rhodium centers toward one another brings the 
hydride ligands into perfect position for bridging to the other metal center. 
The V D W energy calculation only measures the steric factors involved in 
rotations about the central methylene bridge. It knows nothing about the 
potential for forming chemical bonds between the hydride ligands and empty 
p z orbitals on the other rhodium atoms. This rotational flexibility is significant 
because square-planar complexes based on the more sterically hindered 
e H T P hexaphosphine ligand cannot form closed-mode complexes because 
of severe intramolecular steric interactions. This property of e H T P was one 
of the primary reasons for designing and preparing the L T T P ligand system. 
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Figure 1. Top: Expanded VDW energy map for ra.c-Rh2H2( CO U eLTTP) from 
the SYBYL molecular-modeling program. Axes represent rotation angles about 
the two central P-CH2-P bonds. Contours are the relative VDW energies in 
kilocalones per mole. Values higher than 20 kcal mot1 are not listed. The solid 
triangle marks the position of the global minimum; the open triangle marks 
the closed-mode rotational conformation shown schematically on the bottom. 

Although these V D W energy studies are quite simple, they clearly 
support the premise that the two rhodium atoms can approach one another 
and have the proper geometry for a facile hydride transfer from one Rh atom 
to another. In a real hydroformylation catalytic cycle we would anticipate 
the existence of species such as Rh(acyl)(CO^-eLTTP)RhH(CO). This type 
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of system could also readily access a closed-mode conformation in which an 
intramolecular hydride transfer could occur (see structure 2). 

Our overall proposed mechanism for Rh 2(eLTTP) bimetallic hydrofor
mylation is shown in Scheme IV. The Rh 2(eLTTP) unit essentially acts as a 
conventional monometallic hydroformylation catalyst until it reaches the acyl 
intermediate. This point is where the rotational flexibility of the e L T T P 
ligand comes into play and bimetallic cooperativity takes place to transfer a 
hydride to the acyl-bound rhodium. Reductive elimination of aldehyde prod
uct will probably then generate a Rh-Rh bonded complex that can react 
with H 2 to regenerate the Rh 2 H 2 (CO) 2 (eLTTP) starting catalyst. 

We also prepared some bimetallic model systems in which spacer groups 
replace the central methylene bridge to probe the importance of having the 
two metal centers near one another. Bimetallic rhodium norbornadiene com
plexes based on p-xylene- and propylene-bridged tetraphosphine ligands 
(eLTTP-p-xylene and eLTTP-propyl) (see structures) were prepared and 
studied as hydroformylation catalysts. Bimetallic Rh-norbornadiene com
plexes based on these spaced binucleating tetraphosphine ligands are dread
ful hydroformylation catalysts. Their results essentially mirror those seen 
for the monometallic model systems. The hydroformylation catalytic re
sults for mono- and bimetallic complexes discussed here are summarized in 
Figure 2. 

P h P P P h P h P P P h 

( ) ( ) 
E t j P P E t j EtuP P E t î 

e L T T P - p - x y l e n e e L T T P - p r o p y l 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
4

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



24. L A N E M AN & STANLEY Bimetallic Hydroformylation Catalysis 361 

E t f P , 

+alkene 

° R h . / \ _Rh * Rh / \ . R h 

o y \ Η / Η 
Ph R Ph 
Scheme IV. Proposed mechanism for bimetallic hydroformylation. 

Molecular modeling studies of the Rh 2 H 2 (CO) 2 (eLTTP-p-xylene) and 
Rh 2 H 2 (CO) 2 (eLTTP-propyl) catalyst systems clearly indicate that it will be 
very difficult, if not impossible, for the metal centers in these systems to 
approach one another to do an intramolecular hydride transfer. Thus the 
presence of the single-atom bridge in eLTTP, which constrains the two square 
planar rhodium centers to adopt a rotationally flexible face-to-face orienta
tion, may well be the key design feature in the Rh 2(eLTTP) complex. This 
feature allows facile intramolecular hydride transfer between the metal cen
ters and greatly enhances the rate of the hydroformylation reaction. 

The second question that arises is why our system is so selective. This 
selectivity was an unanticipated feature of the system. A number of theories 
have been advanced on the origin of product selectivity in hydroformylation. 
Hughes and co-workers (49, 53), for example, proposed that, in order to be 
selective to linear aldehydes, a Rh complex must have three phosphine 
ligands coordinated at the instant that selectivity is determined. The selec
tivity step occurs when the hydride ligand adds to the coordinated alkene 
to give either a linear or branched alkyl moiety. 
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3000 r 

10 20 30 
Time (hrs) 

40 50 

Figure 2. Results for the hydroformyfotion of 1-hexene at 60 psi and 80 °C 
with a variety of electron-rich phosphine-rhodium catalyst systems. The ligand 

abbreviation depmpe stands for Et2PCH2CH2PPhMe. 

This theory appears consistent with the fact that excess phosphine ligand 
is required to obtain high selectivities in virtually all Rh catalysts. It does 
not, however, fit our bimetallic catalyst system in which there is no extra 
phosphine ligand present, yet high selectivities are observed. Indeed, careful 
studies by Merola and co-workers (54) showed that excess phosphine is 
required in traditional Rh catalysts to maintain a suitable concentration of 
the bisphosphine species HRh(CO)(PPh 3) 2 . Although it is less active, this 
species gives higher selectivities to the linear aldehyde. 

We are not sure exactly why the Rh 2(eLTTP) catalyst has such a high 
linear-to-branched aldehyde ratio. However, we believe that it is tied into 
the overall shape of the bimetallic Rh 2(eLTTP) molecule. When an alkene 
adds to Rh 2 H 2 (CO) 2 (eLTTP) (the presumed active catalyst) (structure 3), it 
can add only to one of the outside axial rhodium coordination sites. As it 
coordinates to the rhodium center, the other ligands will want to bend away. 
Ideally, they will form a trigonal bipyramid, which is the least sterically 
hindered geometry. Rh 2(eLTTP), however, cannot attain this geometry be
cause the other half of this face-to-face complex limits the extent of ligand 
motion toward trigonal bipyramidal or square pyramidal. As the geometry 
reorganization about the one rhodium center is curtailed, the steric effects 
are maximized and the alkene insertion into the M - H bond is directed toward 
the anti-Markóvnikov alkene position to form a linear alkyl group. 
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3 

There is clearly a great deal of further work to be done in studying this 
system. Some of the important factors that we plan to study include 

• Modification of both steric and electronic factors in eLTTP for 
enhancing the activity and selectivity of our bimetallic catalyst. 
By using somewhat less basic phosphines we may be able to 
increase the activity. Increasing the steric bulk of the substit
uent groups on the terminal phosphines should have a dramatic 
effect on increasing the selectivity. Use of groups that are too 
sterically bulky, however, may kill the hydroformylation activ
ity and selectivity by preventing rotation into the closed-mode 
conformer. 

• A key experiment is to separate eLTTP into pure diastereomers 
so we can prepare and study the hydroformylation activity and 
selectivity of separated rac- and m€so-Rh 2(norb) 2(eLTTP) 2 + 

species. All the results presented here are for a 50:50 mixture 
of racemic and meso catalysts. Our molecular modeling studies 
suggest that the racemic diastereomer may well be the more 
active species. If one diastereomer is active and the other is 
not, then the rate data we have presented can be doubled. 
This step would make our eLTTP-based dirhodium catalyst 
about equally active (on a per-Rh basis) as the current Union 
Carbide R h - P P h 3 commercial system. If the two diastereomers 
have very different activities it will, of course, be important to 
develop large-scale procedures to separate the two diastereo
mers from one another. 

• If the racemic catalyst turns out to be the effective species, 
then we have the potential for resolving the racemic system 
into pure enantiomers for studying asymmetric hydroformy
lation catalysis of prochiral alkenes. There are very few enan
tioselective hydroformylation catalysts; most give enantiomeric 
excesses of 50% or lower. 
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• Although the use of less basic phosphine ligands should increase 
the activity of our catalyst system, they will also coordinate less 
strongly and lead to catalyst stability problems. We believe that 
a much better way to increase the activity of our system is to 
use heterobimetallic species. Mixed-metal systems have been 
shown on a number of occasions to enhance the activity of 
hydroformylation catalysts. We plan to study mixed Rh-Co, 
Rh-Ru, and, perhaps most interestingly from a commer
cial-economic viewpoint, C o - R u systems based on our tetra
phosphine ligand system. 

• Finally, we of course need to fully explore the effects of tem
perature, pressure, H 2 - C O ratio, solvents, and different al
kenes on the hydroformylation catalysis. 

Although we have additional mechanistic and kinetic studies to perform 
to fully test our bimetallic hydroformylation proposal, all the experimental 
evidence so far clearly points to the most dramatic example of homobimetallic 
cooperativity ever observed. This example is particularly significant because 
the unique properties of our bimetallic system may allow us to develop the 
first highly selective heterogenized hydroformylation catalyst system by link
ing the L T T P ligand system to a surface support. Work in this area is currently 
in progress in our laboratories. 
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Hydroformylation and Hydrogenation 
with Platinum Phosphinito Complexes 

Piet W. Ν. M . van Leeuwen and Cornelis F. Roobeek 

Koninklijke/Shell-Laboratorium, Amsterdam, Shell Research B.V., Postbus 3003, 
1003 AA Amsterdam, Netherlands 

Platinum complexes containing phosphinito ligands are moderately 
active hydroformylation catalysts (30-100 bar, 80-100 °C). The prod-
ucts consist of a mixture of alcohols and aldehydes with linearities 
in excess of 90%. Internal alkenes can also be hydroformylated, with 
linearities as high as 70%. Alkyl and acyl complex intermediates have 
been identified. Aldehyde reduction proceeds via metal alkoxide spe
cies rather than hydroxymethyl fragments. Aldehyde reduction can 
be greatly accelerated by the addition of carboxylic acids. In sum
mary, diphenylphosphinous acid turns out to be an interesting ligand 
with peculiar electronic properties capable of inducing catalytic hy
droformylation and hydrogenation. It may have a function in pro
moting the activation of dihydrogen, which seems to be a prerequisite 
for platinum complexes to be catalytically active. 

HYDROFORMYLATION OF INTERNAL ALKENES to linear products is a key 
process for the industrial production of higher alcohols. Two metals are 
commercially applied, rhodium and cobalt. Of these, only cobalt is used for 
converting internal alkenes to terminal hydroformylation products. 

Platinum is the third metal active in hydroformylation (1-11). Out of 
the plethora of known platinum (hydride) complexes, only those containing 
trichlorostannate as the ligand-anion show activity as hydroformylation cat
alysts. The classical, but still rare, example of a platinum complex active as 
catalyst for the hydrogénation of alkenes (12) also requires the presence of 
trichlorostannate as the ligand. Cationic complexes have been reported as 
active hydroformylation catalysts, yielding only branched products (13). A 
combination of the cationic character and trichlorostannate anion led to the 

0065-2393/92/0230-0367$06.00/0 
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discovery of the conversion of internal alkenes with platinum catalysts (5), 
although the selectivity to alkanes was rather high (>40%). 

In a preliminary communication (14, 15) we reported on the formation 
of platinum hydroformylation catalysts with P P h 2 O H (phosphinous acids or 
diphenylphosphine oxide) as the ligands. Quite significantly, they are also 
active for internal alkenes. In this report we review some of the results of 
the catalytic hydroformylation studies as well as the isolation of several 
intermediates and hydride precursors. The synthesis, not the catalysis, of 
one of the hydride catalyst precursors was described earlier (16). In addition, 
we report on the use of a new catalyst (viz., platinum phosphinito complexes 
in the presence of carboxylic acids) for the hydrogénation of aldehydes. 
Hydrogénation of aldehydes during hydroformylation is a secondary reaction, 
which may well be promoted by the carboxylic acids formed by partial 
decomposition of the catalyst. 

Catalytic Hydroformylation Reactions 

In situ mixing of Pt(l,5-cod)2 (cod is 1,5-cyclooctadiene), P P h 2 O H , and var
ious other donor ligands led to active catalysts. Hydroformylation of 1-hep-
tene gave rise to a high linearity and appreciable rates (see Table I, entries 
1-4). When no P P h 2 O H was added (entry 5) the catalytic activity was neg
ligible. Two hydroformylation products were formed, aldehydes and alco
hols. The formation of alcohols requires 2 mol of H 2 , and therefore most 
experiments were carried out with C O and H 2 in a 1:2 ratio. 

The composition of the actual catalyst cannot be derived from the ratios 
of P P h 3 and P P h 2 O H applied and the resulting activities, although a pre
sumably unsaturated system such as that of entry 1 seems to give the highest 
activity. The lowest activity for isomerization was found when more saturated 
platinum complexes could be formed (as in, for instance, entry 2). An excess 
of diphenylphosphinous acid only temporarily slows down the reaction. The 
excess reacts with the aldehyde product to form an ot-hydroxyphosphine 
oxide that does not interfere with the platinum complexes. Several other 
ligand combinations were tested; entries 8 (with P h 2 P C H 2 C 0 2 H ) and 9 (with 
PCy 3 ) serve as examples. 

Bidentate phosphines were reported (10, 11) to have a pronounced and 
accelerating effect on hydroformylation with platinum trichlorostannate cat
alysts. In combination with platinum phosphinito complexes, the bidentate 
ligands dppe, dppp, and dppb (see Table I, entries 6 and 7) led to catalysts 
with higher rates. However, the effect is not as spectacular as that seen with 
the trichlorostannate complexes. 

The systems based on P P h 3 and P P h 2 O H led to isolable species derived 
from complex 1 (Scheme I), previously reported by Roundhill et al. (16). 
Complexes la-le can be used as the catalyst precursor; the results in this 
case are in line with those obtained from in situ mixing (Table I, entry 10). 
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H H 

Ο - p 
P h 2 

2 > 
1 bar 

CO 

2 5 # C 

Η 
O - P 

O - P , 

P h 2 0" 

1 2 3 

la: L = PPII3 
lb: L = PMePPl^ 
le: L = PMe2Ph 
Id: L = P(*-Bu)3 

le: L = PPl^OH 

So far the results are very similar to those reported for the platinum-tin 
catalysts; both the rates and the high selectivities for linear products are 
very much alike. The platinum phosphinito catalysts differ from the plati
num-tin systems in two ways: the secondary reaction to alcohols attains 
appreciable rates and, more importantly, the present catalysts are also active 
in the conversion of internal alkenes. The complexes have a high activity 
for isomerization (see Table I). For the hydroformylation of terminal alkenes 
this activity is, in fact, a drawback. The rare combination of a high preference 
for the formation of terminal oxo products and an isomerization activity under 
carbon monoxide pressure leads to an active catalyst for the hydroformylation 
of internal alkenes to linear products. 

In Table I, experiment 11, an average linearity as high as 70% in the 
oxo products is observed. Unfortunately, the hydrogénation activity also 
increases at the same time. This combination gives rise to less desirable 
alkane formation. Entries 11 and 12 clearly show that alcohols are secondary 
products (vide infra for a more detailed explanation), and also that alkane 
formation occurs mainly at the beginning of the catalytic run. 

Isolation of Intermediates 

Several hydrides with structures similar to 1 have been prepared and char
acterized (structures la-le) . These hydrides react with ethene under pres
sure (20 bar, 90 °C) to give the ethyl complexes. Intramolecular reactions 
with phosphinoalkenes 4 have shown that alkene insertion is a smooth re
action giving phosphaplatinacycloalkenes 5 and 6 (Scheme II) (17). 

These chelating alkyl complexes are very robust and even resist insertion 
of carbon monoxide. We were not able to isolate the alkyl complexes of 
nonchelating alkenes other than ethene. However, the alkyl complexes could 
be trapped as the acyl complexes [ C ( 0 ) C 2 H 5 , C ( 0 ) C 3 H 7 , and C ( 0 ) C 7 H 1 5 ] 
by supplying a C O pressure to solutions of the hydride and the alkene. The 

Scheme I. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
5

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



25. VAN L E E U W E N & ROOBEEK Platinum Phosphinito Complexes 371 

Ph R 
O - P ^PtX)CH-CH 2 

H 
\ 

Ό - p ' \ 
P h . 

P h , R_ 

- ° - \ ^ < x , 
Η .Pt I 

' 0 _ p / \ C H ' 2
C H 2 

P h 2 

X = - , C H 2 , O C j H , , 

P h , R , 0 — p 2 p 2 

a n d / ·' \ / \ 
or H. P t (X) 

/ \ / 
Ο — p CH 

ph> is. 

Scheme II. 

ethyl complexes 2a-2e can also be converted to the propionyl derivatives 
by admission of 1 bar of C O at 25 °C. Acyl complexes 3a-3e were prepared 
by this method. 

From consideration of the ! H N M R spectra of the butyric complex 7 
(Scheme III), we conclude that the linear isomer is formed exclusively, not 
only in the catalytic experiment but also in the stoichiometric reaction. We 
assume that the formation of the linear isomer of the acyl is kinetically 
controlled because we do not expect a large difference in stability between 
the linear and branched acyl complexes. In the alkyl complexes the linear 
isomers are most likely thermodynamically favored. Comparison of the 3 1 p 
N M R spectra obtained from the solutions after a catalytic hydroformylation 
run revealed that they are the sum of the spectra of the hydride and acyl 
species together with some decomposition products. 
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Catalysts based on dppe display somewhat higher activity (entries 6 and 
7, Table I) than those based on monophosphines such as PPh 3 . Accordingly, 
we synthesized platinum hydride complexes based on dppe (or dppp) and 
P P h 2 O H that turned out to have structure 8 (Scheme IV). The hydride 8 
did not lead to ethyl complexes after reaction with ethene at 30 bar. Reaction 
at 85 °C under 20 bar of ethene:CO (1:1) gave the propionyl complex 9 within 

Decomposition Studies; Formation of Phosphido Species 

Prolonged hydroformylation (24 h) caused complete decomposition, and a 
very complex 3 1 P N M R spectrum was recorded. This spectrum showed the 
presence of at least four species, all containing platinum dimers with a 
phosphido bridge. During work-up through column chromatography all were 
converted into 12 (Scheme V). This compounds structure was established 
by an X-ray determination (18). 

0.5 h. 

9 

L = P P h 2 0 

Scheme IV. 

H 

O - P , 

O - P 

i i 

1 0 1 1 

H 

O - P 

O - P , 

H 

1 2 

Scheme V i: 90 ° C , 20-50 bar ofH2, C O , and C2H4; ii: le added, C2H5COOH 
and PPh2OH removed. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
5

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



25. VAN L E E U W E N & ROOBEEK Platinum Phosphinito Complexes 373 

Decomposition of triarylphosphine to phosphido species is a common 
reaction often encountered in catalytic reactions using phosphine complexes 
of noble metals (17). When the present hydroformylation reaction for ethene 
was run for 24 h, traces of propionic acid were found instead of the decom
position products to be expected from aryl groups of the added phosphines. 

lH N M R analysis showed that indeed roughly one propionic acid mol
ecule had been formed per mole of platinum dimer after work-up. From 
this and other evidence, it was concluded that the diphenylphosphido anion 
originates from diphenylphosphinous acid ("diphenylphosphine oxide"; see 
Scheme V, complexes 10-12) . This reaction is quite surprising because the 
phosphine-oxygen double bond is extremely stable toward cleavage. The 
scheme involves the formation of a mixed anhydride of a carboxylic acid and 
phosphinous acid. Such complexes have been observed in the reaction mix
ture. An alternative way to form complexes of phosphinous carboxylic acid 
anhydrides 11 is the treatment of phosphinous acid complexes with acetic 
anhydride. Indeed, addition of acetic anhydride to refluxing la or le in 
toluene gave the characteristic red color and 3 1 p N M R spectra of the dimeric 
complex 12 and its analogues within 15 min. 

These results show that pί (μ-Η)(μ-ppη 2 )pί is a stable bonding unit that 
is preferentially formed under severe conditions. In addition, we have seen 
that diphenylphosphinous acid can be reduced by platinum acyl complexes. 

Aldehyde Reduction 

The catalytic conversion of aldehydes into alcohols during the hydrofor
mylation of alkenes suggests that the present platinum phosphinito com
plexes are catalysts for the reduction of aldehydes in the presence of C O . 
Very few known catalysts affect this reaction in the presence of C O ; phos
phine-modified cobalt catalysts are the most familiar example. Ruthenium 
and rhodium catalysts (notably in the absence of CO) have also been reported 
(19, 20). 

When complex le was tested as a hydrogénation catalyst for aldehydes, 
we accidentally found that very fast catalysts can be obtained when carboxylic 
acids are present in these catalyst systems (see Table II, entries 2 and 3). 
The highest rates were obtained in the absence of C O , but at 5 bar of C O 
the rates were acceptable (entry 8). In the hydroformylation experiments 
the rate of hydrogénation was only in the order of ten moles of aldehyde 
per mole of catalyst per hour, but this time turnover frequencies of several 
thousands were obtained. Even for acetone a turnover frequency of 500 mol 
m o l 1 h 1 was found, but in the absence of acetic acid the rate of 2-propanol 
formation was negligible. 

The addition of carboxylic acids has no rate-enhancing effect on the 
hydroformylation reaction. This fact was shown in a hydroformylation ex
periment with ethene as the substrate; the rate remained the same and the 
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Table II. Hydrogénation Results 

Exp. le Acid \-C3HTCOH Solvent 
No. (mmol) (mmol) (mmol) (mL) Rate" 

1 0.02 t - C a H y C O O H (4) 110 ethanol (20) 1000 
2 0.02 i - C 3 H 7 C O O H (9)b 110 toluene (20) 4500 
3 0.02 Î - C 3 H 7 C O O H (9)b 220 none 9000 
4 0.02 C H 3 C O O H ( 0 . 1 ) 22 toluene (20) 220 
5 0.01 none 275c acetone <10 
6 0.02 C H 3 C O O H ( 1 0 ) 275c acetone 500 
7 0.01 t-C 3 H7COOH (5) 220 none 2800 
8 0.01 as 7, with 5 bar C O 1100 

N O T E : The reaction took place in a 100-mL Hastelloy C autoclave at 95 °C and 40 bar of H 2 . 
"Average rate in moles of alcohol product per mole of catalyst per hour, measured over 30-50% 
conversion. 
^Undistilled substrate; contains 4% isobutyric acid. 
cWith acetone as the substrate. 

product was pure 1-propanol. The complexes formed with the carboxylic 
acids have not yet been identified. However, preliminary studies seem to 
indicate that the acids only play a role during the catalytic cycle without the 
intermediacy of any complexes. 

Mechanism of Aldehyde Reduction 

Two intermediates have been proposed for aldehyde reduction: alkoxide and 
hydroxymethyl late transition metal complexes (21-28). We now discuss the 
mechanism of the aldehyde hydrogénation reaction in a model compound 
with o-diphenylphosphinobenzaldehyde (29) as the substrate. 

o - P h 2 P C 6 H 4 C H O has been employed in reactions with Vaskas complex 
(30) and P t C l 2 (31) to give oxidative addition of the aldehyde to the metal. 
When Pt(Ph 2 PO)(Ph 2 POH) 2 H (le) was treated with o-diphenylphosphino-
benzaldehyde (32), one of the P h 2 P O H ligands was immediately replaced. 
The resulting product showed that insertion of the aldehyde into the plat
inum hydride bond had occurred (Scheme VI). N M R spectroscopy proved 
that the complex formed contains a platinum alkoxide bond in a six-mem-
bered ring and not a hydroxymethyl platinum bond in a five-membered ring, 
although the latter would be sterically favored. 

Scheme VI. 
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Several platinum alkoxides have been prepared (21, 23) via metathesis 
reactions, but they have never been obtained via aldehyde insertions. These 
reactive species are labile with respect to β-hydrogen elimination (33). In 
complex 13 the alkoxide is entropically stabilized by the chelating phosphine. 

We propose that the intermediates are platinum alkoxides in the catalytic 
reaction as well. The role of the added carboxylic acids may well be to 
liberate the alcohol via protonolysis. The intermediate platinum carboxylates 
formed require hydrogénation to the hydride complexes and acid, but this 
is a facile reaction. Stronger acids have a negative effect, if any, as might 
be expected. Strong acids react with platinum hydrides to give platinum 
salts. 

Weak carboxylic acids have no effect on the rate of hydroformylation 
because the platinum acyl bond is relatively resistant to protonolysis. 
Stronger acids may enhance this reaction, but hydride regeneration may 
again be difficult. The hydroformylation reaction has a different mechanism 
for dihydrogen activation. This mechanism presumably involves a direct 
reaction with dihydrogen and the acyl complex. 

Current knowledge throws new light on the secondary aldehyde hy
drogénation reaction observed during hydroformylation. We have seen that 
decomposition of the hydroformylation catalyst leads to the formation of 
carboxylic acids. It would seem that this decomposition product has a pro
moting effect on the aldehyde hydrogénation. 
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Rhodium-Catalyzed Carbonylation 
of Methyl Acetate 

Joseph R. Zoeller1, James D. Cloyd 1, Norma L. Lafferty1, Vincent A. Nicely1, 
Stanley W. Polichnowski1, and Steven L. Cook2 

'Research Laboratories and 2Tennessee Eastman Acid Division, Eastman 
Chemical Company, Kingsport, T N 37662 

In principle, the rhodium-catalyzed carbonylation of methyl acetate 
involves the types of transformations found in the conversion of meth
anol to acetic acid, namely the activation of a normally unreactive 
methyl group, insertion of carbon monoxide, and recombination with 
the initial leaving group. However, several significant differences 
become apparent upon switching from the well-documented aqueous 
methanol carbonylation to the anhydrous methyl acetate carbonyl
ation to acetic anhydride. A mechanism based primarily upon high
-pressure kinetic and infrared data is proposed. The operational and 
mechanistic similarities and differences involved in the carbonylation 
of methanol to acetic acid and the carbonylation of methyl acetate 
to acetic anhydride will be discussed, as well as the historical de
velopment of the process. 

XJLCETIC ANHYDRIDE HAS BEEN GENERATED COMMERCIALLY by the thermal 
cracking of acetic acid to ketene and subsequent reaction with acetic acid 
to render acetic anhydride. The Eastman Chemical Company successfully 
used this process in Kingsport, Tennessee, for more than 60 years. However, 
our development of a commercial process for the carbonylation of methyl 
acetate to acetic anhydride (I) has replaced this older technology as the 
method of choice in the last decade. 

The concept of carbonylating methyl acetate to acetic anhydride is not 
new; it was initially demonstrated almost 40 years ago at B A S F (2). However 
these processes, which used Co, Ni , or Fe, were never adequate for com
mercial purposes. Following the success of the Rh-catalyzed carbonylation 

0065-2393/92/0230-0377$06.00/0 
© 1992 American Chemical Society 
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of methanol described by Monsanto (3-8), processes demonstrating com
mercially viable rates finally began to appear in the patent literature in the 
early 1970s. Several patent applications were published in very rapid succes
sion by Halcon (9), Ajinomoto (10), Showa Denko (11, 12), and Hoechst (13). 
The claims in these patents covered all Group VIII metals, but clearly favored 
Rh. 

In a similar program we had narrowed our catalyst choices to Ni , Pd, 
and Rh. Negotiations with Halcon to combine our technologies ultimately 
resulted in the merger of research and development efforts in 1980. This 
agreement was followed within a year by the announcement of Eastmans 
intentions to construct a plant in Kingsport, Tennessee, for the carbonylation 
of methyl acetate to acetic anhydride. The plant bore a nameplate capacity 
for 225 thousand metric tons (KMT) per year of acetic anhydride. Production 
began in March 1983. 

We have successfully operated this process, generally in excess of name-
plate capacity, for more than 8 years. The plant, which can coproduce in 
excess of 70 K M T per year of acetic acid, uses coal as its sole source of 
carbon. The operation has been a resounding success, and an expansion of 
the facility doubled its capacity in mid-1991. 

These complex plants for the conversion of coal to acetic anhydride 
required a myriad of creative chemical and engineering innovations to make 
the process commercially viable. Among these innovations was the devel
opment of an iodine-promoted rhodium catalyst system. Although it bears 
significant similarities to the well-known Monsanto methanol carbonylation 
to acetic acid (3-9), several unique requirements distinguish it from the 
earlier Monsanto system. 

Unlike the earlier rhodium-catalyzed carbonylation of methanol, the 
carbonylation of methyl acetate required the addition of a salt (or salt pre
cursor) and the addition of a reducing agent to achieve and maintain com
mercially viable rates (I, 14). These additional requirements, when applied 
to the commercially practiced aqueous methanol carbonylation, are reported 
to have little effect upon the catalysis (5, 15). We felt that a clear under
standing of the factors affecting this catalytic process was imperative. There
fore we undertook a detailed mechanistic investigation with high-pressure 
kinetics and in-line high-pressure infrared spectroscopy as probes. 

Experimental Procedures 

Kinetic Measurements. The following procedure is typical for a kinetic 
run. A solution of consisting of 676.5 g (9.14 mol) of methyl acetate, 220.5 g 
(3.67 mol) of acetic acid, and 57 mL (130 g, 0.92 mol) of methyl iodide was added 
to a Hastelloy Β autoclave equipped with a high-pressure condenser and a liquid 
sampling loop. To this mixture was added 0.62 g of RhCl 3 · X H 2 0 (2.53 mmol 
of Rh) and 25.39 g (0.190 mol) of anhydrous L i l . The autoclave was sealed, 
flushed thoroughly with nitrogen, then pressurized to 100 psi of 5% H 2 in C O , 
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and a flow rate of 2.0 mol h _ 1 was established through the condenser. The reaction 
was heated to 190 °C. Upon reaching the desired temperature, the mixture was 
pressurized to 750 psi with 5% H 2 in C O and a sample was removed immediately 
via the sampling loop. Thereafter, the pressure was maintained by using 5% H 2 

in C O as feed gas, and samples were removed every 30 min. The samples were 
analyzed by gas chromatography (GC). Because this reaction is reversible, rates 
were determined by using the method of initial rates with data up to 30% of 
completion. 

High-Pressure Infrared Spectroscopy. A Hastelloy Β autoclave with Has
telloy Β plumbing throughout and heat-traced lines was equipped with a gas 
inlet and an outlet for a pump suitable for use under high pressure. A small 
portion of the reaction mixture was pumped through a loop containing a heated 
IR flow cell constructed from 6-mm polycrystalline MgF (Irtran 1; Eastman 
Kodak) or polycrystalline ZnS (Irtran 2; Eastman Kodak) windows. IR spectra 
were recorded with a Fourier transform infrared (FTIR) spectrometer. Results 
were analyzed by using a linear regression technique to remove solvent inter
ferences (16). 

Equilibrium Measurements for Metal Salts and Methyl Acetate. An acetic 
acid solution was prepared to attain a 1 M concentration of all of the following 
components: methyl acetate, acetic anhydride, p-dichlorobenzene (internal stan
dard), and either lithium iodide or sodium iodide. A series of samples was placed 
in an aluminum heating block that was filled with oil to increase thermal transfer 
and maintained at 190 °C. Samples were removed and quenched by chilling in 
a cold-water bath every 30 s for the first 5 min, then every 1 min thereafter for 
an additional 10 min. Several samples were retained in the bath for 3 h to 
positively ascertain the equilibrium constant. The heating rate was determined 
and corrected for in all kinetic measurements. The rate constants were deter
mined by using a published method (17). 

Results and Discussion 

The rhodium-catalyzed carbonylation of methyl acetate to acetic anhydride 
gave a selectivity of >95% after accounting for recovered methyl acetate. 
Modifications made after this study achieved a selectivity well in excess of 
99%. The product is accompanied by the formation of low levels of ethylidene 
diacetate (1,1-diacetoxyethane), acetone, carbon dioxide, and methane. A 
typical reaction profile for the carbonylation of methyl acetate is shown in 
Figure 1 along with a statement of typical reaction conditions. 

The thermodynamic parameters for the carbonylation of methyl acetate 
are much less favorable than those for the carbonylation of methanol. Cal
culated values of the free energy (AG 2%) and heat of reaction ( Δ Η 2 9 β ) at 298 
Κ for the methyl acetate carbonylation are A G 2 9 8 = -2.5 kcal mol 1 and 
Δ / / 2 9 8 = -12.1 kcal mol" 1 as compared to A G 2 9 8 = -17.8 kcal mol" 1 and 
AH298 = : -28.8 kcal mol \ respectively, for methanol carbonylation. Because 
of this low thermodynamic driving force, the reaction does not go to com
pletion. It reaches an equilibrium that is a function of temperature and 
carbon monoxide pressure. 
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Our mechanistic studies utilized both high-pressure kinetics and high-
pressure infrared spectroscopy. Under the conditions in Figure 1, the high-
pressure infrared spectrum displayed bands at 2055 and 1984 cm" 1 that are 
consistent with the formation of Rh(CO) 2 I 2 · This catalytically active species 
was identified by Monsanto during mechanistic examinations of the methanol 
carbonylation (3). 

Our initial working mechanistic hypothesis for the methyl acetate car
bonylation was a minor modification of the well-studied and well-accepted 
catalytic cycle for the carbonylation of methanol presented by Forster and 
others (3-8). The catalytic cycles for the Rh-catalyzed carbonylation of meth
anol and the modifications needed for adaptation to methyl acetate carbon
ylation are presented in Scheme I. (The required changes are indicated in 
parentheses.) We successfully repeated the stoichiometric reactions de
scribed by Forster (3, 6—8) for the Rh-induced conversion of methyl iodide 
to acetyl iodide. 

Temperature Dependence. Our examination of temperature de
pendence strengthened the relationship between methanol carbonylation 
and methyl acetate carbonylation. By using the reaction composition and 
gas mixtures shown in Figure 1, we examined the effect of temperature 
between 170 and 210 °C. A log rate vs. inverse temperature (Arrhenius) plot 
indicated that the reaction had an energy of activation ΕΛ = 15.4 kcal mol" 1 , 
with an enthalpy of activation (ΔΗ*) = 14.4 kcal mol" 1 and entropy of ac
tivation (AS*) = -27 eu. These values compared remarkably well with the 
reported parameters for the carbonylation of methanol: £ a = 14.7 kcal mol" 1 , 
ΔΗ* = 13.6 kcal m o l 1 , and A S 1 = -32 eu (18). These results indicate that 
the rate-determining step (the oxidative addition of methyl iodide to 
Rh(CO)2I2~) is probably common to both processes. 

The methyl acetate and methanol carbonylations apparently share a 
common catalytically active species- and rate-limiting step. The interesting 
portions of this investigation were not the similarities, but understanding 
the differences between the two systems. Unlike the methanol carbonylation, 
the methyl acetate carbonylation requires a reducing agent, such as hydro
gen, and a salt (or salt precursor) to attain and sustain high reaction rates. 

Hydrogen Effect. Figure 2 shows the rate of formation of acetic 
anhydride, with pure carbon monoxide and with 5% hydrogen in carbon 
monoxide as feed gas. Clearly, the addition of hydrogen removes a significant 
induction period and maintains a more consistent reaction rate. The induc
tion period can vary considerably from run to run. In continuous processes 
the reaction rate steadily deteriorates with pure C O . With the addition of 
hydrogen, the reaction rate remains constant. 

The high-pressure infrared spectrum using 5% hydrogen displays bands 
at 2055 and 1984 cm" 1 that are consistent with the presence of Rh(CO) 2I 2~. 
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When pure C O is used, the high-pressure infrared spectrum displays the 
same bands with an additional band at 2087 cm" 1 . This band indicates 
Rh(CO) 2I 4~, which is inactive in the carbonylation. This peak increases as 
the reaction progresses. If small amounts of hydrogen are introduced into 
the reactor while a pure C O run is underway, the peak at 2087 cm 1 rapidly 
disappears and the rate is accelerated. 

The application of high-pressure infrared spectroscopy has been reported 
in the related triphenylphosphine-promoted system with a pure C O feed 
(19). Our results with pure C O feeds are consistent with the published work. 
However, the earlier investigators were unaware of the hydrogen effect and 
consequently did not report any spectra under these conditions. 

Iodocarbonyl complexes of rhodium are excellent catalysts for the 
water-gas shift reaction (5). Traces of water were reported to be responsible 
for the presence of the reduced species. The water would generally be added 
with the catalyst, and small quantities of water are likely to be present in 
the reagents. We agree with this interpretation. Addition of small amounts 
of water at the beginning of the reaction, before any acetic anhydride is 
formed, will reduce the induction period and produce a temporary rate 
acceleration. Once acetic anhydride formation begins, water is effectively 
scavenged and the accelerated rate is not maintained. The water-gas shift 
accounts for the lack of any required auxiliary reducing agent in methanol 
carbonylation because it is run in an aqueous media. 

The addition of hydrogen extracts a penalty, however, as acetic anhy
dride is slowly hydrogenated to acetaldehyde and acetic acid. The acetal
dehyde subsequently reacts with a mole of the acetic anhydride product to 
generate ethylidene diacetate, which constitutes the major impurity in this 
process. The rate of ethylidene diacetate formation was found to be a direct 
function of the hydrogen level. 

Cationic Promoter . The second significant difference between the 
methanol and methyl acetate carbonylations is that the methyl acetate car
bonylation requires the presence of a cation. At the outset of our efforts to 
identify active catalyst systems, we examined innumerable promoters. How
ever, much of this investigation and the external reports (19-22) preceded 
our knowledge of the need for hydrogen in achieving and maintaining ac
ceptable catalyst activity. A representative list of promoters that we reex
amined after this knowledge was attained appears in Table I. 

We recognized the need for a cationic promoter early in our studies. 
However, an understanding of the role of the cation was very slow to emerge. 
Our mechanistic study focused on the alkali metals, particularly lithium, 
because they demonstrated fast rates and were structurally simple. 

Our initial kinetic measurements using lithium iodide as a promoter 
indicated that the reaction was a complex function of lithium iodide, methyl 
iodide, and rhodium. Like the Monsanto carbonylation of methanol, the rate 
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Table I. Comparison of Selected Cationic Promoters 
Cationic Promoter Relative Rate 
None 1.0 
L i + 9.2 
Na + 6.3 
B u , N + 4.9 
Bu.P 4 6.0 
A l 3 + 7.4 
Z n 2 + 1.4 
M g 2 + 5.5 
NOTE: Conditions: temperature, 175-190 °C; pressure, 750 psig; 
feed gas composition, 5% H 2-95% C O ; initial concentrations of feed 
materials: [Rh], 4.9 x 10^ M; promoter concentration, 0.19 M; 
[Mel], 0.92 M; [MeOAc], 9.14 M; [AcOH], 3.63 M. The promoter 
was added as the iodide, except in the case of Al, where the acetate 
was used. 

of methyl acetate carbonylation is independent of carbon monoxide pressure 
above 500 psi. This complex behavior contrasts with the aqueous methanol 
carbonylation, which is a kinetically simple reaction demonstrating first-
order dependencies on rhodium and methyl iodide. 

The source of this complex behavior was most clearly seen when the 
reaction rate was examined as a function of added lithium iodide. This com
parison, using two different rhodium levels, is represented in Figure 3. 

The reaction was characterized by an initial surge in the reaction rate 
as lithium was added, followed by a period in which the addition of more 
lithium iodide produced a negligible response. Next we examined the effect 
of the remaining two rate-determining factors at two levels of lithium iodide: 
0.19 M (a region of little response to lithium) and 0.02 M (a region of high 
lithium response). Graphic depictions of the rate dependency on rhodium 
and methyl iodide at these two lithium iodide levels appear in Figures 4 
and 5, respectively. 

Figure 4 clearly shows a first-order reaction in rhodium at the higher 
lithium levels. However, at the lower lithium levels the rate is nearly in
dependent of rhodium between 1.25 and 5.0 m M Rh. 

The rate dependency upon methyl iodide, displayed in Figure 5, showed 
a similar pattern. At 0.02 M lithium, the reaction was nearly independent 
of the methyl iodide level between 0.4 and 2.0 M C H 3 I . However, the rate 
was slightly less than first order (~0.86 when calculated from the plot in 
Figure 4) and had a nonzero intercept with respect to methyl iodide at the 
higher lithium levels. 

Changes in Rate-Determining Step. Initially, this behavior was 
rather puzzling. The results at the higher lithium levels seemed to support 
our original assumption that this reaction rate was related to methanol car
bonylation, even though we were disturbed by the slight deviation from 
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first-order dependence with respect to methyl iodide. However, the results 
at the lower lithium iodide levels seemed to indicate some alteration in the 
rate-determining step at the lower lithium levels. 

To this point there was no indication that our initial hypothetical mech
anism was incorrect or incomplete. Therefore, we initially thought that the 
change in the rate-determining step might result from a change in the catalyst 
form. In the absence of sufficient iodide, the catalyst might form a mixture 
of Rh(CO) 3I (which would be expected to be much less active) and the active 
catalyst, Rh(CO) 2I 2~. The result would be a net rate suppression. We reex
amined the high-pressure infrared spectra in the absence of L i and in the 
presence of low levels of L i . 

In the absence of a cationic promoter and with [Rh(CO) 2I] 2 as a Rh 
source, we observed the temperature- and pressure-dependent equilibrium 
between [Rh(CO) 2I] 2 and Rh(CO) 3I previously described by Morris and 
Tinker (23). In this solvent system, the peaks for Rh(CO) 3I were located at 
2086 (s) and 2063 (m) cm" 1 and the peaks for [Rh(CO) 2I] 2 were located at 
2099 (m), 2083 (s), and 2031 (s) cm" 1 . However, the introduction of even 
small quantities of L i l (Li:Rh = 2.5:1) eliminated the peaks assignable to 
these neutral species. The change left a clean spectrum of Rh(CO) 2 I 2 ", as 
evidenced by peaks at 1984 and 2055 cm" 1 . This observation effectively 
eliminated this possibility in the mechanism. 

Next we examined the high-pressure infrared behavior of the low-lithium 
system in the absence of hydrogen. The spectroscopic behavior mirrored 
the behavior at higher lithium levels, including the clean conversion of 
residual Rh(CO) 2I 4~ to Rh(CO) 2 I 2 upon the addition of hydrogen. However, 
at lower L i levels the conversion of all the Rh to the active Rh(CO) 2 I 2 by 
hydrogen was no longer accompanied by an increase in reaction rate. 

This loss of any kinetic correlation with the proposed active rhodium 
catalyst or methyl iodide indicated that the rate-limiting step at low lithium 
levels was not related to the rhodium species and probably was outside the 
rhodium cycle. Therefore, we turned our attention to the cycle involving 
the conversion of methyl acetate and acetyl iodide to acetic anhydride and 
methyl iodide. 

Methyl Acetate and Acetyl Iodide Activation. By using N M R 
techniques, we examined the equilibrium shown in reaction 1. 

Acl + M O A c «± MI + A c 2 0 (1) 

where M is H , L i , or Na. When HI was added to acetyl anhydride, the HI 
was converted completely to acetyl iodide within the limits of the N M R 
experiment. This conversion indicated that, with HI, the equilibrium lies 
>99% in favor of acetyl iodide and that acetic acid is a poor scavenger of 
acetyl iodide. However, when lithium acetate was added to a solution of 
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acetyl iodide, the lithium acetate quantitatively consumed the acetyl iodide 
and the equilibrium lies well in favor of acetic anhydride. We concluded 
that, in the absence of lithium, the iodine promoter was likely to accumulate 
as acetyl iodide. However, the lithium salt efficiently converted the acetyl 
iodide to acetic anhydride. 

This conversion did not completely satisfy the kinetic picture with re
spect to lithium. The reaction of lithium acetate with acetyl iodide, essentially 
instantaneous at room temperature, was too fast to account for the depen
dence on lithium. The sole process left was the reaction of methyl acetate 
with lithium iodide. We examined the equilibrium between methyl acetate 
and lithium iodide, shown in reaction 2, at 190 °C. 

MeOAc + L i l <=T M e l 4- A c O L i (2) 

We determined both the equilibrium constant ( K 4 6 3 = 0.388) and a value 
of the forward rate constant (k( = 8.0 ± 0.9 L m o l 1 h"1). The value of the 
forward rate constant indicates that when the lithium iodide level is low 
(e.g., L i l = 0.02 M) the reaction with lithium iodide becomes rate-limiting. 
Methyl iodide is then consumed faster than it can be regenerated. There is 
a transitional region in which the oxidative addition of methyl iodide to 
rhodium and the reaction of lithium iodide both enter the rate expression 
and would behave like a series of consecutive reactions. 

Difference Between Cationic Promoters. This equilibrium (re
action 2) helped us to understand the source of the difference between 
cationic promoters. The kinetics of the methyl acetate carbonylation can be 
examined by using sodium in place of lithium. The sodium system, even at 
0.2 M Nal, behaves like a low-lithium system and thus is dependent on 
sodium concentration over a large range. The equilibrium constant for re
action 2 if lithium is replaced by sodium is 0.0419, and the forward rate 
constant is 2.6 ± 0.2 L mol 1 h" 1 . 

Clearly, the rate of converting sodium iodide and methyl acetate to 
methyl iodide and sodium acetate is involved in determining the rate of 
sodium-promoted carbonylations. Although we have compared only sodium 
and lithium, we believe that the same principles would apply to comparing 
the remaining promoters. Estimates of the equilibrium constant for a number 
of iodide salts have been recorded elsewhere (2, 24). 

The measurements around reaction 2 were also useful in explaining the 
observed deviation from first-order dependence upon added methyl iodide 
at higher lithium levels. If the rate of acetic anhydride formation is plotted 
as a function of the calculated methyl iodide levels at equilibrium, the de
viation from first-order behavior at the higher lithium levels completely 
disappears (Figure 6). 
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RATE MOL/L/HR 
5 

4 

3 

2 

1 

0 
0.0 0.5 1.0 1.5 2.0 

CALCULATED Mel CONCENTRATION (MOL/L) 
Figure 6. Dependence of rate on Mel; values were calculated at equilibrium. 

Potential Role of Rhodium Dianions. Although it seemed unlikely, 
considering the kinetics for lithium dependence already shown in Figure 4, 
we felt one more potential mechanism should be considered. We had already 
discounted the equilibrium between Rh(CO) 3I and Rh(CO) 2I 2~ because of 
the high-pressure infrared spectra. However, an equilibrium between 
Rh(CO) 2 I 2 and a spectroscopically undetected R h ( C O ) 2 I 3

2 , which would 
be expected to be more nucleophilic and therefore more reactive, could be 
responsible for the lithium effect. 

After our initial disclosure of the lithium effect (1, 7), workers at Celanese 
reexamined the effect of L i l in the methanol carbonylation by using a low-
water process. They proposed the same process to explain the acceleration 
they observed upon the addition of lithium (25-27). 

We tested this hypothesis by measuring the reaction rate as a function 
of added lithium iodide, with a constant total iodine (Figure 7). The reaction 
rate was not accelerated as we attained very high lithium levels, but was 
actually slightly suppressed with additional L i l . This slight rate decrease 
could be anticipated on the basis of the results of the equilibrium study for 
reaction 2. The higher initial levels of L i l would be expected to slightly 
suppress the level of methyl iodide available for the rate-limiting oxidative 
addition. This experiment clearly discounts the possible role of R h ( C O ) 2 l 3 2 · 

Proposed Catalytic Cycle. In light of the contribution the lithium-
catalyzed conversion of acetyl iodide to methyl iodide makes in determining 
the rate, we were forced to revise our initial conjecture on the mechanism 
by adding a third cycle that includes the lithium reaction. This mechanism 
appears in Scheme II. We have left the nonlithium-catalyzed cycle in our 
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RATE MOL/UHR 

2.9 -
2.7 -

19 h 
17 h 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Ul CONCENTRATION ( Μ Ο Ι Λ ) 

Figure 7. Dependence of rate on Lil at constant total I. 

Ο 
II 

L i O C C H 3 

Scheme 11. Proposed mechanism of the carbonylation of methyl acetate to 
acetic anhydride. 
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proposed mechanism because, with both lithium and sodium, we still obtain 
a finite rate (~0.4-0.8 mol L 1 h"1) upon extrapolation to zero levels of cation. 
Thus, the noncation-assisted cycle is a lesser, but not a negligible, contributor 
to the rate. 

Conclusion 

We have delineated the differences between the carbonylation of methyl 
acetate and methanol. A summary of the effects of different parameters with 
high levels of lithium, along with a comparison to commercial aqueous meth
anol carbonylation, appears in Table II. This chapter provides substantial 
evidence for a mechanistic proposal involving contributions from 

• a rhodium-catalyzed conversion of methyl iodide to acetyl io
dide, which is identical to that delineated by Forster in the 
carbonylation of methanol to acetic acid; 

• a cation-accelerated net conversion of acetyl iodide to methyl 
iodide, which represents one of the key differences between 
the carbonylation of methanol and the carbonylation of methyl 
acetate; and 

• a conversion of acetyl iodide to methyl iodide, which is anal
ogous to that already described for the methanol carbonylation. 

Table IL Parameters in the Carbonylation of Methyl Acetate and Methanol 

Effect On MeOAc Effect on MeOH 
Parameter Carbonylation Carbonylation 

[Rh] First order First order 
[Mel] First order First order 
Temperature Ε a = 15.4 kcal mol"1 Ε a = 14.7 kcal mol 1 

Pressure 0 order 0 order 
Hydrogen (a) Generates and 

maintains Rh(I) 
(b) Generates ethylidene 

diacetate 

No effect 

Cation (a) Generates anionic Rh No effect in commercial 
(b) Contributes to methyl system (positive effect 

group activation by at very low water) 
accelerating Acl 
consumption and 
displacing alkyl methyl 
group from the ester 

(c) Displays a dependence 
upon concentration 
and form of cation 
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Electronic Effects on the Synthesis, 
Structure, Reactivity, and Selectivity 
of Rhodium Hydroformylation Catalysts 

Alexis A. Oswald1,†, Dan E. Hendriksen2, Rodney V. Kastrup3, and 
Edmund J. Mozeleski4 

1Enimont America, Inc., R&D Center, Monmouth Junction, NJ 08852 
2Exxon Chemical Company, Baytown, TX 77522-4900 
3Exxon Research and Engineering Company, Annandale, NJ 08801 
4Exxon Chemical Company, Annandale, NJ 08801 

Steric effects of phosphine and phosphite ligands on carbonylhydri-
dorhodium catalysts have been considered. However, the electronic 
effects were not considered systematically. We studied rhodium com
plexes of phosphorus ligands of varying strengths of coordination via 
sigma donation and pi back-donation. For example, we compared 
complexes of Ph3P, Ph2PEt, PhPEt2, Et3P, and (EtO)3P. In general, 
complexes of strongly σ-donating aliphatic phosphine ligands re
quired a high temperature for their activation by ligand dissociation 
and showed a high total (normal plus iso) aldehyde selectivity. In 
contrast, pi back-donation by triarylphosphines and particularly by 
phosphite esters led to a very high normal-to-iso ratio of aldehydes 
derived from α-olefins but also led to more undesired olefin hydro
genation and isomerization. The results can be explained with a con
sistent, overall framework of rhodium hydroformylation mechanisms 
involving complexes of different carbonylation degrees. 

1 ERTIARY PHOSPHINE AND PHOSPHITE ESTER COMPLEXES of rhodium hy
droformylation catalysts are attractive candidates for studying electronic and 
steric effects on catalyst activity and selectivity. Both the electronic and 
steric environments of rhodium can be greatly changed by an appropriate 
choice of phosphorus ligands. The electronic and sometimes the steric effects 

f Deceased 

0065-2393/92/0230-0395$07.00/0 
© 1992 American Chemical Society 
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of phosphorus ligands will be considered here from the viewpoint of catalyst 
activity-selectivity and equilibrium between the two carbonylhydridorho-
dium catalyst precursors. 

(R 3P) 3Rh(CO)H ^ [(R 3P) 2Rh(CO)H] ±* 

(R 3P) 2Rh(CO) 2H <± [(R 3P)Rh(CO) 2H] (1) 

Steric effects of phosphorus ligands have been extensively studied in 
low-pressure rhodium hydroformylation. The electronic effects were not 
considered broadly and systematically. In the scientific literature, electronic 
effects are often described in papers devoted mainly to reaction mechanisms 
and stereochemistry. Sometimes electronic and steric effects cannot be 
clearly distinguished. Therefore, in this literature review, interrelated steric 
and electronic effects and mechanistic considerations are often discussed as 
a whole. In the area of triarylphosphine ligands, a large number of such 
publications are available. 

Rhodium Hydroformylation Catalysts 

Selectivity for Linear Aldehydes. The high selectivity of aromatic 
phosphine-rhodium complexes for the production of linear (n-) aldehydes 
via α-olefin hydroformylation has been identified as a consequence of the 
trans configuration of two rather bulky phosphorus ligands in a coordinatively 
unsaturated square-planar carbonylhydridorhodium species (1-3). To esti
mate the steric requirements of terf-phosphine ligands, Tolman (4) devel
oped the cone angle concept, which has been widely used in studies of steric 
effects. Pruett and Smith (5) observed early that the use of even bulkier 
ortho-substituted triaryl phosphite ester ligands such as tris-(o-phenoxy-
phenyl) phosphite leads to a reduced aldehyde linearity (i.e., a decreased 
normal-to-iso (n:i) product ratio. 

C O / H 
R C H = C H 2 % R C H 2 C H 2 C H O + R C H ( C H 3 ) C H O (2) 

More recently Van Leeuwen and Roobeek (6, 7) showed that such bulky 
ligands (e.g., tris-(o-terf-butylphenyl) phosphite) have an increased activity 
in the hydroformylation of linear internal and branched terminal olefins. 
They suggested that, for steric reasons, only two highly bulky ligands could 
be coordinated to the same rhodium. Therefore, such ligands could increase 
the coordinative unsaturation of rhodium and thus lead to a higher catalyst 
activity. 

A number of coordinatively unsaturated carbonylrhodium complexes of 
bulky and highly basic and branched trialkylphosphine ligands were de
scribed by Otsuka and co-workers (8-10) and by Freeman and Young (11). 
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27. OSWALD ET AL. Rhodium Hydroformylation Catalysts 397 

Young patented the use of some such ligands (specifically tricyclohexyl-
phosphine) as improved rhodium hydroformylation catalyst ligands for in
ternal and terminal monobranched olefins at medium pressure (12). Rhodium 
complexes of bulky trialkylphosphine ligands such as tri-sec-butylphosphine 
and preferably tricyclohexylphosphine were studied by Tau as stable catalysts 
for the continuous low-pressure hydroformylation of 2-butene and are 
claimed as such in U.S. Patent 4 605 781 (13). The activity of these catalysts 
was clearly attributable to the stereochemistry rather than the basicity of 
the ligands. 

Stereochemical Effects. Unruh, Christenson, Hughes, and Young 
(14-16) also investigated phosphine ligands for rhodium hydroformylation, 
mainly to observe stereochemical effects. These researchers were particu
larly interested in the selective rhodium hydroformylation of 1-n-olefins in 
the presence of bidentate phosphine ligands of a chelating character. How
ever, they obtained some comparative data with monophosphine ligands as 
well. Unruh and co-workers (14, 15) showed in a study of m- and p-phenyl-
substituted bis(diphenylphosphino)ferrocene ligands that the use of the more 
basic aromatic phosphine ligands in rhodium hydroformylation leads to lower 
n:i ratios of aldehyde products. An increase of the H 2 - C O pressure at con
stant H 2 : C O ratio also resulted in lower n:i ratios (14). Similar results were 
obtained with a series of p-substituted triphenylphosphine ligands by Moser 
and co-workers (17). 

Unruh and co-workers found little difference between the high n:i ratios 
(~7) of the products of the rhodium hydroformylation of 1-hexene in the 
presence of either excess triphenylphosphine or ethyldiphenylphosphine. 
Under similar conditions, a significantly lower n:i ratio (~5) was obtained 
in the presence of trioctylphosphine (14). A relatively low ratio of n- to i-
aldehydes was also obtained by Bahrmann and Fell (18) when using tri-
ethylphosphine in high-pressure rhodium hydroformylation. 

Hughes and Young (16) suggested the formation of a more highly car
bonylated rhodium complex in the presence of the more basic phosphines. 
They pointed to the key role of a tris(phosphine)-rhodium complex in se
lective hydroformylation. Their studies of the frans-chelated carbonylhy-
dridorhodium complexes of bis(phosphine) ligands by 3 1 P N M R showed the 
coordination of three phosphorus moieties to one rhodium. However, they 
proposed a mechanism in which the active catalytic species is a carbonyl-
free rhodium hydride generated from this complex via C O rather than phos
phine ligand dissociation. 

Working with triphenylphosphine and its p-substituted derivatives at a 
P:Rh ratio of 6.6 under 13.6 atm of H 2 - C O pressure, Moser and co-workers 
(17) concluded on the basis of cylindrical internal reflectance-Fourier trans
form infrared (CIR-FTIR) spectroscopy studies that the main catalyst pre
cursor was (Ar 3 P) 2 Rh(CO) 2 H. They proposed that C O dissociation from this 
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complex provides the key reactive coordinatively unsaturated intermediate 
of selective rhodium hydroformylation. 

Alkyldiphenylphosphine-Rhodium Complexes. In the area of al-
kyldiphenylphosphine—rhodium complexes, we carried out a long-term sys
tematic investigation (19-25) of both electronic and steric effects. These 
investigations included 3 1 P and 1 3 C O N M R studies under H 2 - C O pressure 
of the catalyst systems (19-22). O n the basis of results of our studies and 
related prior work, we proposed an overall mechanism of rhodium-complex-
catalyzed hydroformylations, explaining the formation of both n- and i-al-
dehyde products. This mechanism was later extended to trialkylphosphines 
and will be discussed later. 

We observed that because of their increased σ-electron donor ability 
(i.e., basicity) n-alkyldiarylphosphine complex catalysts are more stable and 
less active than triarylphosphine complexes at comparable temperatures 
(20-23). We also found that the n:i selectivity of branched alkyldiarylphos-
phine complexes and the equilibria between the major carbonylhydride 
complexes are very much dependent on the site and the degree of their 
branching (i.e., steric crowding in the vicinity of their p atoms) (22-25). 
Alkyldiphenylphosphine ligands branched at their a- or β-alkyl carbon at
oms, including cyclohexyldiphenylphosphine, were found to form 
bis(phosphine)- rather than tris(phosphine)-carbonylhydridorhodium com
plexes under simulated hydroformylation conditions. As a consequence, they 
were more active catalyst ligands for hydroformylation but led to the for
mation of aldehyde products having lower n:i isomer ratios (25, 26). 

More recently, our studies were extended to other types of phosphorus 
ligands. The new results to be discussed largely provide information on the 
electronic effects of trialkylphosphines and trialkyl phosphites. 

Electron-Donor Properties. Electron-donor properties of phos
phorus ligands in transition metal complexes can best be described in terms 
of the basicities of the free ligands as characterized by their half neutralization 
potentials (HNP). A specific method of determining HNPs in reference to 
a standard, diphenylguanidine, was first developed by Streuli (27, 28). Es
sentially the same method was broadly utilized later by Thorsteinson and 
Basolo (29) and by Allman and Goel (30). π-Electron-accepting properties 
were particularly studied by Verkade (31), who mainly used phosphite esters 
of specific stereochemistry. 

As indicated by the literature references discussed, broad correlations 
between the electronic properties of different types of phosphorus ligands 
and their catalytic behavior were not studied systematically, and the results 
were not obtained under comparable conditions. However, it can be con
cluded from the work of Bahrmann and Fell (18), Pruett and Smith (5), 
Unruh et al. (14, 15), Yoshida et al. (8-10), and Freeman and Young ( i i , 12) 
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that rhodium complexes of strongly basic trialkylphosphines are less active 
low-pressure hydroformylation catalysts than weakly basic triarylphosphines. 
The total aldehyde selectivity of trialkylphosphine complexes is higher, but 
they provide a less linear product mixture, even in the absence of steric 
hindrance. Triarylphosphines of different basicities were studied by many 
groups. It can be stated, particularly on the basis of studies by Unruh (14, 
15), Moser (17), and their co-workers, that less basic aromatic phosphines 
are more active and provide more linear products. 

The present study of electronic effects of phosphorus ligands in rhodium 
hydroformylation was carried out to observe such effects in broad ranges of 
temperature and ligand concentration. A critical step of our hydroformylation 
mechanism is reversible phosphorus or C O ligand dissociation from carbon-
ylhydridorhodium complexes to generate reactive, coordinatively unsatu
rated species. Such a dissociation obviously depends on the coordinative 
bond strength of the ligand and the temperature. High-temperature hydro
formylation was of particular interest to us because the distillation of the 
aldehyde products is an industrially preferred method of separating them 
from the nonvolatile rhodium complex catalysts. With higher boiling alde
hydes, more stable catalyst systems are required. 

Proposed Reaction Mechanism and Ligand Effects 

Before a specific discussion of the experimental results, our previously pro
posed rhodium hydroformylation mechanism will be generalized for phos
phorus ligands. The coordination of both ferf-phosphine and phosphite ester 
ligands to rhodium will be considered, together with that of C O and hydride 
ligands. 

Our work on rhodium complex olefin hydroformylation catalysts was 
focused on carbonylhydridorhodium complexes of tertiary phosphine and 
phosphite ester ligands. A generic formula of these pentacoordinated rho
dium complexes is shown by Scheme I. The trivalent phosphorus ligands 
are the most important structural variable, determining catalyst activity and 
selectivity. 

CO Ligands and Catalyst Function. We postulate that the presence 
of at least one of the C O ligands is essential for the functioning of the catalyst 
(i.e., the introduction of C O into the olefin reactant). Depending on the 
number of C O ligands, one to three phosphorus ligands are also present in 
the modified complex. The presence of phosphines generally increases the 
strength of metal-to-CO coordination and thus allows hydroformylation ca
talysis at low pressure. Depending on their electronic properties and ste
reochemistry, phosphine ligands also have a major effect on the activity and 
selectivity of hydroformylation catalysts. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

02
7

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



400 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

y = l -3 (R 3P) y — R h — (CO)4.y 4 - y = 1 -3 

For CO Stabilization H For CO Introduction 

Selectivity Control 

Activity & 

( R3 p)y-1 — Rh — (CO) 4 . y 

I 
H 

Olefin 
Insertion: 

Rh Rh 
I I 

CH3CH2CH2 CH3CHCH3 

Scheme I. Generic formula of rhodium complex hydroformylation catalysts. 

Scheme I shows that coordinatively unsaturated, reactive intermediates 
are formed via reversible dissociation reactions of such pentacoordinated 
carbonylhydride complexes, usually via phosphine dissociation. The result
ing species can then be reversibly complexed with the olefin reactant, leading 
to olefin insertion into the metal hydride bond. Such an insertion results in 
the formation of either a normal alkyl or a secondary alkyl derivative. These 
derivatives in turn are converted via a series of fairly well-known reactions 
to n- and t-aldehyde products, respectively. We found that the key problems 
and opportunities in this type of catalysis are the control of reaction tem
perature (i.e., ligand dissociation, mainly by employing phosphines of ap
propriate electronic properties) and the control of n- versus t-aldehyde pro
duction (mainly via phosphine stereochemistry). 

Our work confirmed that, in the absence of steric crowding, tertiary 
phosphine and phosphite ligands form pentacoordinate monocarbonylhy-
dridorhodium complexes containing three coordinated phosphorus moieties. 
These complexes operate as selective α-olefin hydroformylation catalysts 
leading to a high ratio of normal to iso aldehydes. They are stabilized by 
excess free phosphorus ligand to form a stable catalyst reservoir for the 
generation of active species. 

Mechanism of Hydroformylat ion Reaction. Scheme II shows the 
mechanism of the rhodium-catalyzed hydroformylation reaction starting with 
the (R 3 P) 3 Rh(CO)H complex. This complex undergoes reversible phosphorus 

normal CH 3 CH 2 CH 2 CHO CH3CHCHO 
I 
C H 3 

iso 
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ligand dissociation at rates dependent on the ligand and temperature em
ployed. Such dissociations result in coordinatively unsaturated, square-
planar iran^-bisphosphine-monocarbonylhydride complexes. The reaction 
of such complexes with the α-olefin leads, via insertion into the R h - H bond, 
to the selective formation of the key n-alkylrhodium intermediate. The sub
sequent reactions are rather well established. Reaction with C O followed 
by alkyl migration forms the acylrhodium compound. The latter undergoes 
oxidative hydrogen addition followed by aldehyde product extrusion to re
generate the initial catalyst. 

The electronic and steric effects on the formation and stability of the 
trisphosphine-carbonylhydridorhodium precursors of selective hydrofor
mylation catalysts are considered as illustrated by Figure 1. Molecular orbital 
considerations indicate that increased σ-electron donation from the phos
phine—which is directly related to the basicity of the phosphine—leads to 
stronger bonding of both the phosphine and the C O ligands. The increased 
bonding to C O results from the increased flow of electrons through the 
rhodium to the antibonding orbitals of C O . Thus stable carbonylhydrido-
rhodium complexes are formed with highly basic, tri-n-alkylphosphine l i 
gands of high σ-donor ability. If the phosphorus ligand is not only donating 
electrons but accepting them as well, the R 3 P - R h bond strength is increased 
by ττ back-donation, but the C O - R h bond strength is negatively affected. 
This is the case with weakly basic triarylphosphines and phosphites. Coor
dination of three phosphine ligands to the same rhodium is negatively af-

* % p—9 9 
(R 3P) 3Rh(CO)H R3p « ^ - g > R h < J ^ - ^ > C — Ο 

* ^ è Ô 

Effect on Bonding 
~. . t ,, to Rhodium of Characteristic 
of Phosphine R 3 P C O 

Electron Donation (σ) + + 

Electron Acceptance (π ) + 
Steric Crowding - + 

Figure 1. Trends in bond strengths in L3Rh(CO)H as affected by the electronic 
and steric properties of the phosphorus ligand. 
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fected by steric crowding. Thus, C O more effectively competes with bulky 
phosphines for multiple coordination on the rhodium. 

Synthesis and NMR Studies of Catalyst Complexes 

The structure, reversible dissociation, and equilibria of rhodium complex 
precursors of active catalyst species and their role in determining the se
lectivity of l-n-olefin hydroformylation were developed on the basis of N M R 
studies under simulated hydroformylation conditions and catalysis experi
ments. A few of the investigations employed pure crystalline trisphos-
phine-carbonylhydridorhodium complexes. However, in most of the cases, 
halide-free carbonylhydridorhodium complexes were generated in situ, in 
the presence of excess stabilizing phosphorus ligand. The catalyst precursors 
were dicarbonylrhodium acetylacetonate and dodecacarbonyltetrarhodium. 

Synthesis. Triphenylphosphine- and triphenyl phosphite-carbonyl-
rhodium acetylacetonates (derived by reacting dicarbonylrhodium acetyl
acetonate acacRh(CO) 2, with triphenylphosphine and triphenyl phosphite, 
respectively) were reported as hydroformylation catalysts by Ziolkowski and 
co-workers (32-34). Our work indicated that, on reacting excess tert-phos-
phines with acacRh(CO) 2 in toluene solution, bis- and/or monophos-
phine-carbonylrhodium acetylacetonates were formed, dependent on the 
bulkiness of the phosphorus ligand (23). When these solutions were reacted 
with hydrogen, acetylacetonate ligand-free carbonylhydride catalyst com
plexes were formed, as shown by Scheme III. In the absence of steric 

Bulky Phosphine 1 ι Non-Bulky Phosphine 

AcacRh(CO) 2 

AcacRh(CO)(PR3)2 AcacRh(CO)(PR3)2 

[(R3P)2Rh(CO)H] (R3P)3Rh(CO)H 

(R3P)2Rh(CO)2H 
H 2 w- Π 

Ο CO 

I(R3P)Rh(CO)3]2 

Rh4(CO)1 2 

Scheme III. Key intermediates in the formation of rhodium catalysts from 
bulky or nonbulky phosphine ligands. 
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hindrance, tris(phosphine)-carbonylhydridorhodium complexes were pro
duced in quantitative yield, even under atmospheric hydrogen pressure at 
ambient temperatures. 

Booth et al. (35) discovered that, when dodecacarbonyltetrarhodium is 
reacted with equivalent or excess triphenylphosphine under C O , triphen-
ylphosphine-carbonylrhodium dimers are formed. These dimers were suc
cessfully used as 1-alkene hydroformylation catalysts at 70 °C under 120 atm 
of H 2 - C O pressure. In our work the carbonylrhodium dimer complex with 
triphenylphosphine and other sterically nondemanding terf-phosphine li
gands was converted to the corresponding tris-(feri-phosphine)-carbonyl-
hydridorhodium catalyst complex by atmospheric hydrogen in the presence 
of excess terf-phosphine ligand. 

In general, the synthesis of alkyldiarylphosphine-rhodium complexes 
started with toluene solutions of acacRh(CO) 2 or R h 4 ( C O ) 1 2 having concen
trations equivalent to 0.4% Rh. These solutions were then reacted with 
varying amounts of the appropriate phosphine ligand typically to provide a 
9:1 P:Rh ratio and then saturated with I 3 C O and H 2 in the 2-35-atm pressure 
range. All the experiments were carried out in thick-walled N M R tubes (10-
mm o.d.) equipped with poly(tetrafluoroethylene) (Teflon) screw valves. 3 1 P 
and 1 3 C N M R spectra were obtained mostly at -30 °C with a multinuclear 
N M R spectrometer ( JEOL F X 900). The rhodium complex structures, equi
libria, and dissociation rates were primarily characterized in terms of 3 1 p 
and l 3 C chemical shifts, Rh-P and P - C coupling constants, and line broad
ening. 

The reactions studied are outlined with both bulky and nonbulky phos
phines in Scheme III. The main factors in determining the structure and 
equilibria were steric. As such, they were discussed in some detail in a study 
of alkyldiphenylphosphines (23). The following discussion illustrates the elec
tronic effects of phosphorus ligands. 

NMR Studies. Carbonylhydridorhodium complexes with phosphorus 
ligands may have one or two carbonyl ligands coordinated to the same rho
dium, as shown in Scheme IV. Due to reversible R 3 P and C O ligand disso
ciation, the two coordinatively saturated carbonylhydridorhodiums are in 
equilibrium. In recent N M R studies of the triphenylphosphine—carbonyl-
hydridorhodium complexes, this conclusion was confirmed by Brown and 
Kent (36). Bond-strength considerations indicate that the more basic σ-
donating trialkylphosphines tend to form catalyst systems containing more 
of the dicarbonylhydridorhodium complex. Phosphine dissociation from this 
complex leads to nonselective monophosphine-dicarbonylhydride species. 
The reaction of this species with 1-butene leads to major amounts of branched 
valeraldehyde hydroformylation product. In contrast, the weakly basic π-
bonding phosphite esters mostly form monocarbohylhydridorhodium com
plexes. These preferentially generate selective diphosphine—monocarbonyl-
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hydridorhodium hydroformylation catalyst species. However, they may also 
undergo complete C O dissociation at high temperature. This reaction results 
in the formation of carbonyl-free rhodium hydrides of high olefin hydrogén
ation and isomerization activity. 

The dissociation of P R 3 and C O ligands from rhodium complexes can 
he studied by variable-temperature 3 1 p and 1 3 C N M R spectrometry. This 
capability is illustrated by Figure 2, which compares the 3 1 p proton decou
pled spectra of two tris(phosphine)-carbonylhydridorhodium complexes. At 
-60 °C, the typical doublet signal of the phosphorus coupled to the rhodium 
was observed for both complexes. The doublet signal of the complex of the 
more basic alkyldiphenylphosphine ligand remained sharp at 35 °C; in con
trast, the less basic triphenylphosphine complex exhibited a broad doublet. 
Further increases in the ligand exchange rates resulted in single composite 
signals for the Ph 3 P and Ph 2 PR systems at 90 and 120 °C, respectively. 

Higher temperatures were clearly necessary in the Ph 2 PR complex sys
tem to reach ligand exchange rates comparable to that of the Ph 3 P complex. 
Because the increase in ligand exchange rate parallels that of complex dis
sociation to yield coordinatively unsaturated species, these data indicate that 
a comparable generation of such reactive species occurs at higher temper
atures in the Ph 2 PR complex systems. This conclusion suggests that higher 
temperatures are needed to achieve comparable hydroformylation rates 
when complexes of Ph 2 PR are used in place of Ph 3P. On the other hand, 
the Ph 2 PR complexes are more stable at the higher temperatures than the 
Ph 3 P complex. 

31P NMR Studies. In other experiments, trialkylphosphine complexes 
of rhodium were also studied by 3 1 p N M R . These experiments were done 
to show the effect of H 2 - C O pressure on the equilibria among the various 
complexes formed when a mixture of 1 mol of dicarbonylrhodium acetyl
acetonate and 9 mol of triethylphosphine is reacted with C O and H 2 . The 
first experiment used a toluene solution of the acetylacetonate, which was 
first equilibrated under 4.3 atm of l 3 C O and then pressured with an addi
tional 4.3 atm of H 2 . Because of the resulting I 3 C O enrichment of the 
complexes formed, not only the large coupling due to the rhodium but also 
the small coupling by the l 3 C O could be observed. Thus the 3 1 P spectra 
indicated the number of C O ligands coordinated to each rhodium center. 

A downfield double doublet—the phosphorus signal of carbonylhydri-
dotris(triethylphosphine)rhodium—was observed. The structure of this com
plex is also supported by rhodium N M R spectroscopy. An overlapping 
double triplet was assigned to the corresponding bis(phosphine)-dicarbonyl-
hydridorhodium, and a broad upfield doublet was attributed to a dicarbon
ylrhodium dimer complex. No rhodium dimer is present under these con
ditions when triphenylphosphine is used instead of triethylphosphine. The 
excess free phosphine shows up as a singlet at -23.4 ppm. In a second 
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experiment the pressure of the mixture was increased to about 36 atm, by 
a regular 1:1 mixture of H 2 and C O . This addition changed the equilibria 
in favor of the dicarbonylhydride complex, as expected. 

1 3 C NMR Studies. The 1 3 CO-enriched solutions of carbonylhydrido-
rhodium complexes were also used for 1 3 C N M R studies. This labeling al
lowed the determination of the number of phosphorus ligands coordinated 
to one rhodium, as illustrated by Figure 3 with the triphenylphosphine 
ligand. The 1 3 C O complexes of Figure 3 were derived by reacting a toluene 
solution of tetrakis(triphenylphosphine)hydridorhodium and excess triphen
ylphosphine having a P:Rh ratio of 9:1 with 1 3 C O . 

The resulting mixture of triphenylphosphine mono- and dicarbonylhy-
drides was then studied by 1 3 C O N M R spectroscopy under 0.35 and 2 atm 
of 1 3 C O pressure. The I 3 C spectra in the complexed C O region show a double 
quartet and a double triplet for the monocarbonylhydride and dicarbonyl
hydride complexes, respectively. Obviously, the double quartet signal is 
the result of the splitting of the complexed C O signal into a quartet by the 
three phosphine ligands. This quartet is then further split by the rhodium 
to give the observed double quartet. Similarly, the double triplet signal can 
be clearly and unambiguously assigned to the analogous bis(phosphine)-
dicarbonyl hydride. It is apparent from the signal intensities of the spectra 
that an increased partial pressure of free 1 3 C O leads to a change of the 
equilibrium between the mono- and dicarbonyl complexes, in favor of the 
latter. 

1 1 1 I I 
(Ph3P)3Rh(CO)H ι 

( I I , , | , | 200kPaCO Λ 1 Λ Λ 

1 1 l ι 

v . 
I 

AJ 
1 1 

1 j ' ' (Ph,P)2Rh(CO)2H 

111 35kPaCO ι — | — ι ι — 

I ι 1 

1 

1 

1 

206 202 198 
1 3 C CHEMICAL SHIFT PPM 

Figure 3. I3C NMR study showing the equilibrium between (Ph3PhRh(CO)H 
and (Ph3P)2Rh(CO)2H at two CO pressures. 
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Table I. Correlation of Phosphorus Ligand Bonding with Catalyst Activity and 
Selectivity 

Phosphorus Ligand Temp. (°C) Normalized Approx. 
Structure at Equivalent Rate Constant" n:i 
Type Major Dissociation at 145 °C Ratio of 
R = C2H5 Bonding and Activity K„ (K(>lJ[Rh]) Product 
Ph3P σ and ττ 100 200 11 
Ph2PR σ and ττ 140 50 10 
RiP σ 200 5 5 
(RO),P π >200 2 11 
"Experimental determinations were made under standard hydroformylation conditions: 2500 
kPa, 5:1 Hz-CO, 1 M [R3P]. 

Stability of Pentacoordinate Complexes. The stability and structure of 
the pentacoordinated carbonylhydridorhodium complexes largely depend on 
the strength and type of the rhodium coordination with the phosphorus 
ligand modifier. Therefore, we can correlate the activity and selectivity of 
the catalyst systems with the type of phosphine ligand. As shown in Table 
I, these correlations are illustrated by comparative hydroformylation exper
iments, which were carried out at a 1 M phosphorus ligand concentration. 
A triarylphosphine ligand, such as triphenylphosphine, which is both a me
dium σ donor and a medium ττ acceptor, provides a triarylphosphine complex 
with a significant dissociation rate at 100 °C. In a standard 145 °C hydro
formylation catalysis experiment, the activity of this catalyst is high, as in
dicated by the normalized rate constant. The n:i selectivity is also high. 

Alkyldiarylphosphine ligands have significantly increased σ-donor and 
somewhat reduced ττ-acceptor characteristics. Therefore, a higher temper
ature (in the range of 140 °C) is needed for their significant dissociation. 
Consequently, they show only about one-fourth of the activity of the tri-
phenylphosphine-based system at 145 °C. Trialkylphosphine ligands are very 
strong σ donors and as such lead to very stable complexes. Therefore, at 
145 °C these complexes have little activity. Because of increased bonding 
of C O by back-donation, these complexes tend to form multiple carbonyl 
complexes that lead to reduced n:i product ratios. 

Finally, trialkyl phosphites are extremely strong ττ acceptors with neg
ligible σ-bonding ability. As a result of the powerful back-donation, phos
phites form more stable complexes than phosphines. With trialkyl phos
phites, temperatures in excess of200 °C are needed for good catalyst activity. 
In contrast to trialkylphosphines, these high-temperature ligands selectively 
form monocarbonylhydride complexes and provide a high n:i product ratio. 

Catalysis Studies 

The process studies of the present work were mainly carried out with 1-
butene as a reactant. Use of 1-butene instead of propylene provided an 
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additional insight into the mechanism. In addition to the hydroformylation 
reactions producing n- and t-valeraldehydes, and hydrogénation producing 
η-butane, isomerization side reactions producing cis- and frans-2-butenes 
could also be studied, as indicated by Scheme V. 

CH 3CH 2CH = CH 2 ^CO/H2 [ C H ^ H ^ D H 2 Q H ^ i H 0 n_ 

ι 
4! CH3CH2CHCHO i-
4 CO/H2 I 

CH 3CH = CHCH3 — • CH 3 CH 2 CH 2 CH 2 CH 3 

Scheme V. Products and byproducts from hydroformylation of l-butene. 

Our batch hydroformylation reactions were carried out in a 300-mL 
autoclave to 50% l-butene conversion, as indicated by the C O - H 2 con
sumed. The rhodium concentration was selected from the range of 0.25-2.0 
m M L 1 to achieve the desired 50% conversion in a period of 5-40 min. The 
phosphorus ligand concentration was in the 0.14-3.0 M range. The reaction 
rates showed an excellent first-order dependence on rhodium concentration. 
Therefore, for comparing different catalytic systems, so-called normalized 
rates could be calculated by dividing the observed rate constant by the Rh 
concentration. 

In standard experiments, the starting reactant was a 20% solution of 1-
butene in 2-ethylhexyl acetate plus phosphorus ligand. The initial synthesis 
gas reactant, used to pressure our autoclave, had a H 2 - C O ratio of 5:1 or 
1:1. Additional H 2 - C O was added during the run to maintain the total 
pressure. The H 2 - C O ratio of this additional feed was always adjusted slightly 
above one to provide extra H 2 for the hydrogénation side reaction. This 
adjustment maintained the original H 2 - C O ratio and the original C O partial 
pressure during the course of the reaction. The total gas pressure was main
tained by the feed gas at a value chosen from 2500 to 6900 kPa. The reaction 
temperature was selected in the 90-200 °C range. At the end of the reaction 
the products, byproducts, and reactants were all analyzed by gas-liquid 
chromatography. 

The hydroformylation of l-butene with triethylphosphine-rhodium cat
alyst systems was extensively studied to correlate the structure and equilibria 
of the complexes present with their activity and selectivity. The catalysis 
results obtained with triethylphosphine, a strong σ-donor ligand, were com
pared with results obtained with triphenylphosphine, which has both σ-
donor and ττ-acceptor characteristics. 

Triethylphosphine Ligand Concentrations. As shown by Table II, 
at first the effect of increased triethylphosphine ligand concentration was 
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studied at 180 °C with a 5:1 H 2 - C O reactant gas under 2500 kPa of pressure. 
The data show that an increase of the phosphine ligand concentration from 
0.14 to 2.2 M results in a decrease of rhodium catalyst activity and an increase 
in n-aldehyde selectivity. The activity drops to about 1/6 of the original, 
but the n:i ratio of aldehyde products increases from about 3.5 to 7.0. The 
total aldehyde selectivity, η + i, remains unchanged. The qualitative re
sponse of the catalyst to increased concentration of the triethylphosphine 
ligand is the same as that observed with the triphenylphosphine ligand. 
However, the optimum reaction temperature is much higher for the tri-
ethylphosphine-modified catalyst system. A comparison of the 180 °C data 
for 2.2 M triethylphosphine with those at 145 °C for 2.2 M triphenylphos
phine shows similar catalyst activity. However, the triethylphosphine system 
provides less aldehyde linearity, about 7 versus 21, but greater aldehyde 
selectivity, η + i of 86.7 instead of 81.0%. 

These qualitative effects of increased triethylphosphine ligand concen
tration on the rhodium hydroformylation rate and selectivity are observed 
in a broad pressure and temperature range. Similarly, the use of increased 
C O pressure changes the n-aldehyde selectivity in a manner attributable to 
a changing equilibrium between rhodium monocarbonyl hydride and dicar-
bonyl hydride complexes. 

As shown by Table III, hydroformylation at 2500 kPa with a 1:1 rather 
than 5:1 ratio of H 2 - C O — w h i c h increases the C O partial pressure 2.5-fold— 
gives similar results. In the presence of increasing excess concentration of 
triethylphosphine, the reaction rates similarly decrease. There is no indi
cation of reaction inhibition or catalyst instability. In effect, reaction rates 
are better maintained at the higher C O partial pressure of the present series 
of experiments. The linearity of the aldehyde product, characterized by the 
n:i ratio, increases with increased phosphine concentration in the manner 
previously observed. However, under the presently increased C O pressure, 
the n:i ratios are in a lower range (2.76-4.33) than before (3.35-6.96). 

Selectivity of Aldehydes. Selectivity to total (n + i) aldehyde prod
uct is generally higher at increased C O partial pressures. In addition, se
lectivity to η + i aldehydes increases with the triethylphosphine ligand 
concentration under increased C O pressure. At 2.2 M phosphine concen
tration the η + i selectivity is 95%. This increased selectivity is mainly due 
to the more effective inhibition of l-butene to 2-butene isomerization by 
higher concentration of the phosphine. At this point, the n-aldehyde selec
tivity at increased C O pressure is higher (77.2%) than at the lower C O 
pressure in Table II (75.8%). This increase in n-aldehyde selectivity, due to 
the greatly increased η + i %, is obtained in spite of the lower n:i ratio 
(4.33 versus 6.96). 

A comparison of catalytic behavior of the triethylphosphine-rhodium 
complex catalyst system at high ligand concentration and increased C O près-
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sure was made with the corresponding triphenylphosphine system. As shown 
by the last experiment in Table III, only the reaction temperature was 
different with the less stable triphenylphosphine complex. A comparison of 
the catalysis data shows the same qualitative differences that were observed 
at lower C O pressure. The triethylphosphine system is less active and pro
duces a lower ratio of n- and t-aldehyde products. However, it provides 
significantly higher selectivity to η + i aldehydes. The choice between the 
two types of catalysts may depend on the market for the isoaldehyde product. 

The rhodium hydroformylation of l-butene with 5:1 H 2 - C O was studied 
under similar conditions in the presence of phosphite ester ligands. Table 
IV shows the effect of the reaction temperature on catalyst activity and 
selectivity in the presence of 1 M triethyl phosphite. Increasing reaction 
temperature moderately increased the activity and the n:i selectivity of the 
triethyl phosphite-modified rhodium catalyst. However, there was a serious 
decrease in total aldehyde selectivity. At 180 °C the η + i selectivity was 
only 75.5%; with the triethylphosphine ligand, the comparable η + i was 
86.3%. The high percentage of hydrocarbon byproducts observed with the 
phosphite-based catalyst is believed to be due to carbonyl-free rhodium 
hydride complex formation. Using triethyl phosphite as a rhodium ligand, 
a compromise between high activity and high total aldehyde selectivity may 
be the best choice. The present data suggest that such a compromise may 
be realized at about 160 °C. 

Comparative data with triphenyl phosphite were obtained at 110 °C. 
Triphenyl phosphite-modified rhodium catalysts were extensively studied 
by several groups in the past. We found that, at low temperature, the 
triphenyl phosphite based catalyst system is much more active and provides 
a significantly higher n:i ratio of aldehyde products than the triethyl phos
phite system. However, the triethyl phosphite complex leads to a much 
higher total aldehyde selectivity. The η + i percentage is 95.3% versus 
80.7%. The low total aldehyde selectivity of the triphenyl phosphite catalyst 
is due to extensive l-butene isomerization; the 2-butene selectivity is 17.1%. 
In the presence of triphenyl phosphite, butene isomerization becomes the 
dominant reaction at higher reaction temperatures. 

Highly stable trialkylphosphine-rhodium complex catalysts with high 
total aldehyde selectivity are of particular interest for continuous hydrofor
mylation processes using product flash-off (PFO). Figure 4 shows such a 
P F O operation. The process scheme shown is generally used for the hydro
formylation of propylene to produce n-butyraldehyde (37, 38). This aldehyde 
is by far the most important oxo-chemical intermediate. During the process, 
the gaseous reactants are continuously introduced into a low-pressure re
actor. The reaction takes place in the homogeneous solution of the rhodium 
complex catalyst system, and the products and unconverted reactants are 
continuously removed in the vapor phase. The aldehyde products are sep
arated by condensation, and volatile unreacted reactants are recirculated. If 
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this product flash-off or similar distillation technique is employed for the 
hydroformylation of higher molecular weight olefins leading to less volatile 
aldehyde products, the thermal stability of the complex becomes increasingly 
important because the product removal requires increased temperature. 

Conclusions and Outlook 

On the basis of the present study, we conclude that electronic effects of 
phosphorus ligands are an important factor in rhodium hydroformylation. 
We believe that strongly basic, σ-bonding trialkylphosphine ligands are po
tentially attractive in high-temperature rhodium hydroformylation. They are 
advantageous compared to triarylphosphine ligands from the viewpoint of 
product removal, complex stability, and ligand degradation. Their high total 
aldehyde product selectivity (n + i) at times is more important than their 
relatively low product linearity (n:i). 

Nonvolatile, higher trialkylphosphines are promising ligand candidates 
in continuous rhodium hydroformylations using aldehyde product flash-off. 
Their rhodium complexes are much more stable than those of triarylphos
phines because the main scrambling mechanism of aromatic phosphine deg
radation is not available. 

From the scientific point of view, these data suggest that both the steric 
and electronic effects of phosphine ligands should be considered in rhodium 
hydroformylation. The electron donor and acceptor characteristics are im
portant factors in determining the equilibria and dissociation of the catalytic 
complexes present. These in turn determine catalyst activity and selectivity. 
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28 

Influence of Organophosphines 
on the Hydroformylation 
of Olefins Catalyzed by Anionic 
Ruthenium Clusters 

Georg Süss-Fink 

Institut de Chimie, Université de Neuchâtel, Avenue de Bellevaux 51, CH-2000 
Neuchâtel, Switzerland 

Anionic ruthenium clusters catalyze the hydroformylation of olefins 
with excellent chemo- and regioselectivity. Isotope-labeling studies 
and trapping of intermediates suggest that the catalytic reaction pro
ceeds through the intermediacy of intact clusters. Organophosphines 
have a remarkable influence on the catalytic reaction. Triphenyl
phosphine completely blocks the catalytic activity of the ruthenium 
cluster. Diphenylphosphine, by contrast, enhances the catalytic ac
tivity but modifies the selectivity of the catalyst. The chemistry un
derlying these influences is discussed. 

DISCUSSION OF TRANSITION METAL CLUSTERS as catalysts has led to con
troversy over whether such molecules can really be useful in catalysis. In 
the 1970s the goal in chemistry of transition metal clusters was to contribute 
significantly to the development of systematic catalysis. This movement was 
stimulated mainly by Johnson and Lewis (I) and the late Earl Muetterties 
(2). 

As oligonuclear species with intermetallic bonds, metal clusters occupy 
the "no man's land" between mononuclear metal complexes and polynuclear 
metal surfaces (Chart I). Because of this intermediary position between 
typical homogeneous catalysts and typical heterogeneous catalysts, transition 
metal clusters may be a new generation of catalysts (3). The aim of research 
in this area is twofold: to find transition metal clusters that provide a unique 

0065-2393/92/0230-0419$06.00/0 
© 1992 American Chemical Society 
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\ / —M M M — 
\ l / j * ' / « \ / ' \ / ' M 1/ \ —M M M— 
/ | \ —-M-——M— / l \ / l \ / l \ 

/ , i \ —M M -M— 
1 1 / I / ! \ / l \ 

mononuclear oligonuclear potynuclear 

Chart I. Intermediary position of metal clusters. 

catalytic potential and to find transition metal clusters that are highly selec
tive in their catalytic applications. 

Trinuclear Ruthenium Cluster Anions as Catalysts 

The trinuclear cluster anion [HRu 3 (CO) u ] " ( l ) , which we discovered in 1979, 
proved to be particularly interesting in this twofold respect. It is easily 
accessible from carbonylruthenium and base reagents (4, 5). In recent years 
we and others have found a considerable number of reactions catalyzed by 
1, only two of which will be mentioned here. 

The unique catalytic potential of 1 expresses itself by the spirocyclization 
of alkyl isocyanates, which gives a surprisingly simple access to a new series 
of spiroheterocycles (6) (Scheme I). The high selectivity of 1 is demonstrated 
by the hydroformylation of propylene, which leads exclusively to C 4 alde
hydes with very high regioselectivity (n:i) ratio (7) (Table I). 

This chapter describes the influence of phosphines (as cocatalysts) on 
the catalytic activity and the selectivity of 1 for the hydroformylation of 
olefins. 

0 R R \ η 

5 R - N = C = 0 R - < X I 

Et3SiH Et3SiOH 0 R ^ R 

Yields : R Me Et °Pr *pτ "Bu 

% L\ 43 69 22 51 

Scheme I. Spirocyclization of alkyl isocyanates in tetrahydrofuran at 120 °C. 
The molar ratio of isocyanate to silane to cluster was 5000:1000:1. 
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28. SUSS-FINK Organophosphines and Hydroformylation of Olefins 421 

CHrCH=CH2 

Table I. Chemo- and Regioselectivity of Compound 1 

H2 

CO + H2 

|— Chb-CHj-OV-CHO—^-CH3-CHrCH?-CH2OH (n| 

H2 
1 — CH3—CH —CHO 

I 

CH. 

(al) 

CH3-CH-CH2OH (i| 
I 

CH3 

(ol) 
Solvent 

Temperature 
CC) 

Chemoselectivity 
(Aldehyde Alcohol) 

Regioselectivity 
(Normal:!sopropyl) 

D M F 70 100.0:0.0 94.1:5.9 
D M F 80 100.0:0.0 94.0:6.0 
D M F 90 100.0:0.0 93.6:6.4 
Clyme 80 100.0:0.0 98.0:2.0 
Diglyme 80 100.0:0.0 98.6:1.4 

N O T E : The reaction took place with 0.17 mmol of [NEt4][HRu3(CO)nl in 10 mL of solution at 
10 bars of total pressure. 

Organophosphines as Hydroformytotion Cocatalysts 

The high selectivity of 1 as a hydroformylation catalyst can be best understood 
on the basis of a catalytic cycle involving exclusive intact trinuclear clusters 
as intermediates by the steric demands of a trinuclear metal framework. 
The catalytic cycle as proposed in Scheme II is based on the trapping of 
the intermediate [Ru 3(CO) I ( )(OCEt)]~ by acidification of the reaction mix
ture with C F 3 C O O H and C H 3 C O O D to give the neutral clusters 
HRu 3 (CO) 1 ( ) (OCEt) (8) and DRu 3 (CO) l 0 (OCEt) , and on isotope-labeling 
studies with molecular deuterium as the hydroformylation component (9). 

For a large number of hydroformylation catalysts, both catalytic activity 
and selectivity can be improved by using organophosphines as cocatalysts 
(20). Accordingly, we attempted to make the hydroformylation of propene, 
which is already highly selective in the presence of 1, chemo- and regio-
specific by adding triphenylphosphine or derivatives thereof. However, the 
catalytic activity of 1 collapsed completely in the presence of excess PPh 3 . 
In contrast, catalytic activity increased in the presence of P P h 2 H , but this 
increase was accompanied by a complete change of selectivity. 

These effects cannot be explained on the basis of simple phosphine 
substitution products of 1. Therefore, we undertook to study the rather 
complex reactions of 1 with P P h 3 and P P h 2 H . Our goal was to elucidate the 
chemistry underlying the strange influences of organophosphines on the 
hydroformylation catalyzed by the cluster anion 1. 

The reaction of 1 with triphenylphosphine was reported to give the 
monosubstitution product [HRu 3(CO) 1 ( )(PPh 3)] (2) (22). This anionic species 
was characterized in a careful kinetic study (22, 22); however, it has never 
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422 HO M O G E N E O U S TRANSITION M E T A L CATALYZED REACTIONS 

C H 2 = C H 2 + C O + H 2 •> C H 3 ~ C H 2 - C H = 0 

0 
c 

CO 

Scheme II. Proposed mechanism for hydroformylation catalyzed by 
[NEt4][HRu3(CO)ii] in tetrahydrofuran at 100 ° C and 50 bar of pressure for 
4 h. The catalytic turnover (ratio of products to catalyst) was 345 ± 5, and 

the catalyst recovery was 98%. 

been isolated. As a catalyst, 2 should be at least as active as 1. Therefore, 
the breakdown of the catalytic activity of 1 in the presence of P P h 3 cannot 
be caused by the formation of 2. Rather, it must originate in transformations 
of the cluster that are much more complicated than the substitution of a 
carbonyl by a phosphine ligand. 

We therefore undertook a careful ! Η N M R study of the reaction system 
l - P P h 3 (Figure 1). The monosubstitution product [HRu 3 (CO) 1 0 (PPh 3 )]- (2) 
is formed and gives rise to a doublet hydride signal at-12.01 ppm. However, 
even before 1 has completely disappeared, the formation of the disubstitution 
product [HRu 3 (CO) 9 (PPh 3 ) 2 ]- (3) (Scheme III) is indicated by a triplet hy
dride signal at -11.20 ppm. 

Anions 2 and 3 are not very stable. Even at 20 °C, 3 undergoes elimi
nation of benzene and converts into the phosphine-phosphido derivative 
[Ru 3(CO) 9(PPh 3)(PPh 2)]~ (4), which can be isolated and characterized as 
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2 0 ° C 0 min 

20°C 10 min 

20°C 120 min 

20°C 900 min 

66°C 120 min 

I • . -
6 -11 -12 -13 -1H -15 -16 ppm 

Figure 1. lH NMR spectra of the reaction of 0.5 mmol of [N(PPh)3] 
[HRue(CO)u] with 0.5 mmol of PPh3 in 50 mL of tetrahydrofuran at various 

temperatures. 
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I H R U 3 ( C O ) U ] -

20EC 
r P P h 3 

C O 

aoec 
f P P h S 

C O 

( H R u 3 ( C O ) t ( P P h 3 ) 2 ] ' 

10«C k P h H 

0 Ί 
(1) - R " 

° 1 
c 1 ( H R u j ( C O ) 1 0 ( P P h , ) l - ( 2 ) - R u ^ J A . / 

-/-Ru' 

Ph,P x 

(3) — Ru 
I 
ι /— Ru 

Β 11 — Ru-
Ph3P 

, 1 [ R u j ( C O ) 9 ( P P h , ) ( P P h 2 ) ] - Ο ^ 
(4) x - C — / ^ „ 

— Ru / — R u ^ 

' \ i/\ 
^ R u ^ ^ O 

Κ C O P h 3 P / X 

C O 

[ H R u j ( C O ) t ( P P h , ) ( P P h C , e 4 ) ] 

Ru / — R u — 

i s o l a t e d a a x \ / / \ 

t e t r a e t h y l ammonium s a l t H - i i . R u 

' ι \ 
Ph3P 

Scheme III. The reaction system l-PPh3-
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28. S C S S - F I N K Organophosphines and Hydroformylation of Olefins 425 

bis(triphenylphosphine)iminium salt. Heating at conditions similar to those 
of the catalytic process converts 4 with orthometalation of one of the aro
matic rings and carbonyl substitution into the anion [HRu 3 (CO) 8 (PPh 3 )-
(PPhC 6 H 4 )]~ (5), which was isolated as tetraethylammonium salt. The single-
crystal X-ray structural analysis of 5 was performed. 

Molecular structure of 5. 

The isolation and characterization of the cluster anion 5 as the species 
formed from 1 and P P h 3 under catalytic conditions explains why the catalytic 
cycle according to Scheme II is suppressed. One of the two P P h 3 ligands 
coordinated initially on the metal framework undergoes benzene elimination 
and orthometalation to give a tripodal phosphorus-carbon handle over the 
triangular metal face blocking the catalytic activity of the cluster. The vari
able-temperature N M R spectra in fact show that 5 is a rigid cluster, the 
ligands of which are not fluxional. 

In contrast to PPh 3 , diphenylphosphine enhances the catalytic activity 
of the cluster anion 1. We therefore studied the stoichiometric reaction of 
1 with P P h 2 H , from which we isolated the bisphosphido derivative 6 as 
bis(triphenylphosphine)iminium salt. 

[HRu 3(CO)i,]- + 2PPh 2 H [HRu 3(CO) 8(PPh 2) 2] + H 2 + 3 C O 
1 6 
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The crystal structure analysis reveals that anion 6 contains a triangular 
metal framework with two different Ru-Ru bonds bridged by P P h 2 ligands, 
which occupy different sides with respect to the R u 3 plane. One of the 
phosphido-bridged Ru-Ru edges also carries the hydride bridge. The solid-
state structure of compound 6 is found in solution only at low temperature. 
Variable-temperature N M R spectra (Figure 2) prove that 6 is fluxional in 
solution. These spectra are best interpreted in terms of dynamic site ex
change of the hydride ligand between the two phosphido-bridged Ru-Ru 
bonds. 

In contrast to the rigid orthometalated cluster anion 5, the fluxional 
cluster anion 6 catalyzes the hydroformylation of olefins. However, the se
lectivity is completely changed with respect to that of 1. Whereas 1 is 

Molecular structure of 6. 
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+60° C •30°C 

-30°C -30°C 

6 190 170 150 ppm 

31P-(1H}-NMR 

6 -16 -17 -18 ppm 

*H-NMR 

Ί- Τ 

Figure 2. Variable-temperature NMR spectra of 6 and dynamic site exchange 
of hydride ligand. 

extremely chemoselective for aldehydes (even chemospecific under optimum 
conditions), 6 provides a mixture of aldehydes, alcohols, and ketones. 

For ethylene, the ratio of the aldehyde to ketone to alcohol products 
can be varied between 90:2:8 and 29:70:1, depending upon the ethylene 
partial pressure. This loss of selectivity of 1 in the presence of P P h 2 H , 
accompanied by an enhancement of catalytic activity (Table II) can be ex
plained by the formation of 6. This cluster anion, fluxional as the parent 
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anion 1, also catalyzed the hydroformylation of olefins. However, it pro
ceeded by a different mechanism than that determined for 1, which was 
depicted in Scheme II. 

Studies to elucidate the catalytic cycle of the ethylene hydroformylation, 
catalyzed by phosphido derivative 6, are under way. 
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Selectivity Control in the Animation 
of Ethylene Glycol 

John A. Marsella 

Air Products and Chemicals, Inc., Allentown, PA 18195 

We previously reported that vicinal diols react with secondary amines 
in the presence of soluble ruthenium and iridium catalysts at 100-125 
°C to give high yields of amino alcohols and diamines. The selectivity 
can be modified in favor of mono- or diamination by the proper 
choice of metal and by varying the level of triphenylphosphine present 
in the reaction mixture. We now report the effect of other phosphine 
ligands on this catalyst system, as well as the effect of temperature 
on the selectivity. Stepwise progression from PPh3 to PMe3 indicates 
that both electron-donating ability and steric bulk on the ligand 
increase the tendency to make amino alcohol. Not surprisingly, in
creasing the reaction temperature causes a decrease in selectivity. 
However, some of the selectivity toward monoamination can be re
covered by adding more phosphine ligand. Preliminary spectroscopic 
observations suggest that ethylene glycol binds much more strongly 
to Ru(II) than does methanol. This tendency explains the higher 
reactivity of the diol with these catalysts. 

H OMOGENEOUSLY CATALYZED REACTIONS OF AMINES and alcohols that 

give IV-alkylated products have been the focus of a number of reports during 

the past decade (1-5). Watanabe's group (6-14) has been particularly active 

and has demonstrated the synthesis of amino alcohols, diamines, and various 

heterocycles from diols and both alkyl- and arylamines. Earlier we reported 

(15-19) that ruthenium and iridium complexes catalyze the formation of 

either amino alcohols or diamines from ethylene glycol and secondary 

amines. The reactions occur with a high degree of selectivity, which can be 

altered in a controllable fashion by the proper choice of catalyst system. 

0065-2393/92/0230-0433$06.00/0 
© 1992 American Chemical Society 
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Triphenylphosphine complexes of ruthenium, as well as R u C l 3 · 
x H 2 0 - P P h 3 mixtures, give high selectivity to amino alcohols. In contrast, 
R u C l 3 · x H 2 0 by itself and iridium complexes give high selectivity to dia
mines. We speculated that the selectivity control stems from the existence 
of intermediate metal-amino alcohol complexes whose stabilities vary de
pending on the metal and the coordination environment (15). The ability of 
these soluble catalysts to control the selectivity of glycol aminations appears 
to be greater than that achievable with traditional heterogeneous methods 
(20-22) or with photocatalysis (23). Here we report further studies of these 
reactions, including effects of various phosphine ligands and of temperature 
on the selectivity obtainable with ruthenium catalysts. 

Phosphines play an important role in controlling the selectivity of metal-
catalyzed and metal-assisted organic reactions (24). Consistent with this con
dition, the selectivity of the reaction of ethylene glycol with secondary amines 
catalyzed by ruthenium complexes varies smoothly with the PPh 3 :Ru ratio. 
We previously (15) defined a selectivity ratio r, which reflects the effective
ness of a catalyst for the synthesis of either 1 or 2. 

H O C H 2 C H 2 O H + H N R 2 - » H O C H 2 C H 2 N R 2 + R 2 N C H 2 C H 2 N R 2 

l 2 

_ selectivity to 2 

selectivity to 1 + selectivity to 2 

We now report that this selectivity ratio is also quite sensitive to the 
nature of the phosphine ligand. The effect of the phosphine is dependent 
on both its steric and electronic properties. In the case of triphenylphos
phine, the effectiveness of the ligand in controlling selectivity decreases as 
the reaction temperature is increased. However, this loss of selectivity can 
be reversed by increasing the phosphine concentration. 

Effect of Phosphine on Selectivity 

Table I lists several phosphines and their effects on the catalysis of the 
reaction of morpholine with ethylene glycol in the presence of R u C l 3

e x H 2 0 . 
CAUTION: Reactions run in closed systems can develop pressure from evolved 
H 2 . A suitable means of pressure relief or containment must be provided. 
The data in Table I are arranged in order of increasing selectivity to the 
diamination product, l,2-bis(morpholino)ethane (2a). A general trend of se
lectivity based on phosphine cone angle (25) is not evident, although very 
large ligands tend to lower conversions (with the exception of PPh(C 6 F 5 ) 2 ) . 
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In addition, l,2-bis(diphenylphosphino)ethane (dppe), a very good chelating 
agent, retards the reaction significantly. In contrast, the poorer chelating 
agent, bis(diphenylphosphino)methane (dppm), gives a respectable conver
sion with selectivity favoring the diamine. 

A somewhat clearer understanding of the ligand effect can be achieved 
by examining the results of reactions in which discrete ruthenium-phosphine 
complexes are used as catalysts. In general, these complexes give slightly 
higher conversions than the analogous catalyst systems obtained by simply 
mixing the ligand with R u C l 3 · x H 2 0 , and distortions from in situ catalyst 
generation are minimized. Results obtained with various Ru(II) phosphine 
complexes are shown in Table II. Particularly noteworthy are the results for 
the complexes containing the series of ligands P M e v P h 3 _ I (x = 0-3). The 
phosphines PPh 3 , PPhMe 2 , and P M e 3 all give higher selectivity to mono-
amination (low values of r). The ligand P P h 2 M e stands out as an obvious 
exception, with diamination being slightly favored (r > 0.5). The tendency 
for diamination with this ligand is also evident in Table I. Clearly, an ex
planation based solely on steric factors is not satisfactory. 

Our original rationalization for selectivity control was based on the pres
ence or absence of triphenylphosphine (15). The reaction apparently pro
ceeds through an intermediate ruthenium complex that can either dissociate 
amino alcohol to give monoaminated product or further aminate to give 

Table II. Catalysis and Selectivity Shown by Ru(II) Complexes 

H O C H 2 C H 2 O H + ç/ \ H
 [RU]» 

/ \ / — \ / \ 

Ox N C H 2 C H 2 O H + Ο N C H 2 C H o N Ο 

1a 2a Conversion Selectivity (%) 

Complex (%) la 2a r 

RuCl 2 (PPh 3 ) 3 100 84 9 0.10 
[ (RuL 3 ) 2 ^-Cl ) 3 ]Cl* 100 36 56 0.61 
[(RuL 3) 2^-Cl) 3]Cl'> 100 76 12 0.14 
R u C l 2 ( P M e 3 ) 4 100 91 1 0.01 
cts-RuCl 2 (dppm) 2

c 100 50 39 0.44 
t rans-RuCl 2(dppm) 2 100 45 46 0.51 
frans-RuCl 2 (dppe) 2

r f low — — — 

RuCl 2 (dppm)(PMePh 2 ) 2 87 34 56 0.62 

N O T E : Conditions are as in Table I; temperature = 120-125 °C; time = 2-2.5 h. 
"L is PMePh 2. 
hL is PMe 2Ph. 
r130 °C. 
'3.5 h. 
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diamine (see Scheme I). Clearly, a sterically hindered phosphine coordinated 
to the metal will destabilize other ligands present. However, it is also true 
that electron-rich phosphines will cause weaker binding of ligands that are 
largely σ-donors. Both alcohols and amines fall into this category for the 
later transition metals. 

Thus, the selectivity control seen for the P M e ^ P h ^ series appears to 
be caused by a combination of steric and electronic factors. The greater the 
number of phenyl groups, the larger the steric destabilization of the inter
mediate amino alcohol complex. As some of the phenyl groups are replaced 
with methyl groups, the steric demands placed on the complex fall, but at 
the expense of increased electron density at the metal center, which also 
destabilizes the amino alcohol complex. The ligand P M e P h 2 appears to rep
resent an intermediate case, the ligand being neither large enough nor basic 
enough to favor monoamination. The result is higher selectivity to diamine. 
However, selectivity is also strongly dependent on the L:Ru ratio. Some of 
the complexes listed in Table II have L:Ru ratios of 4:1; others have ratios 
of 3:1. 

The ability of phosphines to alter the selectivity of these reactions is not 
unlimited. A ligand such as tris(ortfto-tolyl)phosphine [P(o-tol)3] has a very 
large cone angle and might be expected to give monoamination. It is such 
a poor ligand, however, that it itself is only weakly complexed under catalytic 
conditions. The results in Table I indicate that the portion of the ruthenium 
with P(o-tol)3 ligated to it is very likely to be inactive because of steric 
crowding, although the portion that is free of the ligand gives diamination. 

HNRo 

H O - ^ 
Ru—ISU 

PPha 
/ 

Ru—PPh3 + HO" 

H O - ^ HNR2> v N x ^ N ^ 
Ru—!\L ' 

/ 

Scheme I. Ruthenium-catalyzed reaction of ethylene glycol and secondary 
amines. 
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Mixed-Ligand Systems 

A particularly curious ligand effect is seen with the mixed phosphine 
complexes listed in Table II: RuCl 2(dppm)(PMe 2Ph)2 and RuCl 2(dppm)-
(PMePh 2 ) 2 . The selectivities shown by both complexes appear to be domi
nated by the unidentate ligand. Coupled with the fact that the Ru-dppm 
systems without other phosphines present give selectivity very similar to 
P M e P h 2 , this fact implies that dppm is itself behaving as a unidentate ligand 
under reaction conditions, and the metal "sees" it only as an alkyldiphen-
ylphosphine. 

High-Temperature Reactions 

As the temperature of these reactions increases, selectivity toward monoam
ination falls (17). This effect is shown in Table III for ruthenium-catalyzed 
reactions of morpholine and ethylene glycol in the presence of PPh 3 . For a 
P:Ru ratio of 3 (i.e., pure RuCl 2 (PPh 3 ) 3 ), a dramatic effect is seen going from 
120 to 150 °C. Just as dramatic is the effect seen when the P:Ru ratio is 
increased from 3 to around 5 at both 150 and 180 °C (see Table IV). This 
ratio is very critical in determining selectivity at these higher temperatures. 
Below this ratio, the reaction is essentially nonselective in terms of mono-
versus diamination. Above this ratio, selectivity to monoamination can again 
be achieved. The effect of added phosphine on higher-temperature reactions 
has also been reported by Bitsi et al. (4). 

Table IU. Effect of Temperature on Selectivity 
of RuCl2(PPh3)3-Catalyzed Reactions of Ethylene Glycol 

with Morpholine 

Temperature 
(°C) 

Conversion 
(%) 

Selectivity 
(%) 

1 2 r 
120 100 84 9 0.10 
150 99 55 39 0.41 
180 100 44 54 0.55 

NOTE: Conditions are as in Table II, unless otherwise stated. 

Reactions of Diethylene Glycol 

Our results show the dependence of selectivity on phosphine ligands. Wa-
tanabe (9) reported that the activity of these types of catalyst systems is also 
strongly dependent on the properties of the phosphine. By using a very 
large number of examples, he and his co-workers showed that cyclizations 
of 1,5-pentanediol with primary aromatic amines proceeded well with 
R u C l 3 · x H 2 0 as the catalyst system, but more basic amines required more 
basic phosphines to achieve satisfactory conversions. Thus, the yield of N -
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Table IV. Effect of P:Ru Ratio on Selectivity of RuCl2(PPh3):r-PPh3-Catalyzed 
Amination of Ethylene Glycol with Morpholine 

HCDCH2CH2OH + c/ \ j H
 t R U * » w 

/ \ / — \ / — \ 

Ο NCH2CH2OH + Ο NCH2CH2N Ο 

v_y \_y \_y 
1a 2a Selectivity 

Temperature Conversion 
(°C) P:Ru la 2a (%) r 

180 10.3 93 3 100 0.03 
180 5.1 87 7 100 0.07 
180 3.0 44 51 100 0.54 
180 0" 7 76 95 0.92 
150 4.6 84 16 100 0.16 
150 0° 17 79 100 0.82 
120 3.0 83 9 100 0.10 
120 0a 15 80 100 0.84 

N O T E : Conditions are as in Table I. 
"Data for RuCl 3 · x H 2 0 as catalyst. 

octylpiperidine from 1,5-pentanediol and IV-octylamine was highest at a 
PBu 3 :Ru ratio in the range of 2 to 3. 

We have seen a related phosphine effect on the activities of our catalytic 
reactions, but in this case the reactivity is also related to the diol. Diethylene 
glycol is notably less reactive than ethylene glycol for the R u - P P h 3 catalyst 
systems. The use of R u C l 3 · x H 2 0 - P B u 3 , however, leads to higher yields 
of aminated products (Table V). One explanation for this difference is that 
these diols can serve as chelating ligands. In a chelating mode, models show 
that β-hydride elimination to form an aldehydic intermediate is not favorable. 
[Presumably, an aldehydic-type of species—coordinated or otherwise—is 
necessary for amination to occur in these systems. We never directly ob
served such species. However, others have also surmised them to be present 
(5, 8).] Diethylene glycol is capable of acting as a tridentate ligand, stabilizing 
a chelate form relative to ethylene glycol. A very basic ligand such as P B u 3 

can destabilize the chelate complex and thus allow the necessary β-hydride 
elimination. 

Glycols as Ligands 

This argument necessarily requires coordination of the alcohol. In Wata-
nabe's work (8), they speculate that an amine complex is the active species 
and cite UV-visible spectroscopic data as evidence that alcohols (specifically 
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Table V. Reactions of Diethylene Glycol with Morpholine (mor) and 
Dimethylamine (DMA) 

V. 4 

Temperature Selectivity Conversion 
Catalyst" Amine CC) 3 4 (%) 
A mor 115 81 — 17 
A mor 160 72 — 35 
Β mor 120 81 4 37 
Β mor 150 80 17 100 
Β D M A 120 69 3 52 
A D M A 150 62 3 64 
Β D M A 150 63 7 98 
N O T E : Conditions are as in Table I unless otherwise specified. 
"Catalyst A is RuCl 2(PPh 3) 3; catalyst Β is RuCl 3 · xH 2 0-3PBu 3 . 

benzyl alcohol) do not displace phosphine from RuCl 2 (PPh 3 ) 3 . We, too, see 
no spectral changes (other than slight dilution effects) when a chloroform 
solution of RuCl 2 (PPh 3 ) 3 (ca. 10 2 M) is treated with an 80-fold excess of 
methanol. 

However, a 20-fold excess of ethylene glycol leads to an immediate color 
change from red-brown to pinkish. The characteristic (26) maxima at 740 
and 480 nm for RuCl 2 (PPh 3 ) 3 decrease in intensity, and a new absorbance 
at 495 nm appears. As the 3 1 p N M R spectrum of RuCl 2 (PPh 3 ) 3 (27) in C D C 1 3 

disappears, free phosphine and a new sharp resonance at 54 ppm are evident. 
Clearly, ethylene glycol has a much higher affinity for the Ru(II) center than 
does either methanol or benzyl alcohol. This greater affinity accounts for the 
greater reactivity of ethylene glycol relative to methanol, which is almost 
unreactive at 120 °C. It is, however, important that the affinity not be so 
large as to favor too strong a chelating binding mode. 

Although the experimental evidence for coordination of ethylene glycol 
(and by inference diethylene glycol) is quite strong, we cannot rule out the 
possibility that the need for a strongly basic phosphine such as P B u 3 for 
diethylene glycol arises from stable complex formation by the product. Tran-
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sition metal complexes with amino alcohols are well known (28). It seems 
reasonable that an aminoethoxyethanol would bind more strongly than a 
simple amino alcohol. Thus, it may be that aminated products from dieth
ylene glycol more readily poison the ruthenium catalyst than do those from 
ethylene glycol. The role of the P B u 3 in this case would be to regenerate a 
Ru-phosphine catalyst. A higher temperature is also required to achieve 
conversions of amines with diethylene glycol comparable to those seen with 
ethylene glycol. 

Conclusion 

The selectivity control observed in this reaction system contrasts strongly 
with that attainable with traditional heterogeneous alcohol amination catalyst 
systems. In particular, the subtle effects seen by small variations in amount 
and choice of ligand are striking. These catalysts offer new opportunities for 
the selective and efficient syntheses of highly functionalized organic com
pounds from readily available starting materials. 
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Electronic and Steric Control 
Catalytic Intramolecular Carbon-Hydrogen 
Insertion Reactions of Diazo Compounds 

Michael P. Doyle 

Department of Chemistry, Trinity University, San Antonio, TX 78212 

Dirhodium(II) carboxylates and carboxamides are the most effective 
catalysts for intramolecular carbon-hydrogen insertion reactions that 
result from decomposition of diazo compounds. Cyclopentanones, β
-and γ-lactams, and γ-lactones are formed from diazoketones, 
diazoamides, and diazoesters, respectively, in moderate to high yields 
and, ordinarily, with a high degree of regio- and stereocontrol. Acting 
as metal-stabilized carbocations, the intermediate rhodium carbenes 
are electrophilic reagents whose reactivities and selectivities are de
pendent on the electron-withdrawing capabilities of their bridging 
ligands. Selectivity for C-H insertion is greatly enhanced by the use 
of Rh2(acetamide )4, and chiral dirhodium(II) carboxamide catalysts 
offer great potential for highly enantioselective transformations. 

R.HODIUM(II) CARBOXYLATES are now well-known catalysts for the remote 
functionalization of carbon-hydrogen bonds in carbenoid reactions of 
diazocarbonyl compounds (eq 1, Ζ = Η or C O O R ) (J, 2). 

Their advantages over the more traditional copper catalysts (3) are well 
documented both in the yields of products obtained from intramolecular 
cyclization and in the selectivity that can be achieved from these reactions. 

0065-2393/92/0230-0443$06.00/0 
© 1992 American Chemical Society 
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Indeed, rhodium(II) compounds have become the catalysts of choice for 
carbenoid reactions extending from cyclopropanation (4) and insertion re
actions to ylide generation-rearrangement (5-8) or dipolar addition (9-1 J). 

Rhodium(II) acetate, the catalyst most often employed for carbenoid 
reactions, is a binuclear compound with four bridging acetate ligands and 
D4h symmetry (1, R = C H 3 ) (12-14). 

In the absence of coordinating ligands that include nitriles, alcohols, 
and ketones, Rh 2 (OAc) 4 possesses one vacant coordination site per metal 
atom. When reacting as an electrophile, it undergoes addition to the diazo 
carbon of the reactant diazo compound (I). With diazocarbonyl compounds 
such as ethyl diazoacetate, this electrophilic addition takes place near 
-20 °C and is the rate-limiting step. Subsequent loss of dinitrogen is pre
sumed to result in the formation of an electrophilic metal carbene that is 
the active intermediate in carbenoid reactions (Scheme I). 

Although these intermediates have not been directly observed, indirect 
evidence from reactivity-selectivity correlations with pentacarbonyltungsten 
carbenes in cyclopropanation reactions suggest their formation (15, 16). 

With diazo compounds ranging from phenyldiazomethane and tri-
methylsilyldiazomethane to diazoacetates and diazoamides, reactions with 

R 

1 

Scheme I. 
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Rh 2 (0Ac) 4 occur at room temperature. More stable diazo compounds such 
as diazoacetoacetates and diazoacetoacetamides require higher temperatures 
for efficient catalytic dinitrogen loss and carbenoid reactions. Normally re
actions are performed by controlled addition of the diazo compound to the 
catalyst to limit the concentration of the diazo compound and minimize 
carbene dimer formation (17). 

Carbon-Hydrogen Insertion Reactions 

Cyclopentanones. The employment of Rh 2 (OAc) 4 for intramolecular 
carbon-hydrogen insertion reactions with diazocarbonyl compounds evolved 
from the prior use of copper catalysts for these transformations (3). The 
advantages of Rh 2 (OAc) 4 have been clearly evident. The conversion of iso-
pimaridiene skeleton 2 into the 16-keto steroid 3 was achieved in 60% yield 
with Rh 2 (OAc) 4 as the catalyst (eq 2), but poor yields of 3 were obtained 
when C u S 0 4 was used (18). 

Similarly, only minor amounts of cyclopentanone products resulted from 
the CuS0 4-catalyzed decomposition of l-diazo-2-octanone (4) (eq 3), where 
cyclohexanone formation (6) was also observed, or l-diazo-4,4-dimethyl-2-
pentanone (18). 

A broad selection of a-diazo-p-ketoesters, -sulfones, and -phosphonates 
has been transformed in moderate to good yields to the corresponding cy
clopentanone derivatives with the use of Rh 2 (OAc) 4 (e.g., eqs 4-6). 
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Ο 

11 12 

Exceptional regioselectivity and diastereoselectivity were achieved 
(19-23). In contrast to results obtained with Rh 2 (OAc), (eq 4), treatment of 
the same a-diazo^-ketoester 7 with C u S 0 4 produced a mixture of products 
with intramolecular cyclopropanation favored over carbon-hydrogen inser
tion (24). 

Extensive investigations of competitive intramolecular carbon-hydrogen 
insertion reactions (Scheme II), where the two reacting bonds are at the 

X. 

Scheme II. 
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same formal distance from the carbenoid center, have demonstrated that 
reactivity decreases according to 3° C - H > 2° C - H > 1° C - H (21). 

Surprisingly, in view of the electronic character of the reactant metal 
carbene, insertion into benzylic and allylic methylene positions was found 
to be disfavored relative to insertion into aliphatic methylene positions. 
Furthermore, in one of the most dramatic demonstrations of regiocontrol 
by electron-withdrawing groups, Stork and Nakatani (25) found that an ester 
substituent deactivated both a- and β-methylene groups toward C - H in
sertion (eqs 7 and 8). 

Thus, even when this intramolecular pathway is the only one possible, 
only carbene dimer formation is realized (25). Electronic preferences appear 
to control regioselectivity but, as will be seen (vide infra), conformational 
control of reaction selectivity provides a rational explanation for these results. 

Despite the apparent overwhelming preference for cyclopentanone for
mation in Rh2(OAc)4-catalyzed C - H insertion reactions of diazo carbonyl 
compounds, isolated examples of preferential β- and δ - C - H insertion re
actions have been reported. Whereas 17 produced both 18 and 19 in a 1.5:1.0 
ratio (eq 9), only 21 was produced from the structurally similar, but more 
highly substituted, 20 (eq 10) (26). 

Similarly, the δ-lactone 23 was the only insertion product isolated from 
the Rh 2(OAc) 4-catalyzed decomposition of 22 (eq 11) (26). 
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Rh2(OAc)4w 

83%~* 

COOC2Hs 

17 

COOC,H. 

18 
COOCjHs 

0 Rh2(OAc)4̂  
5 5 % 

OOC2H5 

19 

(9) 

22 

CH3 ι " 

H 3 c \ * ^ or 
COOC2H5 

only 

21 

R h g ( O A c ) 4 ^ 

F r e o n T F 

46% >cpo 
23 

(10) 

(11) 

These examples suggest that subtle changes in reactant structure can 
have an enormous influence on reaction regioselectivity and that electronic 
preferences alone cannot explain the selectivity for carbon-hydrogen inser
tion in Rh2(OAc)4-eatalyzed reactions. 

Lactams. Ponsford and Southgate (27) were the first to report that 
Rh 2 (OAc) 4 was an effective catalyst for intramolecular carbon-hydrogen in-
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sertion reactions. Diazoacetoacetamide 24 underwent Rh 2(OAc) 4-catalyzed 
decomposition at room temperature to yield β-lactam 25 in 75% yield (eq 
12). 

COCH3 Ο 
24 25 

With C u in toluene at 90 °C, 25 was formed in only 25% yield. Similar 
results were obtained with other 1,3-oxazines (28, 29) but the generality of 
this methodology for the synthesis of β-lactams awaited reports by Doyle 
and co-workers (30, 31). Treatment of a series of IV-benzyl-N-ter£-butyldi-
azoacetoacetamides 26 (R = C H 3 C O ) with Rh 2 (OAc) 4 (1.0 mol %) in refluxing 
benzene resulted in the exclusive production of trans-disubstituted β-lac
tams 27 in nearly quantitative yields (eq 13). 

Ο 

27 

28 ( %) 26 27 (%) 

94 S = 3 , 4 - d i - O C H 3 95 
93 m - O C H i 90 
99 H 98 
89 m-Br 92 
— P-NO2 92 

N O T E : — means this experiment was 
not performed. 
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In contrast, the N-benzyl-N-ferr-butyldiazoacetamides 26 (R = H) 
underwent exclusive carbene addition to the aromatic ring (28) when treated 
with a catalytic amount of Rh 2 (OAc) 4 in dichloromethane at room temper
ature (32). The acetyl group of the diazo carbon obviously inhibits carbenoid 
addition to the electron-rich aromatic ring, even when substituted with two 
methoxy groups to enhance its nucleophilic reactivity. 

The influence of the iV-tert-butyl group is seen from results obtained 
with diazoacetoacetamides having smaller N-alkyl substituents. When the 
fert-butyl group of 26 (R = C H 3 C O ) is replaced by isopropyl, only 60% of 
the reaction products result from insertion into the benzylic position. The 
remaining 40% arise from insertion into the methine hydrogen of the iso
propyl substituent. With ethyl as the N-alkyl substituent, only 17% of the 
reaction products result from insertion into the benzylic position. The re
mainder are due to insertion into the ethyl group: 60% into the primary 
methyl group to form the corresponding y-lactam and 23% into the secondary 
methylene group. 

The selectivity observed in these reactions does not appear to be a 
function of electronic influences by substituents on the reacting C - H bond, 
as was reported by Taber and Ruckle (21) for cyclopentanone formation by 
carbon-hydrogen insertion. Rather, these results can be explained by in
sertion into a C - H bond that is held in close proximity to the carbenoid 
center (29). 

Overlap of the nitrogen nonbonded electrons with the carbonyl π-system 
fixes the amide conformation so that the larger nitrogen substituent is ori
ented toward the carbonyl group. Steric effects by the carbenoid substituents 
on benzylic substituents force the aryl group away from the acetyl group 
and coordinated metal and place the benzylic hydrogens within the reactive 
environment of the carbenoid center. Consistent with this interpretation, 
decomposition of 30 in refluxing benzene, catalyzed by Rh 2 (OAc) 4 , forms β-
lactam 31, solely as the trans isomer, in 96% isolated yield (eq 14) (31). 

29 

Ο 

30 31 
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In addition, in the most convincing demonstration of conformational 
preferences in carbenoid insertion reactions, diazoacetoacetamide 32 under
goes high-yield conversion (89%) to the cis-disubstituted β-laetam 33 in 
rhodium(II)-perfluorobutyrate-catalyzed reactions performed in refluxing 
dichloromethane (eq 15) (31). If electronic factors controlled carbenoid C - H 
insertion reactions, these results would not have been anticipated on the 
basis of conclusions drawn from eqs 7 and 8. 

N, k 

,C(CH3)3 Rh2(pfb)4 

COOEt 
32 

Ο 

CH2CI2 

4T 
(15) 

EtOOC' \ C ( C H 3 ) 3 

33 

What, then, is the cause of the apparent difference between the re-
giocontrol observed for β-lactam formation and that for cyclopentanone 
formation? We believe that the metal carbenes derived from reactions of 
rhodium(II) carboxylates and diazo compounds should be viewed as 
metal-stabilized carbocations (34a), with their inherent stability arising from 
electron donation through the dirhodium framework (34b). 

R R 

R R 
34a 34b 

Carbon-hydrogen insertion occurs by interaction of the p-orbital on the 
carbenic carbon with the σ - C - H bond. It results in bond formation between 
the carbene carbon and both carbon and hydrogen of the reacting car
bon-hydrogen bond (Scheme III). 

As this bond formation progresses, the metal bound to the carbene 
carbon dissociates and product formation is realized. The mechanistic de
piction in Scheme III also accounts for the diastereoselectivity that is ob
served in these reactions. Steric interactions between R and C O O R ' desta
bilize the conformation in which the R group is in the axial position. The 
exception appears to be the formation of the cis-disubstituted β-lactam in 
eq 15. However, in this case the C - H insertion that would have resulted 
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COOR' R'OOC 

O; H 

σ Rh 

35 36 

Scheme HI. 

in the fnws-disubstituted β-lactam would have had to occur from a confor
mation in which the carboxylate group was juxtaposed against the catalyst 
face. Steric and stereoelectronic factors disfavor this conformation. 

The cause of the apparent electronic destabilization by ester functional 
groups on β - C - H insertion that was reported by Stork and Nakatani (25) is 
probably due to repulsion of the carboxylate by the bridging ligands of the 
dirhodium catalyst (35). A similar explanation can be made for the apparent 
lower reactivity of benzylic methylene C - H bonds described by Taber and 
Ruckle (21). The influence of catalyst structure on selectivity is minimized 
too often in mechanistic considerations of catalytic reactions. However, in
sertion into a C - H bond α to a carboxylate group is certainly subject to 
electronic destabilization of the transition state leading to products. Simi
larly, insertion into a C - H bond α to nitrogen is subject to electronic sta
bilization of this state. 

Application of this methodology to other aliphatic systems in which both 
β- and y - C - H insertion are possible demonstrates its broad applicability for 
the construction of β-lactams. Rhodium(II)-acetate-catalyzed decomposition 
of the diazoacetoacetamides derived from diisopropylamine, dicyclohexylam-
ine, and irano-2,6-dimethylpiperidine in benzene formed the corresponding 
β-lactam products 37-39 exclusively and in high yield: 37 (89%), 38 (100%), 
and 39 (90%, isomer ratio = 1.4) (30). 

The corresponding diazoacetamides also formed β-lactam products but, 
in these systems, competition between β - C - H and y - C - H insertion occurred 
to a limited extent (30). 
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As is implied from consideration of the metal-stabilized carbocation (34) 
hypothesis for carbene reactivity, significant manipulation of product dis
tributions in catalytic transformations of diazoamides could be achieved by 
changing the catalyst from the indiscriminate Rh 2(pfb) 4 (33, 34) through 
Rh 2 (OAc) 4 to the electronically selective Rh2(acam)4 (pfb is perfluorobuty-
rate, and acam is acetamide) (4, 34). 

For example, decomposition of iV-tert-butyl-N-(2-phenylethyl)diazoace-
toacetamide (40, R = C O C H 3 ) yields both β-lactam and y-lactam products 
(Scheme IV). 

Each product is formed exclusively as the trans diastereoisomer, and 
they are formed in approximately equal amounts, with Rh 2 (OAc) 4 as the 
catalyst. However, use of Rh 2(pfb) 4 favors the β-lactam product, and 
Rh2(acam)4 favors formation of y-lactam. The corresponding diazoacetamide 
(40, R = H) produces products from both y - C - H insertion (43) and aromatic 
addition (44) upon catalytic decomposition. Effective control of product se
lectivity is achieved with the use of Rh 2(pfb) 4 and Rh2(acam)4. In all cases 
product yields are greater than 90%. Similarly, decomposition of N-n-butyl-
N-terf-butyldiazoaeetoacetamide (45, R = C O C H 3 ) with these catalysts ex
hibits a significant catalyst-ligand-dependent variation in the relative yields 
for formation of β-lactam and y-lactam products (Scheme V). 

However, the corresponding diazoacetamide (45, R = H) formed the 
y-lactam 48 with only minor amounts (2-7%) of β-lactam product, using the 
same set of rhodium(II) catalysts. 

Relative to Rh 2 (OAc) 4 , the metal carbene derived from Rh2(acam)4 is 
projected to be more stable and, consequently, more susceptible to product 
development control in intramolecular reactions. In contrast, the metal car
bene derived from Rh 2(pfb) 4 is less stable and more electrophilic. Therefore, 
it is more reactive toward electron-rich substituents, as in the formation of 
44, and less discriminate. 

The conditions that favor y-lactam formation—use of diazoace tam ides 
rather than diazoacetoacetamides, the absence of an electron-withdrawing 
group at the site of insertion, and use of the less electrophilic Rh 2(acam) 4— 
signify the importance of stereoelectronic considerations in predicting the 
outcome of these C - H insertion reactions. β-Lactam formation is not the 
preferred pathway for the catalytic decomposition of diazoamides. When 
there is a competitive choice between β-lactam and y-lactam production, as 
with 45, the y-lactam predominates. The reason that Rh 2(pfb) 4 enhances β-
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8 < a 

OC GC CC 
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48 

pΙιΗ , Δ 

Rh2(acam)4 
Rh2(OAc)4 
Rh2(pfb)4 

Scheme V. 

J χ 
46 

19% 
37% 
67% 

° y C H 3 

χ 

47 

81% 
63% 
33% 

lactam formation is probably the high reactivity of the intermediate metal 
carbene, which allows bond formation to begin at a greater distance from 
the C - H bond and thereby initiates relatively indiscriminate insertion. 

Lactones. In copper-catalyzed reactions, diazoacetate esters do not 
undergo C - H insertion to any meaningful extent (35, 36). Even the more 
viable diazomalonate esters produce y-lactones in only low to moderate 
yields in the few examples that have been published (37-39). Cane and 
Thomas (26) reported the first example of an intramolecular C - H insertion 
reaction of a diazoester catalyzed by Rh 2 (OAc) 4 (eq 11). Rather than the 
normally favored y-lactone, a δ-lactone directed to the synthesis of pent-
alenolactone Ε was produced. Capitalizing on the directive influences that 
can be achieved by variation of the bridging ligands of rhodium(II) carbox
ylates and rhodium(II) carboxamides, Doyle and co-workers (40) reported 
that catalytic carbenoid decomposition of diazoesters provides a general and 
highly selective methodology for the synthesis of y-butyrolactones (e.g., eq 
16). 

Ο H 3 C \ ^ C H 3 

N, H, 
H3C 

49 

+
 H'C> 
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Rh2Lt 

Ζ = H 
Yield (%) 

Relative 
Yield (9c) Ζ = CHiCO 

Yield (%) 

Relative 
Yield (%) 

Rh2Lt 

Ζ = H 
Yield (%) 50 51 

Ζ = CHiCO 
Yield (%) 50 51 

Rh,(pfb)4 56 32 68 45 45 55 
Rh2(OAc)4 81 53 47 97 90 10 
Rh2(acam)4 96 >99 <1 89 >99 <1 

Indiscriminate C - H insertion occurred with the use of Rh 2(pfb) 4 , pri
marily into normally unreactive 1° C - H bonds, but exceptionally high re
gioselectivity for insertion was achieved with the use of Rh2(acam)4. Exten
sion of this methodology to 52 produced 53 in 85-88% yield as the sole 
lactone product from Rh 2 (OAc) 4 - or Rh2(acam)4-catalyzed decompositions 
(eq 17). Similarly, effective control of regioselectivity for C - H insertion could 
be achieved in the catalytic decomposition of 54 (eq 18) with the use of 
Rh2(acam)4. 

Ο Ο 

Ν* 
52 

Ν , 

54 

56 
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Relative 
Yield (%) 

Rh2L4 Yield (%) 55 56 
Rh2(pfb)4 81 63 37 
Rh2(OAc)4 80 28 72 
Rh2(acam)4 80 6 94 

The composite results from a series of similar insertion reactions that 
allowed selection between 1°, 2°, and 3° C - H bonds demonstrate that the 
relative reactivities for these transformations are highly dependent on the 
catalyst. With Rh2(acam)4, relative reactivities for 1°, 2°, and 3° C - H insertion 
are approximately 1:40:>100, those for Rh 2 (OAc) 4 are 1:8:54, and relative 
reactivities for Rh 2(pfb) 4 are nearly statistical. However, these relative reac
tivities are of no practical value in predicting the outcome of C - H insertion 
reactions in more complex systems where stereoelectronic or steric factors 
govern product formation. For example, Rh 2(OAc) 4-catalyzed decomposition 
of (lR,2S,5R)-(-)-menthyl diazoacetoacetate, 57, resulted in the exclusive 
formation of bicyclic y-lactone 58 (80% yield) with trans ring fusion and 
"trans" geometry for the acetyl group (eq 19). 

57 58 

Substitution by an ether or ester oxygen apparently increases the reac
tivity of a C - H bond toward carbene insertion. Adams et al. (41) reported 
a high degree of regioselectivity for 3(2H)-furanone production in Rh 2 (OAc) 4 -
catalyzed reactions (e.g., eq 20). 

59 60 

They employed this transformation in the total synthesis of ^ - m u s 
carine (42). More recently, Lee et al. (43) reported that alkyl methyl 
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diazomalonates form, preferentially in several examples, β-lactones in 
Rh 2(OAc) 4-catalyzed reactions (e.g., eq 21). 

Ο Q 

As was found with 58, y-lactone production is the exclusive consequence 
of Rh 2(OAc) 4-catalyzed decomposition of menthyl methyl diazomalonate. 

Adams attributes the selectivity observed for 3(2H)-furanone formation 
to electronic influences; Lee explains P-/y-lactone preferences as due to 
undefined conformational bias in the metallocarbene species. Although both 
factors may be important in these insertion reactions, conformational influ
ences clearly have a central role in defining observed regioselectivities. This 
influence is amply demonstrated in the catalytic insertion reactions of 
diazoacetamides. 

Summary and Future Directions 

Rhodium(II) carboxylates and carboxamides clearly are effective catalysts for 
carbon-hydrogen insertion reactions of carbenoid intermediates formed from 
diazo compounds. Regiocontrol in these reactions is greatly influenced by 
the bridging ligands of the dirhodium(II) nucleus. Rhodium(II) acetamide 
offers the highest degree of selectivity, and rhodium(II) perfluorobutyrate 
offers the lowest selectivity in competitive insertion reactions. Further con
trol of selectivity is anticipated with structural modifications of the bridging 
dirhodium(II) ligands. 

Enantioselective C - H insertion reactions, which do not appear to be as 
feasible with chiral copper catalysts (44-47), should be optimal with the use 
of chiral dirhodium(II) catalysts. Indeed, by using chiral dirhodium(II) 
tetrakis[methyl 2-pyrrolidinone-5-carboxylates] [i.e., Rh 2 (5S-MEPY) 4 and 
Rh 2 (5R-MEPY) 4 ; M E P Y is methyl 2-pyrrolidone-5-carboxylate], we have 
been able to achieve greater than 90% enantiomeric excess (ee) in intra
molecular cyclopropanation reactions (48). 
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Rh2(5frMEPY)4 Rh2(5S-MEPY)4 

In preliminary results from the catalytic decomposition of 63 (R = Me, 
Et, or P h C H 2 ) with R h 2 ( M E P Y ) 4 catalysts, asymmetric induction in the 
formation of y-lactones 64 is at the 85-90% ee level (eq 22). Intensive efforts 
are underway to develop this potential. 

That such high enantiomeric excesses can be achieved with chiral di-
rhodium(II) carboxamides, which have two nitrogen donor atoms oriented 
cis on each rhodium, clearly suggests that the dirhodium(II) ligands are not 
fluxional, undergoing R h - O or R h - N bond cleavage in response to metal 
carbene formation and subsequent reactions (21). Instead, C - H insertion is 
a consequence of the electrophilic character of the intermediate metal car
bene. The metal stabilizes the carbocation form of the metal carbene (34 
and Scheme III), and a coordination site on the metal is not opened by 
association with a carbene. 
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31 

Cyclizations Made Easy by Transition 
Metal Catalysts 

Barry M. Trost 

Department of Chemistry, Stanford University, Stanford, CA 94305-5080 

Ring construction by carbon-carbon bond formation is more versatile 
than methods involving carbon-heteroatom bond formation, which 
is limited to macroheterocycles like macrolactones. Palladium-cata
lyzed carbon-carbon bond formation is spectacularly successful. 
With palladium-catalyzed allylic alkylation, the formidable task of 
making medium-sized rings (8-10 members) and large rings (up to 
27 members) becomes simple. Polymer-supported catalysts enable 
such cyclizations to occur at high concentrations (0.2-0.5 M). Even 
carbon-heteroatom bonds can be formed in this way. Condensations 
and cycloisomerizations involving terminal acetylenes as donors and 
acetylenes or allenes as acceptors represent a new palladium-cata
lyzed strategy. Application of these methods involves the syntheses 
of antibiotic A26771B, (-)-aspochalasin B, and models for polyene 
macrolides (represented by tetrin A) and for taxanes (represented by 
taxinine). 

THE INCREASING IMPORTANCE IN BIOLOGY of rings larger than seven mem
bers spotlights the importance of developing practical routes to these sys
tems. Construction of rings of three and five to seven members proceeds 
by straightforward application of many carbon-carbon or carbon-heteroatom 
bond-forming reactions to intramolecular processes. However, such an ap
proach frequently fails for medium (8-10 members) and large (>10 members) 
rings. Many processes do not apply, and those that do require very special 
conditions such as the employment of high dilution. 

The notion that a transition metal complex may serve as a template to 
facilitate otherwise difficult reactions led us to explore their applicability for 
the synthesis of medium and large rings. Impetus for such studies derives 

0065-2393/92/0230-0463$06.00/0 
© 1992 American Chemical Society 
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from the growing importance of such molecular types from both theoretical 
and biological points of view. Materials possessing unusual electronic (e.g., 
the annulenes) or coordinating (host-guest chemistry) properties have such 
rings as their core. Natural products valued for their biological properties 
(from organoleptics to antibiotics and antitumor compounds) frequently are 
macrocycles. The extension of palladium-catalyzed bond-forming reactions 
to intramolecular processes has proven to be particularly successful (I). 

Macrocyclization via Allylic Alkyfotion 

The ability of palladium to chemoselectively generate a cation in the presence 
of an anion permits the use of charge neutralization to facilitate ring formation 
(eq 1). 

Early applications of this methodology feature the biologically important 
area of macrolide syntheses (2, 3). For example, the 16-membered ring of 
exaltolide, the fragrant constituent of angelica root oil, was obtained in 69% 
yield by the cyclization of eq 2 (3). Tests of ring size indicated that 12- (eq 
3) (3, 4) and 10-membered rings (eq 4) (3) form with equal facility. 
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phoracantholide I 

The importance of lactones led us to develop a new strategy for macro-
lactonization. The strategy is outlined in eq 5, in which an alkoxyacyl anion 
equivalent (as shown in 1) is envisioned as the nucleophile (5). 

Ο 

1 

Completion of the macrolide synthesis involves silver ion assisted hy
drolysis on silica gel. 

Because the pronucleophile is formed by reaction of the appropriate 
alcohol with chlorophenylthioacetonitrile, the latter can be viewed as a car
bonyl zwitterion equivalent (i.e., 2). 
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A simple illustration of this synthetic equivalence in an acyclic case is 
shown in eq 7. 

I C H 3 O H χ 
C l ^ S P h 74% CH 3 O^SPh P d ( 0 )

 9 

72% 

PhS02 CN AgN03, CH3OH 
0 Η 3 Ο ^ ^ ^ Ο Η - 3 -86% 

CH3Cr "OH (7) 

The extension of palladium-catalyzed cyclizations to eight- and nine-
membered lactones has been most extraordinary. Cyclization to form six-
and seven-membered rings would normally be expected to dominate. In
stead, cyclization of 3 produces predominantly (94:6) the eight-membered 
ring. This product forms in spite of the fact that the syn complex 4, which 
can cyclize to form only the six-membered ring product, should be preferred 
over the anti complex 5, which is required for eight-membered ring for
mation (2, 3). 

Cycloisomerizations constitute a special class of macrocyclizations. By 
using the principle of pseudohigh dilution, such reactions can be performed 
at practical concentrations. A spectacular illustration of the power of this 
method is the formation of the 27-membered macrolactone in 70% yield at 
0.25-0.5 M (eq 9) (6). 
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The regioselectivity of this reaction stems from the effect of the oxygen 
substituent (eq 10). It involves faithful translation of the stereochemistry of 
the leaving group into the new C - C bond with retention of configuration 
(7). 

Ο 

The magnitude of this regioselectivity directive effect was tested by 
examining the formation of medium-sized carbocyclic rings (8). By using 
homogeneous catalysis at 0.01 M , cyclization of 6 (n = 2) produces only the 
nine-membered ring, in spite of the fact that a seven-membered ring can 
form (9). On the other hand, the next lower homologue, 6 (η = 1), produces 
only the six-membered ring (9). Nevertheless, the six- versus eight-mem-
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bered ring competition must be very close in this metal-catalyzed reaction, 
compared to the 105 kinetic preference for six-membered ring formation in 
non-metal-catalyzed reactions (eqs 8 and 11a). Furthermore, a slight change 
in substitution pattern in the carbocyclic precursor totally reorients reaction 
away from the six-membered rings to favor eight-membered ring formation 
(eq l ib) (JO). 

(11a) 

(11b) 

We focused on the use of carbon nucleophiles, but heteroatom nucleo-
philes also succeed (9). Carboxylate nucleophiles provide an alternative ap
proach to macrolide construction with the interesting feature that the re
gioselectivity depends upon the reaction temperature. Thus, the sterically 
nondemanding oxygen nucleophile preferentially attacks the more substi
tuted carbon at room temperature (eq 12, path a, kinetic conditions). How
ever, it attacks the less substituted carbon at reflux (eq 12, path b, ther
modynamic conditions). 

Confirmation that the differences reside in kinetic versus thermody
namic factors arises from the conversion, with palladium(O) catalysts, of the 
26-membered macrolactone 7 to the 28-membered one 8. 

With phenols, the regioselectivity of cyclization depends upon the re
action solvent (9). In tetrahydrofuran (THF), the predominant product (2:1) 
of cyclization of phenol 9 arises by templating the pronucleophile to the 
departing epoxide oxygen to give the vicinal product 10 (eq 13). 

With the use of an alcohol solvent to disrupt the hydrogen bonding 
between the phenol and the epoxide, the bias for attack at the carbon distal 
to the departing oxygen returns to form the macroether 11. In contrast to 
the use of carbon nucleophiles, these reactions did not succeed at high 
concentrations in the presence of a polymeric catalyst. Presumably this fail
ure reflects the much higher rate of proton transfer with noncarbon atoms. 
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Couplings of Terminal Acetylenes 

The feasibility of performing macrocyclizations at high concentrations led us 
to search for new condensation reactions that, when applied intramolecu-
larly, would become cycloisomerizations. An excellent candidate stems from 
our development of a cross-condensation of terminal acetylenes with internal 
acetylenes, as exemplified in eq 14 (11-12). 

Ο 

- = + PhSi(CH3)2- "CO2C2H5 

2% Pd(OAc)2 

2%TDMPP 
PhH * 
78% 

• L — - C0 2C 2H 5 

Si(CH3)2Ph 
(14) 

An intramolecular version of this reaction proceeds very smoothly to 
produce both carbocycles (eq 15) and macrolactones (eq 16) by using slow 
addition of the substrate to the catalyst (13). 

CO2C2H5 

10%Pd(OAc)2 

20%TDMPP 
PhH * 
66% 

(15) 

CO2C2H5 

as above 
5AMS 

m=1, n = 2 67% 
m = 8, η = 6 70% 

'C02C2H5 

(16) 

An alternative approach to the macrolactone uses the ester as the ac
tivating group for the acceptor acetylene. The yield is more modest in this 
cyclization (eq 17). 

as above 
5AMS 
38% 

(17) 
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Cyclization proceeds chemoselectively, even when both acetylenes are 
terminal, to give 14- and 18-membered ring macrocycles (eq 18) (14). 

In the sequence outlined in Scheme I, considering the fact that acet-
ylenic hydrogens exchange rapidly under these conditions, the product-
determining step appears to be the intramolecular carbapalladation. The 
reactivity of the acceptor acetylene would be enhanced by the presence of 
an inductively electron-withdrawing group. 

Scheme I. Mechanistic rationale of cycloisomerizations of diynes. 

Extension of this concept to unsaturated acceptors other than an acet
ylene should be feasible. Preliminary work suggests that aliènes can indeed 
perform such a function (15). The intermolecular condensation exhibits a 
remarkable dependence of regioselectivity of the addition on the choice of 
catalyst (eq 19). 

Although the intramolecular version has only begun to be investigated, 
its feasibility has been established (eq 20) (16). 
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CH3 

H 

,C02CH3 

CH3(CH2)5C=CH 

4% Pd(OAc)2, TDMPP 
4% TCPC, TDMPP 

C O 2 C H 3 CH3 

CH3(CH2)5 

C0 2CH 3 

(19) 

(CH2)5CH3 

74% 
53% 

15% 
94% 

C0 2C 2H 5 8%Pd(OAc)2, TDMPP 

C0 2C 2H 5 (20) 

Applications Toward Natural Products 

The ready access to macrocycles through palladium templates suggests ex
tension of synthetic strategy to complex molecules. Its ready applicability 
has led to several simple targets in our investigation of the scope of this 
reaction. The ability to incorporate enol ethers in the allyl fragment permits 
a versatile strategy to macrocycles bearing a highly functionalized sequence, 
as shown in eq 21. 

The synthesis of the macrolide antibiotic A26771B exemplifies this con
cept (eq 22) (IT). 

A secondary benefit of this strategy emanates from the ability of the 
sulfone to function as a diastereochemical relay group. By influencing the 
conformation of the large ring, it transmits stereochemical information from 
the carbon bearing the methyl group to the olefin, thereby directing the 
stereochemistry of introduction of the oxygen substituent. 
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antibiotic A26771B 

Because this method constructs the macrocycle by C - C bond formation, 
carbocyclic natural products can be constructed with equal facility. A syn
thesis of (-)-aspochalasin Β benefits both by flexibility for further elaboration 
(as in eq 2) and by use of the phenylsulfonyl group as a stereochemical relay 
(eq 23) (18). 

Cycloisomerization of the vinyl epoxides also provides a particularly 
advantageous juxtaposition of functionality for further elaboration. For ex-
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ample, model studies shown in eq 24 directed toward polyene macrolides 
take advantage of the presence of both an allylic sulfone and an allylic alcohol 
to effect a second palladium-catalyzed reaction to the tetraene (19). 

In a synthesis directed toward taxinine or taxine-I, we envision creation 
of the tricyclic nucleus by a transannular cyclization for which the cyclo-
decanone 12 becomes a logical precursor (eq 25). 

As shown in eq 26, palladium-catalyzed cycloisomerization followed by 
ruthenium-catalyzed reductive desulfonylation readily forms the key macro-
cycle. This example illustrates the subtleties that can be involved in these 
reactions since tri-2-furylphosphine proved to be an important ligand (20). 
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R=H taxinine 
OH taxine I 

AcO 

Conclusion 

Transition metal controlled behavior of allyl systems dramatically facilitates 
formation of both medium and large rings. Thus the normal 1 0 - 1 0 ° kinetic 
bias in favor of seven- and six-membered rings over nine- and eight-mem
bered rings can be reversed to favor the medium-sized rings. Variation of 
the substituents in and on the chain and variation of the nature of the 
nucleophile impart flexibility in generating both carbocycles and heterocy-
cles. The high chemoselectivity provides excellent opportunities for complex 
molecule construction. 

The great successes of cycloisomerizations involving ττ-allylpalladium 
intermediates require exploration to discover new types of metal-catalyzed 
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condensations that may translate into opportunities for large-ring construc
tion under practical operating conditions. The ability to make large changes 
by varying the metal and to fine-tune subsequent behavior by varying the 
ligands provides tremendous opportunities for new inventions and for en
hancing selectivity. Therefore these catalysts can justly be called "the chem
ist's enzymes". 

Abbreviations in Equations 

dppb l,4-bis(diphenylphosphino)butane 
dppe 1,2-bis(diphenylphosphino)ethane 
dppp l,3-bis(diphenylphosphino)propane 
M S G molecular sieve 
O T B D P S f-butyldiphenylsiloxy 
PhH benzene 
T C P C tetracarbomethoxypalladacyclopentadiene 
T D M PP tris(2,6-dimethoxyphenyl)phosphine 
T H F tetrahydrofuran 
T M S O trimethylsiloxy 
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Classic Process Chemistry 
New Science and New Applications 

William A. Nugent, Ronald J. McKinney, Frank W. Hobbs, Jr., and 
Francis J. Waller 

Central Research & Development Department, Ε. I. du Pont de Nemours and 
Company, P.O. Box 80328, Wilmington, DE 19880-0328 

The classic process chemistry used to manufacture commodity chem
icals can represent a valuable untapped resource for the synthesis of 
fine chemicals. This premise is illustrated with three examples. Nickel
-catalyzed hydrocyanation technology, originally developed for the 
commodity production of adiponitrile, has been modified to provide 
an efficient route to a class of anti-inflammatory drugs. Perfluori-
nated ion-exchange polymer (PFIEP) was originally developed for 
caustic and chlorine production. Upon treatment with copper salts, 
it affords a superior cyclopropanation catalyst for the manufacture 
of pyrethroid insecticides. The catalytic dimerization of methyl ac
rylate, originally developed as an alternative route to adipic acid, 
provides a ready source of dimethyl (2-E)-hexenedioate. Tandem con
jugate addition-cyclization of this dimer provides a simple route to 
2,3-disubstituted cyclopentanones such as the 11-deoxyprostaglan-
dins. 

JL HE USE OF HOMOGENEOUS CATALYSIS is growing in the manufacture of 
"fine chemicals" such as pharmaceuticals, crop-protection chemicals, flavors, 
and fragrances, as documented in a series of reviews (I). In contrast to this 
relatively recent development, processes using homogeneous catalysis have 
dominated the manufacture of large-volume "commodity" organic chemicals 
for decades (2). To be competitive, the process chemistry used to manufac
ture commodities must be extremely efficient. Such processes typically result 
from many decades of research and optimization. 

0065-2393/92/0230-0479$06.00/0 
© 1992 American Chemical Society 
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Our experience is that such venerable process chemistry can represent 
a valuable resource in developing new synthetic routes to fine chemicals. 
This chapter illustrates this contention with three examples from our recent 
experience. 

The first example has its origins in the nickel-catalyzed addition of hy
drogen cyanide to olefins. This technology is used by Du Pont to manufacture 
a billion pounds per year of adiponitrile. Recently developed Lewis acid 
additives (3) provide remarkably high regioselectivity for the anti-Markóv-
nikov addition of H C N required in this process. Interestingly, the research 
challenge was to reverse this regioselectivity to provide the Markóvnikov 
addition product. The nitrile-based route to the anti-inflammatory drug na
proxen is of special interest because of the availability of stereospecific ami-
dase enzymes that allow the nitrile to be hydrolyzed to the enantiomerically 
pure drug (4). 

The second example is based on Du Pont's perfluorinated ion-exchange 
polymer (PFIEP) that has revolutionized the electrochemical production of 
commodity caustic and chlorine. We now report the use of P F I E P as a 
chemically resistant support for a highly active cyclopropanation catalyst (5). 

The third example differs from the other two in that the process chem
istry was never commercialized. The catalytic tail-to-tail dimerization of 
methyl acrylate (6) was developed as an alternative route to adipic acid based 
on C 3 rather than C 6 feedstocks. We harnessed this technology to provide 
D u Pont synthesis chemists with a convergent route to 2,3-disubstituted 
cyclopentanones such as the 11-deoxyprostaglandins. 

Hydrocyanation Studies 

The two anti-inflammatory drugs ibuprofen (7, 8) (1) and naproxen (9, JO) 
(2) are members of the class of 2-arylpropionic acids toward which extensive 
synthesis research has been directed. This level of research reflects both the 
economic importance of these pharmaceuticals and the fact that no existing 
route is fully satisfactory (II). 

An attractive approach to these compounds involves hydrocyanation of 
the corresponding vinylarenes (eqs 1 and 2) followed by hydrolysis. Our 

1 2 
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mechanistic studies of nickel-catalyzed olefin hydrocyanation (12) allowed us 
to develop the Markóvnikov addition of H C N to vinylarenes as a new syn
thetic tool (13). 

5 6 

Tetrakis(tri-p-tolyl phosphite)nickel(O) is an effective catalyst for the re-
giospecific hydrocyanation of 3 to 4 at temperatures greater than 50 °C. 
Lewis acid promoters generally used in monoene hydrocyanation are det
rimental to selectivity, increasing the anti-Markóvnikov addition product. 
Because the degradation of the nickel catalyst is second-order in H C N con
centration, the H C N is fed slowly as an H C N - N 2 gas mixture. This process 
is easily accomplished hy passing a controlled flow of nitrogen gas through 
liquid H C N maintained at 0 °C in an ice hath, through a P 2 0 5 trap, and 
directly into the reaction vessel. The resulting vapor is approximately 35% 
H C N . To suppress competing oligomerization, it is also desirable to intro
duce 3 gradually during the course of the reaction. By using 5 mol % Ni 
catalyst, 4 was routinely prepared in 90-93% isolated yield. Comparable 
results were obtained with 2-vinylnaphthalene. 

Hydrocyanation of styrene or substituted styrenes such as 5 under similar 
conditions is less efficient because of extensive oligomerization even in the 
presence of radical inhibitors. The addition of a limited amount of Lewis 
acid such as zinc chloride helps to overcome this problem by increasing the 
rate of hydrocyanation compared to oligomerization. For example, hydro
cyanation of 5 (5 mol % of Ni , 2 mol % of Z n C l 2 , 88 °C) afforded 6 in 65-70% 
yield along with 8-10% of the isomeric 3-arylpropionitrile. The isomeric 
nitriles are readily separated by flash chromatography. 

This new reaction provides a very simple route for the synthesis of a 
series of homologous 2-arylpropionic acids. The requisite vinylarene starting 
materials are readily prepared from commercially available aryl bromides 
by using the nickel-catalyzed cross-coupling chemistry of Kumada et al. (14) 
(eqs 3 and 4). The product nitriles are readily hydrolyzed to the correspond-
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ing acids (NaOH-H 2 0-ethylene glycol, 125 °C). The entire procedure is 
amenable to preparation of multigram quantities of material for biological 
testing. 

MeO 

(dmpe)NiCU 
+ CH2=CHMgBr : _ 3 (3) 

(dppp)NiCI2 

Br + i-BuMgCI 
(4) 

where dmpc is l,2-bis(dimethylphosphino)ethane and dppp is 1,2-
bis(diphenylphosphino)propane. 

Cyclopropanation Studies 

The generation of reactive carbenoid intermediates by transition metal cat
alyzed decomposition of α-diazocarbonyl compounds is a rapidly developing 
area of synthetic methodology. Addition of such species to olefins affords 
cyclopropane-carboxylate esters such as 7, which has been widely used in 
organic synthesis (15-17), and 8, the key intermediate in the manufacture 
of synthetic pyrethroid insecticides (18). Moreover, addition of such car-
benoids to C - H and N - H bonds provides stereocontrolled access to products 
ranging from steroids (1.9) to thienamycin derivatives (20). 

C ° 2 B - ~ - C 0 2 E t 

Among the known catalysts for such reactions, copper(II) trifluorometh-
anesulfonate (21-23) and rhodium(II) acetate (24, 25) have proven uniquely 
effective in a number of applications. However, in our experience, the cost 
of rhodium or trifluoromethanesulfonic acid is a serious constraint for ap
plying this chemistry to large-scale syntheses. For this reason, we sought 
heterogenized versions of these catalysts that would be fully recoverable and 
reusable (26). 
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Du Ponts perfluorinated ion-exchange polymer consists of a peril uori-
nated backbone with pendant perfluorinated sulfonic acid exchangeable sites. 
The general structure of D u Ponts PFIEP can be represented as 9. P F I E P 
powder in the potassium form is readily exchanged to P F I E P ( K + , M " + ), 
where \ T + is C u 2 + or R h 2 + 

[(CF 2 CF 2) n—CF—CFa] x 

(OCF2CF)mOCF2CF2S03H 

dps 

m = 1,2,3... 
9 

Typically, PFIEP (K + ) was slurried with the exchanging solution for 
several hours to prepare the catalysts in our study. The activity of P F I E P 
(K + , C u 2 + ) catalysts was comparable, whether they were prepared from 
copper nitrate, chloride, or acetate. A procedure utilizing P F I E P ( H + ) and 
copper carbonate also provided comparable catalysts. A P F I E P (K + , R h 2 + ) 
catalyst was likewise prepared from PFIEP (K + ) and rhodium(II) acetate 
(CII 2C1 2 , reflux, 1 h, N 2 atm). Other metals have been supported on P F I E P 
as well (27, 28). 

We examined the use of these catalysts for the synthesis of 7 and 8 from 
ethyl diazoacetate and styrene or l,l-dichloro-3-methyl-l,3-butadiene, re
spectively. We also studied the cyclopropanation of cyclohexene to afford 
10 (eq 5). 

jf^ +B0 2 CCHN 2
 c a t a | y s t » + N2 (5) 

'C0 2 Et 

10 

Table I summarizes our results with both our supported catalysts and 
the analogous homogeneous catalyst [copper(II) trifluoromethanesulfonate 
and rhodium(II) acetate]. Also included for comparison is a C u 2 + catalyst 
supported on Amberlyst 15, which lacks the chemically resistant periluo-
roalkyl backbone of PFIEP. 

Table I shows that synthetically useful yields of both 7 and 10 could be 
obtained by using the PFIEP-supported catalysts. In contrast to the rela
tively electron-rich substrates styrene and cyclohexene, significantly lower 
yields were observed for the electron-deficient 1, l-dichloro-4-methylpen-
tadiene. The yield of 1 achieved by using the P F I E P (K + , C u 2 + ) catalyst 
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Table I. Yield of Cyclopropanes from Olefins and Ethyl Diazoacetate Using 
Supported and Unsupported Catalysts 

or ο c ,r a 

lJ-Dichloro-4 
Catalyst Styrene Cyclohexene niethylpentad iene 

P F I E P ( K \ C u 2 + ) 91 63 11 
P F I E P ( K \ R h 2 + ) 51 51 14 
C u 2 + - A m b e r l y s t 60 57 10 
Copper triflate 84 69 31 
Rhodium acetate 96 85 26 

NOTE: Yields (in percent) are based on ethyl diazoacetate by capillary gas liquid chromatography. 
All reactions involve dropwise addition of 2.0 mmol of ethyl diazoacetate in C H 2 C 1 2 (12.5 mL) 
and olefin (12.5 mL) to 0.2 mmol of catalyst (0.5 h, 25 °C). 

was slightly but reproducibly higher than that for copper(II) trifluorometh-
anesulfonate. Yields of both 7 and 10 were higher when the supported C u 2 + 

catalyst was used than for the supported R h 2 + catalyst. 
Another significant difference between the supported C u 2 + and R h 2 + 

catalysts pertains to their behavior on repeated use. After up to 10 uses, the 
C u 2 + catalysts showed no detectable loss of copper content and no dimi
nution of rate or selectivity. In contrast, rhodium was steadily leached from 
the R h 2 + catalyst so that the rate of cyclopropanation had become noticeably 
slower by the 10th run. 

For runs at 25 °C higher yields were obtained when the olefinic substrate 
was diluted 1:1 with methylene chloride or fluorocarbon 113 (CF 2 C1CFC1 2 ) , 
as compared with runs in neat olefin. Alternatively, runs in neat olefin 
provided higher yields when carried out at slightly elevated temperature, 
to a maximum of —75 °C. When tetrahydrofuran (THF) was used as eosol-
vent, no cyclopropanated products were formed. 

Activate Dimerization Studies 

The 2,3-disubstituted cyclopentanones include many biologically active com
pounds, including the 11-deoxyprostaglandins (29, 30) and the cyclopenta-
noid antibiotic antitumor agents such as sarkomycin (31, 32). A conceptually 
attractive route to these compounds begins with conjugate addition of or
ganometallic reagents to enone 11 (33-35). 

The resulting 2-carbomethoxycyclopentanones can then be transformed 
by standard methods into a variety of useful cyclopentanoids. However, 
compound 11 is unstable, difficult to prepare, and polymerizes in the près-
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C0 2Me 
MR 

,C0 2Me 

(6) 

11 12 

ence of many nucleophiles (34). It occurred to us (36, 37) that eq 7, a 
conjugate addition-cyclization utilizing dimethyl 2-hexenedioate, 13a, would 
represent an attractive alternative to eq 6. 

MeOo 
*C0 2 Me 

13a 

C 0 2 M e 12 (7) 

Tandem conjugate addition-cyclization reactions related to eq 7 have 
been reported (38, 39). The practicality of this approach depends on the 
ready availability of 13a. Therefore a high-yield synthesis of 13a by dimer
ization of methyl acrylate was first developed. 

The catalytic tail-to-tail dimerization of methyl acrylate (eq 8) has been 
reported (40-43). Unfortunately, we found that each of the known catalysts 
had severe limitations for the practical synthesis of 13a. In particular, pre
dominant formation of isomeric 13b, limited catalyst life, or further oligo
merization of product dimers were problems. 

2 M e 0 2 C C H = C H 2
 C a t a l y s t » M e 0 2 C > (8) 

Δ 2 isomer 13a 
Δ 3 isomer 13b 

We discovered that the loosely coordinated cationic palladium complex 
Pd(NCMe) 4 (BF 4 ) 2 (44, 45) affords very high yields of 13a under mild con
ditions, particularly in the presence of anhydrous L i B F 4 . Thus, treatment 
of neat methyl acrylate with 0.005 equiv of palladium catalyst and 0.16 equiv 
of L i B F 4 at 40 °C for 30 h afforded after distillation a 93% yield of dimers 
consisting of 93-96% of the trans Δ 2 isomer. We found this mixture of 
products to be suitable for use in the subsequent addition-cyclization re-
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Table II. 3-Substituted 2-Carbomethoxycyclopentanones from Conjugate 
Addition-Cyclization of 13a 

Product R in eq 6 Conditions Yield" (%) 
12a methyl normal'' 76 
12b n-butyl normal 71 
12c sec-butyl normal 42 
12d neopentyl normal 68 
12e vinyl normal 42 
12f phenyl 0 °C 66 
12g incthoxy-6-naphthyl catalytic' 53 

"Percent yield based on 13a. 
''Normal conditions indicate stoichiometric reaction of LiCtiR* at -25 °C. 
'CuCl-eatalyzed reaction of Grignard reagent. 

action. (The amount of palladium catalyst in these reactions can be further 
reduced by addition of a nonligating reoxidant such as benzoquinone or 
V O F v ) 

Tandem conjugate addition-cyclization of 13a with lithium dialkylcu-
prates proceeds readily at - 2 5 °C. A twofold excess of cuprate is required 
because an enolizable β-dicarbonyl system is produced. Isolated yields for 
several alkyl, vinyl, and aryl cuprates ranged from 40% to 80%, as sum
marized in Table II. In each case the product consists overwhelmingly of a 
single isomer, which N M R spectroscopy indicates is the trans diastereomer. 
In one case we extended this reaction to a copper-catalyzed Grignard re
action. Thus, the Grignard reagent from 2-bromo-6-methoxynaphthalene 
was added to 13 in the presence of 5 % C u C l to afford cyclopentanone 12g 
in 5 3 % yield. 

The limited electrophilicity of enoate esters (46) imposes some limita
tions on the nature of the nucleophile R used in eq 7. Lithium d\-tert-
butylcuprate afforded only a low yield of the expected adduct. K C N , 
E t 2 A l C N , 2-potassiocyclohexanone, and 2-lithio-l,3-dithiane failed to pro
duce cyclopentanoid products. 
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Compounds 12 represent a general class of versatile synthetic inter
mediates. A wide variety of techniques exist for the subsequent alkylation 
(47) and decarboxylation (48) to afford the corresponding 2,3-disubstituted 
cyclopentanones. Moreover, 5-substituents could presumably be incorpo
rated by means of the corresponding dianions (49). 

Cyclopentanone 12e was converted by Tsuji and co-workers (50, 51) into 
methyl dihydrojasmonate and 18-hydroxyestrone. The potential utility of 
naphthyl derivatives such as 12g for synthesis of steroids has likewise been 
demonstrated (52, 53). 

Significantly higher yields of 12e and related 3-vinylcyclopentanones can 
be obtained by substituting higher-order cyanocuprates for the simple G i l -
man reagents used here (37). 

Concluding Remarks 

The contrast between the typical manufacturing processes for commodity 
chemicals versus fine chemicals represents a fascinating irony. Routes to 
inexpensive commodities like butyraldehyde or acetic acid routinely use 
homogeneous catalysts containing expensive metals like rhodium. This prac
tice is possible because the large volume of these products justifies decades 
of process development and optimization. In general, the processes used to 
make smaller-volume compounds like pharmaceuticals and crop-protection 
chemicals have been less sophisticated. Industry's investment in process 
development for the commodities can also provide an important "leg up" in 
harnessing the efficiency and selectivity of transition metal catalysis for fine 
chemical manufacture. The examples described serve to support our con
tention. 
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Catalyzed and Noncatalyzed 
Hydrosilation of Organotransition Metal 
Acyl Complexes 

Paul K. Hanna, Brian T. Gregg, D. Lawrence Tarazano, John R. Pinkes, and 
Alan R. Cutler 

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, NY 12180 

Wilkinson's compound, Rh(PPh3)3Cl, catalyzes the hydrosilation of a 
series of organoiron acetyl complexes Cp(L)(CO)Fe-COCH3 using 
dihydrosilanes (Cp is cyclopentadienyl, L is CO). Stable α-siloxyethyl 
complexes FpCH(OSiHR'2)CH3 [Fp is Fe(CO)2-(η5-C5H5)] are avail
able from FpCOCH3, whereas phosphine- and phosphite-substi
tuted iron α-siloxyethyl intermediates promptly convert to vinyl 
compounds, Cp(L)(CO)FeCH=CH2. Manganese acyl complexes 
L(CO)4Mn-COR (L is CO, R is CH3 or Ph; L is PPh3, R is CH3) are 
more effective catalysts for hydrosilating FpCOR (R is CH3 or Ph). 
In addition to Fp(α-siloxyalkyl) complexes, [FpCH(CH3)O]2SiR'2 (R' 
is Et or Ph) and [FpCH(CH3)O]3SiPh also are isolated and fully 
characterized. The manganese acyl catalysts endure (within NMR 
spectral detection limits) until all organoiron acyl substrate is con
sumed; only then do they undergo hydrosilation. Treating manganese 
acyls with 1 equiv of R'3SiH or R'2SiH2 cleanly affords a series of 

α-siloxyalkyl compounds (CO)5Mn-CH(OSiMe2Ph)CH3, (CO)5Mn
-CH(OSiHR'2)CH3, and (CO)5Mn-CH(OSiHR'2)Ph (R' is Et or Ph). 

L· RANSITION M E T A L A C Y L C O M P L E X E S function as pivotal intermediates in 
homogeneous catalysis processes involving carbonylation of a substrate. 
Cleavage of a cobalt-carbon bond in acyl-cobalt intermediates by H 2 or by 
a hydridocobalt complex during carbonylcobalt-catalyzed hydroformylation 
of alkenes, for example, affords initial aldehyde products (I). Hydrosilanes 

0065-2393/92/0230-0491$06.00/0 
© 1992 American Chemical Society 
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also are quite reactive toward thermally labile acyl complexes; triethylsilane 
cleaves acyl compounds (L)(CO) 3 Co-COR (L is C O or PPh 3) and 
( C O ) 5 M n - C O C H 3 (in tetrahydrofuran (THF), 1 atm of CO) and produces 
aldehydes (2, 3). 

Alternatively, the silane Si -Η bond could add across the acyl ligand and 
generate α-siloxyalkyl compounds L v M - C H ( O S i R ' 3 ) R . This route occasion
ally has been mentioned for hydrosilating labile acyl-cobalt compounds, but 
no definitive evidence is available (3, 4). Siloxyalkyl compounds nevertheless 
have resulted from combining a silyl complex L v M - S i R ' 3 with an aldehyde 
(5, 6). Gladysz et al. (7) proposed stable (trimethylsiloxybenzyl)M(CO)5 ex
amples (M is Mn or Re). (a-Siloxyalkyl)Rh(III) complexes are proposed in
termediates during Rh(PPh 3) 3Cl-catalyzed hydrosilation of ketones (8). Two 
research groups reported that Rh(PPh 3 ) 3 Cl also catalyzes hydrosilation of 
Fp(acyl) compounds [Fp is Fe(CO) 2-(T| 5 -C 5 H 5 )] and affords stable (ot-silox-
yalkyl)Fp complexes (9, 10). 

Developing procedures for transforming organometallic acyl complexes 
to isolable α-siloxyalkyl derivatives, particularly those that will subsequently 
carbonylate and give new acyl compounds, serves as one objective of our 
ongoing hydrosilation studies. In this chapter we summarize the hydrosi
lation chemistry of the acyl complexes F p C O R (1, R is C H 3 ; 2, R is Ph) and 
( C O ) 5 M n - C O R (3, R is C H 3 ; 4, R is Ph). Differences in the reactivity of the 
iron and manganese acyls are immediately apparent. The manganese acyls, 
which are thermally labile to terminal carbonyl dissociation [although some
what less so than are their Co(CO) 4 analogs (II)], directly add hydrosilanes 
to form α-siloxyalkyl compounds. In contrast, nonlabile Fp(acyls) are inert 
to free hydrosilanes under ambient conditions and require a catalyst. An 
intriguing outcome of our studies is that 3 and 4 function more efficiently 
than Rh(PPh 3 ) 3 Cl as catalysts for hydrosilating the Fp(acyls) 1 and 2. 

RhfPPh^aCl-Catalyzed Hydrosihtion of Iron Acyh η 5 -
C5H^(L)(CO)Fe-COR 

The Rh(PPh 3) 3Cl-catalyzed hydrosilation of 1 with E t 2 S i H 2 occurs rapidly 
in T H F or in benzene between 5 °C and room temperature. The product 
is a stable diethylsiloxyethyl complex 5 (eq 1) (10). Workup of this reaction 
requires careful chromatography—fast passage down a short column of deac
tivated silica gel in pentane—to obtain analytically pure 5 in 85-90% yields. 
(Siloxyalkyl complexes generally are quite sensitive toward routine chro
matographic procedures, even at lower temperatures.) Ethylidene and SiH 
absorptions in the [ H and 1 3 C N M R spectra of 5 (and other siloxyethyl 
complexes) are particularly diagnostic. 

Optimal reaction conditions entail using 2 equiv of E t 2 S i H 2 and 4-5% 
Rh(PPh 3 ) 3 Cl to accommodate competing rhodium-catalyzed dehydrogena
tive coupling of E t 2 S i H 2 to E t 2 ( H ) S i 2 H E t 2 (12). The choice of silane is critical. 
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5% (PPh3)3RhCI 

THF or benzene Fe — C 
/ \ 

OC CO 
\ 

CH3 

+ 

R2* = Et2, Ph2, PhMe 

2 R*2SiH2 

0°to22°C 
1 

Fe — c-H 
/ X N C H OC CO U M 3 

d) 

5 

E t 3 S i H and M e 2 P h S i H are unreactive under these conditions, and P h S i H 3 

overreduces 1 and 2 to F p C H 2 C H 3 and F p C H 2 P h , respectively. Other 
dihydrosilanes, P h 2 S i H 2 and P h M e S i H 2 , reacted similarly to E t 2 S i H 2 , but 
incomplete product separation from silane residues initially precluded ob
taining analytically pure samples (10). By doing preparative size-exclusion 
chromatography on Bio-Had S-X polystyrene beads (mol wt excluded 400, 
200-400 mesh) in benzene, we now obtain pure samples of these Fp(a-
siloxyalkyl) compounds. 

We briefly investigated the scope of the Rh(PPh 3) 3Cl-catalyzed hydro
silation of Fp(acyls) with E t 2 S i H 2 . Iron and ruthenium acetyl complexes 
analogous to 1 but containing T | D - C 5 M e 5 or T)°-indenyl ligands (Fe) and η ° -
C 5 H 5 (Cp) or indenyl (Ru) readily afford their (a-diethylsiloxy)ethyl com
pounds. Changing the acyl ligand on Fe(CO) 2 Cp complexes has a much 
greater effect on the outcome of the hydrosilation reaction. Although linear 
propanoyl and butanoyl F p C ( 0 ) ( C H 2 ) v C H 3 (x is 1 or 2) are only slightly less 
reactive than 1, hydrosilation reactions of the branched-chain acyls Fp-
C O C H ( C H 3 ) 2 and F p C O C H 2 C H (C Η 3) 2 are sluggish. Even in the presence 
of more catalyst and silane, these reactions are characterized by messy 
workup procedures that afford impure α-siloxyalkyl products in moderate 
yields. Fp(benzoyl) (2) likewise proved to be a difficult substrate. 

Phosphine- and phosphite-substituted iron acetyl compounds 6 are ex
tremely reactive substrates, even when using only 1% Rh(PPh 3 ) 3 Cl and 
either E t 2 S i H 2 or P h 2 S i H 2 . Vinyl complexes C p ( L ) ( C O ) F e - C H = C H 2 (8) 
(eq 2), however, are the final products. This reaction is an extremely efficient 
procedure for directly converting an acetyl compound to its vinyl derivative 
(13). Conducting the reactions dilute in C 6 D 6 affords substantial concentra
tions of the α-siloxyethyl intermediates 7, which we examined by ] H , 1 3 C , 
and 3 1 p N M R spectroscopy. Analogous (T)5-indenyl)Fe, CpRu (L is P P h 3 or 
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1% Rh(PPh3)3CI 

Fe — C + 

L C O O H 3 

2 R' 2 SiH 2 

0-SiHR'2 

Fe — C - Η 
/ \ N 

L CO 
CHo 

L = PPh3, PEta, P(OMe)3 ,P(OPh)3 

8 

PEt 3 ), and (T|5-indenyl)Ru (L is PPh 3) acetyl compounds also undergo similar 
Rh(I)-hydrosilane catalysis. 

A plausible mechanism for Rh(PPh 3) 3Cl-catalyzed hydrosilation of 1, 
patterned after the accepted mechanism for Rh-catalyzed ketone hydrosi
lation (8), appears in Scheme I. A salient intermediate is the octahedral 
hydrido(silyl)Rh(III) compound that results from Rh(PPh 3 ) 2 Cl, the apparent 
active catalyst. It oxidatively adds R' 2 (H)Si -H and then binds 1. Subsequent 
rearrangement with regioselective S i - O bond formation affords a hy-
drido(alkyl)Rh(III) species that reductively eliminates the product 5. 

Iron acyl complexes are not ketones, however, and hydrosilation of 1 
differs in at least two respects. First, P h S i H 3 completely reduces the acyl 
ligand of 1; second, hydrosilation of 6 affords vinyl compounds 8. Organic 
analogs of these ligand reactions during Rh-catalyzed hydrosilation of ketones 
are unknown, although silyl vinyl ethers [e.g., P h C ( O S i R ' 3 ) = C H 2 from 
P h C O C H 3 ] occasionally form (8). Both organometallic side reactions are 
consistent with the iron α-siloxyalkyl intermediates 5 and 7 heterolytically 
cleaving the α-siloxy leaving group (and eliminating a disiloxane) as a rhodium 
intermediate either transfers hydride to the α-carbon or deprotonates the 
β-site on 5 and 7. Similar organoiron ligand reactions are established (13). 

Rhodium-catalyzed hydrosilation of iron acyl compounds suffers from 
two drawbacks as a synthetic procedure for α-siloxyalkyl complexes. First, 
this reaction is of limited scope. Monohydrosilanes do not work, and many 
Fp(acyls) react sluggishly with dihydrosilanes. Second, efficient Rh-catalyzed 
dehydrogenative coupling of dihydrosilanes imposes the need for excess 
silane and also engenders messy workup procedures. Other rhodium systems 
tried to date are less effective than is Rh(PPh 3 ) 3 Cl. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

03
3

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



33. H A N N A ET AL. Hydrosilation of Metal Acyl Complexes 495 

U 
Ο 
U 
a. 

ss 
•2 

te 

ε 
^> 

-s: 
SU 

•2 
ο 
ι 

a* 

s 

*C 

i 
>̂ 

"S a. 
a: 

C/5 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

03
3

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



496 HO M O G E N E O U S TRANSITION M E T A L CATALYZED REACTIONS 

R2H 
Si \ 0 

Rh (PPh 3 ) 2 CI 

R 2 H S i 
\ 

( F e b C N ^ i 
H C H 2 - H 

Manganese Acyl-Catalyzed Hydrosihtion of Cp(CO)2Fe-COR 

Hydrosilation of 1 with monohydrosilanes is accomplished by using 
( C O ) 5 M n - C O P h (4) as the catalyst (eq 3) (14). These reactions occur rapidly 
with only 1 equiv of silane (less than 2 h with 2-3% 4) and afford stable, 
analytically pure trialkylsiloxyethyl compounds 9 in up to 90% yield after 
column chromatography. 

Fe — C 
/ \ 

O C C O 

1 

\ 
1.1 R* 3 SiH 

CHo 

2% ( O C ) 5 M n - C 
\ 

Ph 

C 6 D 6 (22 °C) 

0-SiR 3 

Fe — C - H 
/ \ ^ 

O C C O 
C H 3 

(3) 

9a R' 3 Si = Et 3Si 

9b R ' 3 Si = Me 2 PhSi 

Both manganese acyl complexes ( C O ) 5 M n - C O R 3 and 4 function as 
catalysts for hydrosilating 1 with the more reactive dihydrosilanes, although 
manganese benzoyl catalysis is somewhat faster. These reactions quantita-
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tively convert 1 into mixtures of mono-Fp(siloxyethyl) 5a-5b and bis-
Fp(siloxyethyl) 10a-10b (eq 4). Typical product ratios of 5 to 10 vary between 
0.8 and 1.2. Analytically pure samples of all four products were procured 
easily by size-exclusion chromatography. Reaction times range from less than 
1 h (with P h 2 S i H 2 and 4) to 20 h ( E t 2 S i H 2 and 3) for procedures with 1.2 
equiv of R ' 2 S i H 2 , 4% 3 or 4, and 200 mg of 1 (0.91 mmol) in 600 mg of 
C 6 D ( , 

Fe — C 
/ \ N 

OC CO C H 3 

2-4% (OC) 5 M n - C 

1.1 equiv. R'2SiH2 

O-SiHR'g 

F e - C H 

OC CO ϋ Η 3 

Fp 

R'2 

Ο Ο 
I I 

- C H HC — 
I I 

H 3 C C H 3 

Fp (4) 

5a, R' » Et; 5b, R' = Ph 10a, R' - Et; 10b, R' - Ph 

Figure 1 is a typical *H N M R spectral scan of a hydrosilation reaction 
(65% complete) involving F p C O C H 3 (1), P h 2 S i H 2 , and ( C O ) 5 M n C O C H 3 (3) 
as the catalyst. Significantly, this spectrum indicates a clean reaction. Only 
starting materials and products are present, and the manganese acetyl cat
alyst 3 has not undergone hydrosilation (vide infra). A singlet at δ 2.23 
corresponds to 3 (the equivalent absorption for 1 appears at δ 2.39); the 
methyl doublet at δ 1.81 characterizes 5b; and the two remaining methyl 
doublets (δ 1.95, 1.97 with J = 6.0 Hz) define 10b as a 1:1 mixture of 
diastereomers. Three Cp singlets also distinguish 5b (δ 4.12) and 10b (δ 4.14, 
4.15). 

Hydrosilation of Fp(benzoyl) (2) requires a more active catalyst, because 
neither 3 nor 4 is effective even when using diphenylsilane. Fortunately 
( P P h 3 ) ( C O ) 4 M n - C O C H 3 (11), which exists as an equilibrating cis-trans mix
ture (1:4.5) (15), quantitatively transforms 2 and P h 2 S i H 2 into the fully char
acterized siloxybenzyl product 12 (Table I). 

The heightened activity of 11 as a hydrosilation catalyst carries over to 
the Ph 2SiH 2-Fp(acetyl) (1) reaction. Under comparable conditions, 11 cat
alyzes this hydrosilation more rapidly than does manganese benzoyl 4 (0.25 
h vs. 4 h for 4% precatalyst). Even a 0.5% catalyst concentration of 11 in 
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Table I. Manganese Acyl Catalysts for the Ph 2SiHr-FpCOPh Reaction 
O 

M n-Acyl 
Precatalyst" 

Reaction 
Time 

Consumption of 
FpCOPh (%) 

PPh }(CO),Mn-COCH3 (2.4%) 
(CO) 5Mn-COPh (2.8%) 
(CO)5Mn-COCH3(2.4%) 
(CO) 5 Mn-COCH 3 (20.2%) 

26 min 
19 h 
19 h 
2h 

100'' 
30 

<1()< 
<10'' 

"[FpCOPh] = 0.67 mmol g 1 C 6 D f t ; [Ph 2SiH 2]/[FpCOFh] = 1.10. 
''No further change occurred over 19 h; no bis-Fp adduct was formed. 
Starting ( C O ) 5 M n - C O C H 3 does not add Ph2SiII2. 

''Less than 10% consumption of (CO),Mn-COCH(s>2 h). 

C f i D f i converts a 1:1.2 mixture of 1 and P h 2 S i H 2 to 5b in 5 h. Significantly, 
reactions employing 11 as the catalyst quantitatively generate the mono-Fp 
product 5b. Figure 2, another in situ lH N M R spectral scan, clearly illus
trates this selectivity; residual P h 2 S i H 2 accounts for the δ 6.08 singlet (Sill). 

Three observations that pertain to planning mechanistic studies have 
emerged from our preliminary studies on manganese acyl-catalyzed hydro
silation reactions. First, the presence of C O (1 atm) slows the catalysis. The 
half-life for P h 2 S i H 2 hydrosilation of 1 using 3.3% ( C O ) 5 M n - C O P h (4) in
creases from 10 min to 1.8 h when the reaction is maintained under C O . 
Second, the manganese acetyl (3) remains intact during catalysis. Ή and 
2 H N M R spectral monitoring of reactions using 4—20% 3 or 
( C O ) 5 M n - C O C D 3 (3-rf3) indicates the absence of other manganese com
plexes or organic products derived from 3, within the detection limits of the 
N M R experiment, until at least 90% of the iron acyl substrate is consumed. 
Then 3 rapidly hydrosilates (vide infra). An extreme example of substrate 
blocking hydrosilation of the manganese acyl catalyst appears in Table I. 
Manganese acetyl 3 fails to promote P h 2 S i H 2 hydrosilation of F p C O P h (2), 
which in turn blocks the otherwise rapid hydrosilation of 3. 

The third observation is that the acyl ligand on 3 or 4 is not a prerequisite 
for hydrosilation catalysis. Table II qualitatively ranks a number of M n ( C O ) 5 

complexes as P h 2 S i H 2 - E t 2 S i H 2 hydrosilation catalysts toward 1. Manganese 
alkyl complexes ( C O ) 5 M n - C H 3 and the siloxyethyl compounds deriving from 
3 and 4 are quite efficient catalysts, in contrast to the relatively inactive 
manganese silyl ( C O ) 5 M n - S i M e 3 and dimer M n 2 ( C O ) I ( ) . No evidence of 
dehydrogenative coupling of R' 2 SiII 2 is found during these reactions. 

A mechanism for manganese acyl-catalyzed hydrosilation of 1 resembling 
that outlined in Scheme I for Rh(PPh 3 ) 3 Cl catalysis appears less attractive. 
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Table IL Manganese Catalyst Reactivity 
Toward FpCOCHy-R' 2 SiH 2 

R> 
Mn procatalyst ^ S l \ 

F e — ^ F e — + Fp—CH HC—Fp 

Oc\o C H 3 R'2SiH2 Oc\oH C H 3 H3C CH3 

1 (1.1 equiv.) 5a, 5b 10a,10b 

M M Catalyst Ph2SiH2 Et2SiH2 

PPh.i(CO),Mn-COCH., e 0.25 h — 
(CO) 5Mn-COPh 0.3 h 8h 
(CO) 5 Mn-CH 3 0.5 h 8h 
(CO) 5 Mn-CH(CH 3 )OSiHR' 2 

0.5 h 8h 
PEt.,(CO),Mn-COCH 3

e 3.0 h — 
(CO) 5 Mn-COCH 3 4.0 h 12 h 
(CO)5Mn-CH(Ph)OSiHR' 2 6.0 h 36 h 
(CO) 5Mn-SiMe 3 6 d 20 h 
Mn2(CO),« >7d 7d 

NOTE: Ail values are reaction times for consumption of FpCOCH*. 
"(iives only mono-Fp adduct. 

The manganese precatalyst Mn(CO) 5 (COR) must lose two terminal carbonyls 
in order to simultaneously bind silane and 1 as (CO) 3(RCO)Mn(H)(SiR' 3)-
[0=C(CH 3 )Fp] . An alternative proposal (eq 5) is a free-radical mechanism 
(16) in which a 17-electron species 12, resulting from hydrogen atom ab
straction from the silane oxidative addition product (CO) 4(RCO)Mn(H)-
(SiR' 3), associates 1. The resulting 19-electron adduct, perhaps having its 
odd electron partially delocalized on the ligated F p C O R , can rearrange to 
a 17-electron manganese system 13 that shares a μ-siloxyalkylidene ligand 
with a Fp moiety. Subsequent hydrogen atom transfer to 13 and reductive 
elimination of FpCH(OSiR' 3 )R product then would regenerate the active 
catalyst ( C O ) 4 M n C O R . 

Y Fp COR 

(CO) 4Mn —SiR' 3 

12 ( Y s COCH3, COPh) 

n - Y (5) 

C . 
FD'l ^O-SiR 1 

13 R 
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Manganese acetyl-catalyzed PhSiII 3 hydrosilation of 1 merits separate 
discussion because of the ensuing ligand reactions (eq 6) (14). A 1:1 mixture 
of 1 and P h S i H 3 with ( C O ) 5 M n C O C H 3 (3) as the catalyst (4.6%) in C ( i D e 

converts to a mixture of mono-14, bis-15, and tris-16 (siloxyethyl)Fp com
pounds within 8 h; over an additional 4-6 h 14 and 15 transform to Fp(ethyl), 
as ascertained by lli and I 3 C N M R spectral monitoring. 

Ο 11 equiv. PhSJH3 

II 
Fp — C 

\ 
CH 3 

3% (OC) 5Mn-COCH 3 

0-SiPhH2 9h3 1 

I I 
F p - C H + HC Si + HC Si CH (6) 

N C H F p ' 0 * F p F p " 0 * F p 

0-SiPhH2
 C H 3 Ph CH 3 CH 3 Ph CH 3 

ι I I I I I I 

Η Ο 

HC 
1 4 1 5 H 3 C V F p 1 6 

Assignments for 14 and 15 closely resemble those of the fully charac
terized diphenylsiloxyethyl compounds 5a and 9a. Isolated yields of fully 
characterized tris-16 and Fp(ethyl) are 26% and 53%, respectively, after 
isolation by size-exclusion chromatography. 

Hydrosihtion of Manganese Acyls (CO)5Mn-COR 

Treatment of ( C O ) 5 M n C O C H 3 (3) with 1 equiv of M e 2 P h S i H in C 6 D 6 forms 
the siloxyethyl compound 17 (90% yield) (eq 7), which we isolate analytically 
pure in 70% yield. We detect no trace of acetaldehyde, its hydrosilated 
product C H 3 C I I 2 O S i M e 2 P h , or the independently characterized silyl com
plex ( C O ) 5 M n - S i M e 2 P h . In addition, we find no evidence that 17 rapidly 
degrades by β-elimination of (CO) 5 MnII (16). 

0
 C 0 Q 1.0 equiv. Me2PhSiH 
C. I II 

OC — Mn- C 
I V . N C H : 

CO ^ ° C e D 6 n o c a t a , v s t a d d e d 

3 

CO 
I c ° ,0-SiMe2Ph 

OC — Mn- CH' (7) 
/ » *CH 3 

* CO 
17 
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Dihydrosilanes R ' 2 S i H 2 (R' is Et or Ph) react rapidly with manganese 
acyl compounds 3 and 4 (eq 8). Between 1 and 3 equiv of P h 2 S i H 2 quanti
tatively produce siloxyalkyl compounds 18b-18d, whereas diethylsilane and 
3 give 1.5-2.0:1 mixtures of 18a and 19. We initially detect neither the 
manganese silyl compounds ( C O ) 5 M n - S i H R ' 2 nor the organic silyl ethers 
R C H 2 O S i H R ' 2 ; Ή and 1 3 C N M R assignments for 18 and bis-Fp 19 are very 
similar to those for their fully characterized Fp analogs. The manganese 
siloxyalkyl compounds, however, are unstable, especially in the absence of 
excess silane. Attempts at isolating them by using size-exclusion chroma
tography failed. 

Ο 1-3 equiv rT2SiH2 

°c. Ç 

OC Mn C, 
M Î 

\ \ 
I x

c R inC6D6 

C 0 

Ο 
3 R = CH3 

4 R = Ph 

Ο !!: 
O . C .su 

2 

c T o" o 
C \ | ^-SiHR'2 | | 

OC Mn CH + (OC) 5Mn—CH HC—Mn (CO)5 (8) 

I \* l l 
<L C 0 C H 3 CH 3 

O 

18 a & b R = CH3, R' = Et & Ph 19 

1 8 c & d R = Ph, R' = Et&Ph 
Reactions between manganese benzoyl 4 and monohydrosilanes E t 3 S i H 

and Me 2 PhSiII generate at most trace amounts of the corresponding silox-
ybenzyl compounds, as ascertained by l H and l 3 C N M R spectral monitoring. 
Under a variety of experimental conditions, these silanes cleave 4 and pro
duce the benzyl silylethers according to the stoichiometry indicated in eq 
9. These (and all other silylethers mentioned) were generated quantitatively 

CO 
C s II OC Mn—C v + 2 R'2SiH2 

IN 
CO ^ ϋ - J 0 e O 6 

PhCHaOSiHR^ + (OC)5 Mn—SiHRV, (9) 
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by (CO) 5MnCOR-catalyzed hydrosilation of benzaldehyde (or acetaldehyde). 
We find certain parallels between manganese acyl-catalyzed hydrosilation of 
aldehydes, ketones, and F p C O C H 3 (1). In particular, the catalyst 3 remains 
intact during the substrate hydrosilation; 3 only reacts after the substrate is 
consumed. 

The title of this chapter indicates that hydrosilation of manganese acyls 
3 and 4 could be "noncatalyzedScheme II outlines two "traditional" in
tramolecular pathways, progressing via 16- and 18- electron intermediates, 
that account for the observed α-siloxyalkyl products 22. The initial product 
of oxidatively adding R 3 S i - H to 3 or 4 is 20. It either reductively eliminates 
aldehyde (ligated), which rearranges to 21, or undergoes a 1,3-silatropic shift 
(17) and a hydride transfer to give 21. Coordinatively unsaturated 21 then 
can reassociate C O (giving 22) or it can add more silane (eliminating silyl-
ether). Organic silylethers also may originate from 20, reductively elimi
nating free aldehyde, which then undergoes a separate catalyzed hydrosi
lation. 

The mechanisms summarized in Scheme II are appealing, as they re
semble those advanced by Murai and Seki (6) and Gladysz (5) for reactions 
of cobalt and manganese silyl compounds R ' 3 S i - M ( C O ) v with aldehydes and 
C O . It is also possible that hydrosilation of manganese acyls is catalytic in 
that a free-radical mechanism such as that suggested in eq 5 (with 3 or 4 
replacing F p C O C H 3 as the substrate) operates. These mechanistic alter
natives, as well as continuing synthetic studies on metal acyl hydrosilation 
chemistry, are under study. 
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Reduction of Methanol 
by Tetracarbonylcobalt Anion Assisted 
by Carbon Dioxide and Cobalt Cation 

Giuseppe Fachinetti and Tiziana Funaioli 

Dipartimento di Chimica e Chimica Industriale, University of Pisa, via 
Risorgimento 35, I-56126 Pisa, Italy 

Fundamental electron-transfer reactions involving CH3OH and 
CO2(CO)8 are investigated. In a fully disproportionated CH3OH so
lution of Co2(CO)8, in the presence of CO2, a CH3OH reduction by 
Co(CO)4- occurs, under the intervention of the highly polarizing Co2+ 

cations. In tetrahydrofuran as solvent under carbon monoxide at
mosphere, the CH3O- nucleophile formed gives rise to the Co(I) spe
cies tetracarbonyl(methoxycarbonyl)cobalt. Under low carbon mon
oxide pressure, this Co(I) species disproportionates to Co(OCH3)2 

and Co2(CO)8. Catalytic amounts of Co2(CO)8 activate the carbon
ylation reaction of Co(OCH3)2 to dimethyl carbonate and tetracar
bonyl(methoxycarbonyl)cobalt. 

V^ARB()NYL(METii()XYCARBONYL)(X)BALTS are believed to be key inter
mediates in important industrial and laboratory catalytic processes performed 
in C H j O H solutions of Co 2 (CO) 8 , namely olefin carbalkoxylation (I, 2) and 
CI 1 3 O H carbonylation (3) or homologation (4). This assumption is justified 
by the chemical properties of preformed tetracarbonyl(alkoxycarbonyl)-
cobalts. Nevertheless, the generation of these intermediates in C H 3 O H 
solutions of C o 2 ( C O ) s requires the O - H bond activation of the C I I 3 O H 
molecule, an elementary step that is still to be demonstrated in these so
lutions. 

We recently observed an O-II bond activation of the H 2 0 molecule in 
a fully disproportionated C o 2 ( C O ) 8 wet ethereal solution (5). Such an acti
vation consists of a C o 2 + -assisted reduction of II 2 0 (to H 2 and nucleophile 

(X)65-2393/92/0230-0507$06.00/0 
© 1992 American Chemical Society 
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hydroxide) by Co(CO) 4 . We have now found that in a fully disproportionated 
C H 3 O H solution of C o 2 ( C O ) 8 in the presence of C 0 2 , the O - H bond acti
vation of the C H 3 O H molecule consists of C o 2 + - and C0 2-assisted C H 3 O H 
reduction to H 2 and nucleophile methoxide by Co(CO) 4~. 

Experimental Details 

All manipulations were carried out by standard Schlenk techniques under pre-
purified argon. Methanol was distilled from Mg(OCH })2, and tetrahydrofuran 
(THF) was distilled from L i A l H 4 . Co 2 (CO) 8 was purchased from Strem Chemicals 
and sublimed (38 °C, 0.1 mm Hg) prior to use. IR spectra were recorded on a 
Perkin Elmer model 283 instrument (0.1 mm C a F 2 cell). 

Co 2 (CO) 8 (3 g, 8.77 mmol) was dissolved in 50 mL of C H 3 O H and stirred 
until gas evolution ceased. The resulting pink solution was transferred in a 120-
mL rocking steel autoclave and charged with C 0 2 up to 15 atm. After 4 h at 
100 °C, gas chromatographic (GC) analysis revealed the presence of H 2 and C O 
in the gas phase. After they were cooled, the gases were vented out and a 10-
mL portion of the solution was treated with a slight excess of 
bis(triphenvlphosphine)iminium chloride (PPNC1). The quantitative precipita
tion of Co(CO) 4 yielded colorless crystals of PPNCo(CO) 4 (1.095 g, 1.54 mmol, 
88% yield). By potentiometric back titration of the mother liquor, 1.63 meq of 
base (methyl carbonate) was determined. Anhydrous C o C l 2 (30 mg) was added 
to the remaining solution (40 mL). Upon evacuation, the 1615-cm"1 methyl 
carbonate band disappeared. The evacuation of the solution was prolonged until 
dryness, leaving a solid residue that was dissolved in 40 mL of T H F . The result
ing dark green solution was transferred again in the 120-mL autoclave, pres
surized with 80 atm of C O , and kept at 80 °C for 4 h. After the solution cooled, 
the gases were vented out. CH 3 OC(0)Co(CO) 4 and Co 2 (CO) 8 were quantitatively 
determined by measuring the infrared absorbances of the reaction mixture at 
1684 and 1857 c m 1 . 

Discussion 

As a consequence of the complete disproportionation reaction (6) (eq 1), a 
0.15 M C H 3 O H solution of C o 2 ( C O ) 8 soon becomes pink and its IR spectrum 
in the C O stretching region shows only the 1910-cm 1 band of the unper
turbed Co(CO) 4 . 

When this solution is warmed in a closed vessel at about 100 °C under 
an Ar atmosphere, cobalt metal and C O are formed. Presumably, inter
mediates of such a Co(II)-Co(-I) synproportionation are endothermic 
C o 2 + , C o ( C O ) 4 homonuclear ion pairs (7, 8). However, when the same 
solution is warmed to 100 °C under 15 atm of C 0 2 , metal formation is 
suppressed and both H 2 and C O evolve. The IR spectrum of the solution 
shows the 1910-cm"1 band of un reacted Co(CO) 4~ and a new absorption (1615 

I Co 2 (CO) s 

C H 3 O H 
[ C o ( C H 3 O H ) „ ] 2 + + 2Co(CO).f + 4 C O (1) 
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cm"1), which was attributed to the methyl carbonate ion acting as bidentate 
ligand for C o 2 + cations (9). C O and H 2 were detected in the evolved gases. 
Quantitative determination of methyl carbonate and of unreacted Co(CO) 4 

indicates the stoichiometry of eq 2. 

3Co + 8 C O 
(2) 

y 2 [ C o 0 2 C O C H 3 ] + + 

3/2Co(CO) 4 + y 4 H 2 + 2 C O 

Thus, C 0 2 assists the C H 3 Q H reduction by Co(CO) 4 . Highly polarizing 
C o 2 + cations also play a crucial role in the reaction. Neither H 2 nor methyl 
carbonate was formed when a 0.2 M solution of NaCo(CO) 4 in C H 3 O H , 
pressurized with C 0 2 at 15 atm, was warmed to 100 °C. 

These results can be rationalized in terms of proton transfer from C o 2 + -
coordinated C H 3 O H to Co(CO) 4 . In the absence of C 0 2 the acid-base 
equilibrium is far to the left. In the presence of C 0 2 the formation of bi
dentate methyl carbonate ligand increases the steady-state concentration of 
HCo(CO) 4 , whose decomposition accounts for the observed products (eq 3). 

100 °C, 

[ C o ( C H 3 O H ) n ] 2 + + 2Co(CO) 4 

[ (CH 3 OH)„CoO-H] + + Co(CO) 4 * 

I 
C H 3 

[ ( C H 3 O H ) n C o 0 2 C O C H 3 ] + + HCo(CO) 4 -> 

V4H2 + VfeCcfeiCOk (3) 

This finding constitutes a rare case in which a C 0 2 effect on electron 
transfers occurring in a carbonyl metal solution has been singled out. Fur
thermore, we have found that in the presence of catalytic amounts of halide 
ions, [ C o 0 2 C O C H 3 ] + is in equilibrium with [ C o O C H 3 ] + . Thus, a solution 
containing an equimolar mixture of C H 3 0 " and Co(CO) 4 (as counteranions 
of C o 2 + ) was obtained on evacuating C 0 2 . 

Investigation of the carbonylation reaction of a solution containing C o 2 + , 
C H 3 0 , and Co(CO) 4 (1:1:1 molar ratio) confirmed that the C o 2 + - , C 0 2 -
assisted reduction of C H 3 O H by Co(CO) 4 " can constitute a step toward the 
formation of C H 3 O C ( 0 ) C o ( C O ) 4 . In C H 3 O H the carbonylation to methyl 
formate masks the reaction of the cobalt-containing species. Therefore T H F 
was used as solvent instead of C H 3 O H . This change of solvent alters the 
solution from pink to deep green. Correspondingly, IR analysis of the T H F 
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solution shows a characteristic pattern of four bands at 2042 (m), 1978 (s), 
1952 (vs), and 1940 (vs) cm *. This pattern suggests the presence of a dimeric 
alkoxo-bridged [ C o O C H 3 ] + ,Co(CO) 4 homonuclear ion pair of the 
[(OC) 4 CoCo(OR)L] 2 type (10). The T H F solution containing the 
[ ( O C ) 4 C o C o ( O C H 3 ) T H F ] 2 dimer can be carbonylated at 80 °C under carbon 
monoxide pressure (Pco) of 80 atm. Under these conditions tetracar-
bonyl(methoxycarbonyl)cobalt [v(CO) in T H F : 2118 (m), 2054 (s), 2043 (vs), 
2032 (vs), and 1684 (m) cm"1] and C o 2 ( C O ) 8 were formed in substantially 
quantitative yields according to the stoichiometry of eq 4. 

CO, 80 atm 
[ (OC) 4 CoCo(OCH 3 )THF] 2 

T H F , 80 °C 

2CH 3 OC(0)Co(CO) 4 + Co 2 (CO) 8 (4) 

The formation of tetracarbonyl(methoxycarbonyl)cobalt according to this 
reaction sequence (Scheme I) suggests a plausible pathway for the formation 
of carbonyl(methoxycarbonyl)cobalts as intermediates in catalytic processes 
carried out in C H 3 O H solutions of Co 2 (CO) 8 . The highly polarizing C o 2 + 

cations and C 0 2 assist the C H 3 O H reduction by Co(CO) 4 . The synpro-
portionation reaction induced by high C O pressure gives the Co(I) species 
C H 3 O C ( 0 ) C o ( C O ) 4 , presumably through a dimeric, alkoxo-bridged, 
[ C o O C H 3 ] + , C o ( C O ) 4 " homonuclear ion pair. 

The formation of C H 3 O C ( 0 ) C o ( C O ) 4 at 80 °C (eq 4) is rather surprising 
because this compound has been reported to undergo thermal decomposition 
at room temperature (11). As a matter of fact, IR investigations under various 
C O pressures, gas volumetric measurements, and the characterization of the 
solid product C o ( O C H 3 ) 2 indicate that the thermal decomposition of 
C H 3 O C ( 0 ) C o ( C O ) 4 actually occurs according to the P ( : o-dependent equilib
rium in eq 5. That fact was confirmed by reacting a mixture of preformed 
C o ( O C H 3 ) 2 (12) and C o 2 ( C O ) 8 in a 2:1 molar ratio with C O at 80 °C and 80 
atm pressure. IR analyses of the resulting solution showed that 
C H 3 O C ( 0 ) C o ( C O ) 4 was the unique product of the carbonylation reaction. 

T H F 1 
2CH 3 OC(0)Co(CO) 4 C o ( O C H 3 ) 2 + - Co 2 (CO) 8 4- 6 C O (5) 

Ù 

Thus, C o ( O C H 3 ) 2 , which does not react with C O even under drastic 
conditions (13), is carbonylated to C H 3 O C ( 0 ) C o ( C O ) 4 in the presence of 
the stoichiometric amount of C o 2 ( C O ) 8 as electron source. 

A completely different carbonylation of C o ( O C H 3 ) 2 was observed when 
only catalytic amounts of C o 2 ( C O ) 8 were added to a suspension of C o ( O C H 3 ) 2 

in T H F . In this case, C O itself acts as reducing agent, and both dimethyl 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

03
4

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



FACHINETTI & FUNAIOLI Methanol and Tetracarbonylcobalt Anion 

CH 3 OH, -CO 
6Co2(CO)8 »• 4 [ C o ( Œ 3 O H ) n ] 2 + + 8CO 

co2 

-CO 

3H 2 + 6[(CH 3OH) n. 1Co02COCH 3] + + 6Co(CO)4 

-co2,[X]- +CO-, 

6[(CH 3OH) n . 1CoOCH 3] + + 6Co(CO)4 

THF CH 3 OH 

[(OC)4CoCo(OCH3)THF]2 

CO 

6CH3OC(0)Co(CO)4 + SCo^COJg 

-CO +CO 

3Co(OCH3)2 + 3X20^(0% 

[Co2(CO)8], CO 

3\2CH3OC(0)OCH3 + 3CH3OC(0)Co(CO)4 

Scheme I. Some Ct chemistry in CH3OH solutions of Co^CO)s-
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carbonate and C H 3 O C ( 0 ) C o ( C O ) 4 were formed in substantially quantitative 
yields (eq 6). 

Co 2(CO) 8 

2Co(OCH 3 ) 2 + 11CO 
80 °C, 80 atm 

C H 3 O C ( 0 ) O C H 3 + C H 3 O C ( 0 ) C o ( C O ) 4 (6) 

According to Scheme I, the summation of the elementary steps leading 
to dihydrogen and dimethyl carbonate gives the overall stoichiometry of 
eq 7. 

G W C O k C O , 
2 C H 3 O H + C O - - H 2 + C H 3 O C ( 0 ) O C H 3 (7) 

The formation of dimethyl carbonate according to reaction 6 can be 
tentatively attributed to the reductive elimination of dimethyl carbonate 
from a tricarbonylbis(methoxycarbonyl)cobaltate anion. This hypothesis is 
substantiated by the fact that we found the alkali metal salts of triearbon-
ylbis(methoxycarbonyl)cobaltate to reductively eliminate dimethyl carbonate 
at room temperature (14) (eq 8). 

T H F 
{[CH 3OC(0)] 2Co(CO) 3} C H 3 O C ( 0 ) O C H 3 + Co(CO) 4 (8) 

Scheme I reports some fundamental electron-transfer reactions that can 
be useful for a better understanding of known catalytic processes. In general, 
our findings indicate that, in metal carbonyl chemistry, transition metal 
cations formed in disproportionation reactions of neutral carbonyls are highly 
reactive species (15-17). 
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The Activation of Carbon-Oxygen Bonds 

Approaches to the Catalytic Deoxygenation 
of Phenols by CO 

J. Ni and C. P. Kubiak1 

Department of Chemistry, Purdue University, West Lafayette, IN 47907 

The deoxygenation of allyl oxides and aryl oxides by CO in the com
plexes Pt(dppe)(OR)2 [R is C3H5, C6H5, p-Me2NC6H4, p-MeC6H4, p
-MeSC6H4, or p-ClC6H4; dppe is bis(diphenylphosphino)ethane] was 
investigated with the goal of developing catalysts for the deoxygen
ation of phenols by CO. The allyloxy complex Pt(OC3H5)2(dppe), 1, 
reacts with CO in benzene to produce the η3-allyl complex [Pt(η3-
C3H5)(dppe)]* (2), CO2, and free allyl alcohol. The aryl complexes 
Pt(OAr)2(dppe) incorporate CO into both Pt-OAr bonds to give the 
bis(aryloxycarbonyl) complexes Pt(dppe)[C(O)OAr]2. The bis(aryl-
oxycarbonyl) complexes effect deoxygenation of one aryl oxide ligand 
under CO to give CO2, ArC(O)OAr, and Pt(dppe)(CO)2, 5. In a 
competing pathway, orthometallation of the aryloxycarbonyl ligand 
and ArOH elimination occurs to yield unprecedented metallolactones, 
Pt(dppe)[C(O)OC6H3R]. The competing pathways may be controlled 
hy CO pressure. The X-ray structure of the metallolactone 
Pt(dppe)[C(O)OC6H4], 6, was determined. Trapping studies indicate 
that a benzyne intermediate is formed under phenoxide deoxygenation 
conditions. Complex 6 is thermally stable and photochemically re
active, but is not the source of benzyne. A mechanism involving a 
Pt(IV) benzyne intermediate is proposed for the platinum-mediated 
deoxygenation of phenols by CO. 

T H E D E O X Y G E N A T I O N O F P H E N O L S is a conceptually simple but unusually 
difficult chemical transformation that is important in organic synthesis (1-9) 

'Corresponding author 

0065-2393/92/0230-()515$06.00/0 
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and commercial coal liquefaction (10-17). The phenolic C - O bond energy 
of 103 kcal mol 1 is as strong as a benzene C - H bond and over 10 kcal mol 1 

stronger than the C - O bonds of methanol and ethanol. 

The rupture of aryl carbon-oxygen bonds is often a key step in the 
synthesis of a variety of natural products. Pterocarpans, for example, which 
are contained in the naturally occurring phytoalexins and display important 
biological activity, are synthesized via deoxygenation of a phenolic functional 
group (18). 

Numerous attempts to discover general methods for the cleavage of aryl 
carbon-oxygen bonds include direct reduction (4, 5), reduction of phenolic 
ethers or esters (19-23), and conversion via thiophenols (8). The high-energy 
ultraviolet photodeoxygenation of phenol in the presence of E t A l C l 2 has also 
been reported (9). Most of these stoichiometric organic methods have limited 
applications. Many organic compounds simply decompose below the tem
peratures required for phenol reduction, and selectivities are generally low 
when other reducible functional groups are present. 

Catalytic methods for the hydrodeoxygenation (HDO) of phenols involve 
supported transition metal oxides, such as M o - y - A l 2 0 3 , N i - M o - y - A l 2 0 3 , 
C o - M o - y - A l 2 0 3 , F e 2 0 3 - S i 0 2 (10-17). Typical phenol hydrodeoxygenation 
conditions involve hydrogen pressures in excess of 100 atm and temperatures 
in excess of 200 °C. Arene ring hydrogénation generally competes with 
phenol deoxygenation under these conditions; the coproduct, water, impairs 
the activity of catalysts (10-17). This chapter reports initial studies aimed at 
achieving the catalytic deoxygenation of phenols via the unprecedented use 
of the C O - C 0 2 couple (eq 1). 

D(C-O) = 103 kcal/mol 

D(O-H) = 85 kcal/mol 

D(C-H) < 103 kcal/mol 

+ C 0 2 (g) 

Δ G* 298 = -20.7 kcal/mol 

Experimental Section 

Materials and Physical Measurements. All manipulations were performed 
under an atmosphere of dry N 2 . Solvents were reagent grade and were distilled 
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35. Ni & KUBIAK Activation of Carbon-Oxygen Bonds 517 

from the appropriate drying agents. All solvents were deoxygenated prior to 
use. All high-pressure reactions were carried out in pressure-valve NMR tubes 
(Wilmad Glass Co.). Carbon monoxide was research purity, and hydrogen was 
extra dry (Matheson Gas Company). The complex PtCl2(dppe) [dppe is 
bis(diphenylphosphino)ethane] was prepared by a modified published procedure 
(24). 

Infrared spectra were recorded on a Fourier transform infrared (FTIR) spec
trometer (Perkin-Elmer 1710) equipped with a Perkin-Elmer 3600 data station. 
' H N M R spectra were recorded on a Gemini 200 spectrophotometer and 3 1 P^H} 
NMR spectra on a Varian XL-200 spectrophotometer. *H and 3 1 P NMR chemical 
shifts were referenced to internal tetramethylsilane (TMS) and external 85% 
H 3 P 0 4 , respectively. 

Gas chromatograms were recorded on a Carle analytical gas chromatograph. 
High-pressure liquid chromatography (HPLC) experiments were performed on 
a Varian 5000 liquid chromatograph equipped with a Varian 2050 variable λ 
detector and a Perkin-Elmer LCI-100 laboratory computing integrator. The 
column used was Econosphere C 1 8 , 5 μιη, 4.6 mm x 25 cm, manufactured by 
Alltech/Applied Science. The mobile phase was H 2 0 (A) and C H 3 C N (B), with 
ratios programmed: 40-90% Β in 12 min, 90-100% Β in 8 min, hold at 100% Β 
for 5 min, 100-40% Β in 10 min, hold at 40% Β for 5 min. The flow rate was 
1.5 mL min" 1, and products were detected at 254 nm. 

Preparation of N a O C 3 H 5 . Sodium allyl oxide was prepared by mixing 5 
mL of allyl alcohol with 0.25 g of sodium hydride in 25 mL of benzene for 18 
h at room temperature under Ν 2 . Care was taken to adequately vent the evolved 
H 2 . The reaction was concentrated in vacuo, and the product was precipitated 
as a white solid with hexanes. The mixture was then filtered. lH N M R (δ): 5.75 
(m, 1 H), 5.05 (d, 1 H), 4.95 (d, 1 H), 3.85 (d, 2 H) ppm. 

Deoxygenation of Pt(OC 3H 5) 2(dppe) (1) and Preparation of [Pt(tj3-
CH 2CHCH 2)(dppe)](PF 6) (2). Sodium allyl oxide (0.0325 g, 0.406 mmol) and 
PtCl2(dppe) (0.09 g, 0.135 mmol) were combined under N 2 in a 25-mL Schlenk 
flask at -78 °C in 7 mL of allyl alcohol and 10 m L of benzene. The reaction 
slurry was stirred at this temperature for 3 h and then warmed to 0 °C. The 
pale yellow solution was then cannula-filtered through a fine frit into a 50-mL 
Schlenk flask. This reaction flask was placed under 1 atm of dry C O . The reaction 
flask was stirred at room temperature for 15 min and then heated to 55 °C. The 
reaction was followed by gas chromatography to monitor the evolution of C 0 2 . 
After 3 days the evolution of C 0 2 had ceased. Approximately 1 equiv of C 0 2 

had been formed in the reaction process. The resulting reaction mixture was 
again cannula-filtered through a fine frit into a 50-mL Schlenk flask. The solvent 
was removed in vacuo, and the resulting yellow oily solid was taken up in a 
solution of 8-mL of MeCN containing NaPF 6 (0.40 mmol). The solvent was 
removed in vacuo, and the resulting pale yellow solid was dissolved in C H 2 C 1 2 . 
This solution was filtered. The filtrate was concentrated, and the product 
was precipitated by the addition of diethyl ether. A pale yellow solid resulted 
(0.04 g, 40%). 31P{ lH} NMR (CO2C\J (δ): 47.97 [/ (P-Pt), 3711 Hz], 144.1 
(m, P F 6 ) ; Ή N M R ( C D . C y (δ): 7.6 (m, 20 H , dppe-C 6 H 5 ) , 5.2 (m, 1 H , 
C H . C H C H , ) , 3.0 (m, 4 H , C H ^ H C H ^ , 2.6 (m, 4 H , P C H 2 C H 2 P ) . These 
spectroscopic data agree well with those reported in the literature for [Pt(n.3-
CH 2CHCH 2)(dppe)](PF 6) (25). 

Preparation of NaOAr. To a suspension of NaH (1.000 g, 41.67 mmol) in 
tetrahydrofuran (THF) was added a solution of PhOH (3.9167 g, 41.67 mmol) 
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in T H F . The reaction solution was stirred for 1 h before being filtered. Then 
the filtrate was concentrated under reduced pressure, and hexane was added to 
produce white solid NaOPh in 90% yield. Other sodium aryl oxides were pre
pared by the same procedure. 

Preparation of Pt(OPh)2(dppe) (3). To a suspension of PtCl2(dppe) (0.2000 
g, 0.3 mmol) in T H F was added a solution of NaOPh (0.0733 g, 0.63 mmol, 5% 
excess) in T H F . After 2 h the solution was filtered, the filtrate was concentrated, 
and hexane was added to produce a pale vellow solid. The solid was isolated 
and washed with E t 2 0 to obtain Pt(OPh)2(dppe) (3) in 86% yield. NMR 
( T H F - C 6 D 6 ) : δ 26.45 [/ (P-Pt), 3549 Hz]. 

Other Pt(OAr)2(dppe) complexes (Ar is p - C 6 H 4 C l , p - C 6 H 4 S M e , p - C 6 H 4 M e , 
p - C 6 H 4 O M e , or p -CçIÎ .NMeJ were prepared by the same method as 3. The 
complexes and their % { Ή } NMR ( T H F - C 6 D 6 ) chemical shifts (δ) are as follows: 

• Pt(0-p-C 6 H }Cl)2(dppe): 27.42 [J (P-Pt), 3557 Hz]. 

• Pt(0-p-C 6H 4SMe) 2(dppe): 27.22 [/ (P-Pt), 3565 Hz]. 

• Pt(0-p-C 6H 4Me) 2(dppe): 25.74 [/ (P-Pt), 3540 Hz]. 

• Pt(0-p-C 6H 4NMe 2) 2(dppe): 25.85 [/ (P-Pt), 3531 Hz]. 

Reaction of Pt(OPh)2(dppe) (3) with C O . C O (100 psi) was introduced into 
a pressure-valve NMR tube containing a solution of Pt(OPh)2(dppe) (3, 0.015 g) 
in a mixture of the solvents T H F and C 6 D 6 (volume 3:1). The solution was then 
heated to 75 °C, and the reaction was monitored by 31P{1H} NMR spectroscopy. 
The formation of Pt[C(0)OPh]2(dppe), 4, was observed first. Then as the reaction 
proceeded, the formation of Pt(dppe)(CO)2, 5, and Pt(COOC 6H 4)(dppe), 6, was 
observed. When 31P{1H} NMR spectra indicated the complete consumption of 
Pt(OPh)2(dppe) and Pt[C(0)OPh]2(dppe), the reaction was stopped. The reaction 
solution was transferred to a flask and the solvents were removed under reduced 
pressure. The resulting residue was extracted with E t 2 0 four times, and all the 
E t 2 0 extract was combined for H P L C experiments. H P L C indicated the for
mation of the deoxygenation product PhCOOPh together with PhOH. The for
mation of PhCOOPh and PhOH was also confirmed by FTIR spectroscopy. The 
carbon dioxide eliminated in the reaction was detected by gas chromatography. 

• Pt[C(0)OPh]2(dppe) (4): *l?{lH} NMR ( T H F - C 6 D 6 ) : δ 38.73 
[/ (P-Pt), 1918 Hz]. 

• Pt(CO)2(dppe) (5): 3 1 p { ' Η } NMR ( T H F - C 6 D 6 ) : δ 24.03 [/ (P-Pt), 
3124 Hz]. 

• IR (THF): v(CO) 1990(s), 1948(s) cm' 1 . 

Synthesis of Pt(COOC 6H 4)(dnpe) (6). Complex 3 (0.05 g) was employed 
in the reaction with C O . When p { ! Η } NMR spectra indicated the complete 
consumption of 3 and 4, the reaction was stopped. The reaction solution was 
transferred to a flask, and the solvents were removed. The residue was washed 
with C 6 D 6 (0.2 mL) three or four times, then with ether to afford 
Pt(COOC 6H 4)(dppe), 6, as an off-white solid. 31P{*H} NMR ( T H F - C 6 D 6 ) : δ 46.06 
(pΛ), 44.20 (pB) [ΑΒ, / (ΑΒ), 9.3 Hz; / (Pt-PA), 2083 Hz; / (Pt-PB), 2044 Hz]. 

H NMR (CD 2C1 2): δ 8.4-6.35 (m, 24 H), 2.37 (s, 4 H). IR (KBr) v(CO): 1680 
cm" 1, IR(THF) v(CO): 1698 cm" 1. Complex 6 was also characterized by X-ray 
diffraction. 
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Benzyne Trapping with Furan. The reaction of 3 with 100 psi of C O was 
carried out in a mixture of the solvents furan and C 6 D 6 (volume 3:1), as described. 
The organic products were analyzed by H P L C as PhOH, PhCOOPh, and 1-
naphthol. 

Reaction of 6 with C O and H 2 . A solution of 6 in T H F - C 6 D 6 (volume 3:1) 
was placed under 100 psi of C O . The solution was heated at 75 °C for 3 weeks. 
3 ι p { ! Η } NMR spectroscopy indicated no reaction. 

A solution of 6 in T H F - C 6 D 6 (volume 3:1) was placed under 100 psi of H 2 . 
The solution was heated at 75 °C for 9 days. ^P^H} NMR spectroscopy indicated 
no reaction. 

Photolysis of 6. A solution of 6 in T H F was photolyzed in a 1-cm UV cell 
and irradiated (λ >290 nm) with an Oriel 1000 VV Xe-Hg lamp. A bright vellow 
compound Pt(OC 6H 4CO)(dppe) was formed exclusivelv. 3 1P{ !H} NMR (THF): δ 
38.83 (PA), 30.58 (PB) [ΑΒ, / (AB), 9.8 Hz; / (Pt-PA), 1454 Hz; / (Pt-PB), 4204 
Hz]. IR (THF) v(CO): 1625 cm"1. These data are in agreement with literature 
values for the complex Pt(OC 6H 4CO)(dppe) (20). 

Crystal Data Collection and Reduction. Suitable crystals of 6 were ob
tained by diffusion of E t 2 0 into C H 2 C 1 2 solution. Complex 6 crystallized in space 
group P2, /n (No. 14) with lattice constants a = 12.155(2) A, h = 13.527(2) A, 
c = 17.417(2) Â, β = 99.50(1)°, V = 2824(1) A 3 , Ζ = 4, d M = 1.678 g cm" 3 

for the formula P t P ^ C ^ H ^ . Crystal dimensions were 0.40 X 0.24 x 0.15 
mm. Intensity data were collected at 20 °C by the Θ-2Θ scan method in the 
range 4° < 2Θ < 45° on Enraf-Nonius CAD4 diffractometer. A total of 3875 
unique data were collected over the following h, fc, and / limits: -13 to 12, 0 to 
14, and 0 to 18, respectively. The structure was solved by MULTAN-least 
squares-Fourier methods and was refined to R and Ru values of 0.033 and 0.038 
for 343 variables and 2373 observations with integrated intensities (/) > 3.0σ(/). 
All programs were from the Enraf-Nonius SDP package. 

Discussion 

Insertions of C O into the metal-oxygen bonds of several late transition metal 
alkoxide and aryl oxide complexes have been reported (26-34). The result
ing alkoxycarbonyl and aryloxycarbonyl complexes generally appear to be 
quite stable, with the exception of an allyloxycarbonylcobalt complex, 
Co[C(0)OC 3 H 5 ] (CO) 4 , which undergoes thermal decarboxylation to produce 
C o ^ 3 - C 3 H 5 ) ( C O ) 3 (26). 

Deoxygenation. We observed similar deoxygenations of the allyloxy 
groups of the complex Pt(OC 3H 5) 2(dppe), 1 (35). Treatment of a benzene 
solution of 1 with C O affords the known T|3-allyl complex [Pt(f|3-
C 3H 5)(dppe)] + (2), C 0 2 , and free allyl alcohol according to eq 2. 

Treatment of 1 with C O and D 2 0 led to deoxygenation of 1 equiv of 
allyl alcohol and elimination of the other. Under these conditions, in which 
excess C O is present, reduction of Pt(II) to Pt(CO)2(dppe) also occurs 
(eq 3). 
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P v ^ O ^ S ^ 
CO 

P' >s. benzene/H+ 

1 

"Ί + 

(2) 

^ s ^ u n + COz 

v / CO ο P' \ ^ T H F 
j ^ trace D 2 0 

D (1) 

Pt + -< 

\ o 
OD (1) (3) 

C O , (2) 

Our results for the complex Pt(OC,H 5)2(dppe), 1, together with the 
earlier work of Tasi and Palyi (26) on C o [ C ( 0 ) O C 1 H 5 ] ( C O ) 4 suggest that 
allyloxycarbonyl complexes formed by the insertion of C O into metal-oxygen 
bonds of metal allyloxy complexes are capable of undergoing β-allyl migra-
tion-decarboxylation (eq 4). 

co9 
(4) 

At this juncture we decided to explore the possibility of extending the 
use of C O as the oxygen-atom acceptor for the deoxygenation of phenols. 
However, the simple migration of an aryl group of an aryloxycarbonyl ligand 
to the metal center is not a particularly promising transformation. Only 
complexes of the late transition metals are expected to be strong candidates 
as catalysts for the deoxygenation of phenols by C O because only these 
metals form metal-oxygen bonds that are sufficiently weak for C O insertion 
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to occur. In the d 8 platinum group metal complexes, the vacant p. orbitals 
contribute to strong electrophilicity; the phenolic hydroxyl group activates 
the orf/io-positions toward electrophilic substitution. 

Aryloxycarbonyls. Orthometallation of aryloxycarbonyls of platinum 
group metal complexes appears likely. The orthometallation of aryloxycar
bonyls is not necessarily a dead end, however. The resulting metallolactones 
may, under appropriate circumstances, decarboxylate to produce a benzyne 
hydride intermediate that ultimately would produce the same phenyl com
plex one would expect from simple phenyl migration (Scheme I). 

Treatment of PtCl2(dppe) with NaOPh produces Pt(OPh)2(dppe), 3. 
Complex 3 is indefinitely thermally stable in solution at 75 °C, in contrast 
to the corresponding alkoxide complex Pt(OMe)2(dppe), which decomposes 
by β-Η elimination (36). Complex 3 inserts 2 equiv of C O to form a new 
bis(aryloxycarbonyl) complex, Pt[C(0)OPh]2(dppe), 4 (eq 5). 
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OPh 

Ο 
If 

,C-OPh 
CO 

OPh C-OPh 

The C O insertion requires moderately high temperatures and pressures. 
At 25 °C and 100 psi, only starting complex 3 is evident after 1 h by 3 1P{ !H} 
N M R spectroscopy. After the sample is heated in a high-pressure N M R tube 
to 75 °C for 1 h, some formation of 4 is observed. The fraction of 4 formed 
increases with initial C O pressures. The rapid reverse reaction prevented 
us from isolating 4. However, the identity of 4 is established by ^P^H} 
N M R spectra, particularly by the excellent agreement between the struc
turally sensitive phosphorus-platinum coupling constants, / (Pt-P), for 4 and 
Pt[C(0)OMe] 2(dppe) (31). Complex 4 is significantly less stable thermody
namically than the alkoxide complex Pt[C(0)OMe] 2(dppe), which is also 
formed reversibly but at much lower temperatures and C O pressures (31). 
Complex 4 also appears to be significantly less stable than several cobalt (26) 
and iridium (27) aryloxycarbonyl complexes. The formation of bis(aryl-
oxycarbonyls) related to 4 is strongly dependent on the basicity of the starting 
phenoxide. The bis(aryl oxide) complexes Pt(OAr)2(dppe) (Ar is p - O C 6 H 4 , 
p - M e S C 6 H 4 , p - M e C 6 H 4 , and p - M e 2 N C 6 H 4 ) all insert C O , similar to 3 + 
C O - » 4. The extent of C O insertion to form Pt[C(0)OAr] 2(dppe) at fixed 
temperatures and C O pressures follows the order: 

Continued reaction of 3 with C O (100 psi) proceeds with the ultimate for
mation of two platinum-containing products, 5 and 6. 

Benzyne Intermediate. The organic products are C 0 2 , phenyl ben
zoate, and phenol. The appearance of phenyl benzoate and C 0 2 together 
implies that a phenoxy group has been deoxygenated by C O . A key finding 
is that a benzyne intermediate is required for phenoxide deoxygenation by 

Ο 
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3. When the reaction of 3 with C O is carried out in furan, the organic 
products are 1-naphthol, phenol, and significantly reduced quantities of 
phenyl benzoate. The 1-naphthol is a known isomerization product of 1,4-
epoxy-l,4-dihydronaphthalene, the furan adduct of benzyne (37). Biphen-
ylene and triphenylene were not observed. These results are consistent with 
the formation of a benzyne intermediate, but not with the formation of free 
benzyne. Initially our search for a source of benzyne centered on the po
tential decarboxylation of the metallolaetone complex, 6. 

Complex 6 has been isolated from reaction mixtures and characterized 
by X-ray crystallography (38). An O R T E P diagram of complex 6 is presented 
in Figure 1, together with selected bond distances and angles. The molecule 
contains the first example of a five-membered ortho-phenyl metallolaetone 
(7), apparently formed by orthometallation of a phenoxycarbonyl group. 
Complex 6 may be viewed as the product of "abnormal" insertion of C 0 2 

Figure 1. ORTEP drawing of 6. Selected bond lengths in angstroms (and angles 
in degrees): Pt-P-1, 2.305 (3); Pt-P-2, 2.290 (3); Pt-C-2, 2.06 (1); Pt-C-8y 2.06 
(1); C-l-C-2, 1.38 (2); C-l-O-7, 1.37 (1); 0-7-C-8, 1.41 (1); O-8-C-8, 1.16 
(1); P-l-Pt-P-2, 84.9 (1); P-l-Pt-C-2, 100.3 (3); P-2-Pt-C-8y 93.3; C-2-Pt-C-
8, 81.5 (4); C-2-CI-0-7, 121 (1); C-1-0-7-C-8, 115.0 (9); and Pt-C-8-0-7, 

112.2. 
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Metallolaetone Metallobenzoate 

7 8 

into a putative platinum benzyne complex Pt(C6H.,)(dppe). It differs in con
nectivity from the C 0 2 adducts of transition metal benzyne complexes, which 
generally exist as metallocyclobenzoates 8 (33, 39). 

However, the implication that complex 6 is an intermediate on the 
pathway to a benzyne intermediate has been eliminated on the basis of the 
following facts: 

• Complex 6 is indefinitely stable at 75 °C in the presence of 
excess phenol and C O (100 psi); 

• Complex 6 is inert in the presence of H 2 (100 psi). 

Complex 6 is photosensitive, but not with respect to decarboxylation 
and the formation of a benzyne intermediate. U V irradiation (λ <300 nm) 
of tetrahydrofuran (THF) solution of 6 leads to the efficient 1,2 migration of 
C O according to eq 6 to produce the known complex Pt[o-C(0)C f iH 40](dppe) 
(40). 

6 

Thus none of the chemistry or photochemistry of 6 is consistent with 
formation of a benzyne intermediate. However, a benzyne intermediate does 
appear to be involved in the formation of phenyl benzoate, as suggested by 
our trapping studies with furan. 
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Our observations concerning the deoxygenation of phenoxide from 3 by 
C O can be summarized as follows: 

• Insertions of C O into both Pt-OPh bonds of 3 are reversible 
processes. 

• The product of phenoxide deoxygenation is phenyl benzoate. 

• Benzyne trapping experiments suggest that a benzyne complex 
is an intermediate required for phenyl benzoate formation; 
however, the metallolaetone product 6 is not the source of 
benzyne or phenyl benzoate. 

• The relative yields of metallolaetone 6 versus phenyl benzoate 
and 5 can be controlled by C O pressure. Low C O pressures 
favor 6. High pressures favor 5 and phenyl benzoate. 

• We also find that Pt(Ph)2(dppe) is inert with respect to insertion 
of both C O and C 0 2 under the reaction conditions employed 
(75 °C, 100 psi of C O ; 75 °C, 35 psi of C 0 2 ) for formation of 
phenyl benzoate. 

Metallolaetone Intermediate. We therefore propose that C 0 2 elim
ination and benzyne formation occur from a Pt(IV) metallolaetone inter
mediate. The metallolaetone intermediate on the pathway to phenol deox
ygenation is produced in the high C O pressure regime where the 
bis(aryloxycarbonyl), 4, is the predominant species in solution. Our proposed 
mechanism for the formation of diaryl esters from aryloxy groups and C O is 
presented in Scheme II. 

The intermediate Pt(IV) metallolaetone appears to be essential for the 
deoxygenation process. The stability of this intermediate with respect to 
reductive elimination of aryl formate enables deoxygenation. We suggest 
that this process occurs by subsequent decarboxylation, benzyne interme
diate formation, and the formation of an aryl aryloxycarbonyl intermediate 
that eliminates the observed organic product: C 6 H 5 C ( 0 ) O C 6 H 5 . 

The elimination of diaryl esters in our proposed mechanism requires 
comment in light of the lack of literature precedents for this reaction. Bennett 
and Hokicki (30) and Bryndza (32) reported that insertion of C O into the 
Pt -O bond occurs in preference to insertion into the P t - C bond of 
Pt(dppe)(C f iH9)(OMe) (30) and Pt(dppe)Me(OMe) (32) to give methoxycar-
bonylplatinum(II) complexes Pt(dppe)R(COOMe). These complexes, how
ever, show no tendency to undergo reductive elimination of the correspond
ing esters. The observation is not contradictory to the mechanism proposed 
here because these workers did not carry out the reductive elimination study 
of Pt(dppe)R(COOMe) at high temperature, with high C O pressure for an 
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Scheme II. 

extended period of time. Reductive elimination of carboxylate esters at Ni(II) 
and Pd(II) centers was reported by Kim et al. (28) and Bennett and Sehwem-
lein (33). Reductive elimination of diaryl esters in the Pt(dppe) system for 
phenol deoxygenation by C O is reasonable. 

Conclusions 

The deoxygenation of phenols by C O is a viable process. Metallolactones, 
created via late transition metal orthometallation of aryloxycarbonyl ligands, 
may provide the essential low-energy pathway for elimination of C 0 2 , for-
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mation of a benzyne h y d r i d e intermediate , and thereby formation of the 
p h e n y l group. In the present Pt (OAr) 2 (dppe) system the p h e n y l group pro
d u c e d by p h e n o l deoxygenation is e l iminated w i t h an aryloxycarbonyl l igand 
to y i e l d p h e n y l benzoates. F o r this reason w e are focusing our ongoing efforts 
on systems that contain one aryl oxide, and thus have no poss ibi l i ty of 
reduct ive e l iminat ion of the p h e n y l group before the e l iminat ion of free 
arenes. 
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High-Velocity Palladium Catalysis 

Timothy L. Friebe1, John R. Johnson1, Damian J. Krysan1, 
Peter B. Mackenzie1,3, and Michal Sabat2 

1Department of Chemistry, Northwestern University, Evanston, IL 60208 
2Department of Chemistry, University of Virginia, Charlottesville, VA 22903 

Enal-derived 2-ethenyl-1,3-dioxolanones undergo exceptionally fast 
palladium-catalyzed reactions with sodium tetraphenylborate. Turn
over rates as high as 660 min-1 have been observed in the pres
ence of suitable palladium(II) and palladium(0) catalyst precursors, 
including [(μ-chloro)(1,2,3-η3-2-propen-1-yl)palladium(II)]2, bis
(acetonitrilo)dichloropalladium(II), and tris(dibenzylideneacetone)
-dipalladium(0). An allylpalladium mechanism is proposed on the basis 
of model studies of the stoichiometric and catalytic reaction chemistry 
of isolable allylnickel and allylpalladium analogs of the proposed 
reaction intermediates. Possible explanations for the high reaction 
velocities are discussed. 

Τ Τ H A T A R E R E A S O N A B L E U P P E R LIMITS for the rates of oxidative addition, 
transmetallation, and reductive elimination in palladium-catalyzed cross-
coupling reactions? We had occasion to address this question recently as 
part of our studies of the palladium-catalyzed chemistry of optically active 
2-alkenyl-l,3-dioxolanones (1-4). The investigation led to the observation of 
an apparent case of remarkably fast catalysis, the mechanism and implications 
of which are the subject of this chapter. 

The original impetus for our research in this area derived from our 
interest in the synthetically important problem of enantioselective conjugate 
addition (5-7). Our approach, developed in more detail elsewhere (3, 4), 
was to explore optically active 2-alkenyl-l,3-dioxolanones as enal equivalents 
for palladium-catalyzed allylation-type reactions (Scheme I). We hoped to 
achieve the equivalent of conjugate addition through a sequence of acetal-
ization, palladium-catalyzed S N 2' substitution, and aqueous acid hydrolysis 
of the resultant alkyl enol ether products. 

^Corresponding author 

0065-2393/92/0230-0529$06.00/0 
© 1992 American Chemical Society 
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H + , -H-0 

H O ^ R 2 

H O ^ b 

NaNu I P d L n cat 

Nu 

s CHO 
H 3 0 + 

-aux i Ij a ry 

Scheme L 

C 0 2 N a 

Reaction of cts-2-propenyl derivative la with sodium tetraphenylborate 
in the presence of bis[(μ-chloro)(l ,2,3-η 3 -2-propen-l-yl)palladium(II)] , 2a, 
as a catalyst precursor gave a 78% yield of (E)-enol ether 3a, isolated as the 
sodium carboxylate salt (eq 1) (3, 4). 

Although a success in terms of yield, regioselectivity, and double bond 
stereoselectivity, this reaction was a failure as a diastereoselective method. 
The ratio of chiralities at the newly formed chiral center was only 2:1, 
corresponding to a 36% enantiomeric excess (ee) after hydrolysis. Given that 
analogous palladium-catalyzed allyl acetate reactions are generally highly 
stereospecific (8), the surprising overall nonstereospeciftcity of this reaction 
prompted us to examine the underlying reaction chemistry in more detail. 
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36. FIUEBE ET AL. High-Velocity Palladium Catalysis 531 

To simplify analysis of the reaction products, our studies focused on the 
2-ethenyl derivatives lh—le, which do not give rise to a new chiral center 
upon conjugate addition. Similar overall chemistry was observed (eq 2, Table 
I). However, it quickly became apparent that we were observing remarkably 
rapid turnover rates. Addition of 0.5 mol % of 2a on a l()-g scale reaction 
resulted in the ejection of the contents of the flask as the heat of reaction 
caused the dichloromethane reaction solvent to reflux violently (3, 4). 

R 1 

ph C 0 2 N a 

3 b - e 

Subsequent study showed that as little as 0.001 mol % of bis(aceto-
nitrile)palladium dichloride, 2b, was sufficient to give complete reaction in 
2.5 h at 65 °C in chloroform. Indeed, substrate-to-catalyst ratios as high as 

Table I. Palladium-Catalyzed Conjugate Addition Reactions 
Entry Compound R2 Catalyst" Product % Yield1' 
1 lb H Ph 2a (0.05) 3b 66 
2 lb H Ph 2b (0.001)' 3b 70'' 
3 lb H Ph 2c (0.4)'· 3b 64'' 
4 lc H C v ' 2a (0.1) 3c 48 
5 Id Me Ph 2a (0.05) 3d 54 
6 le H Me 2a (0.25) 3e 45 

N O T E : All reactions were conducted in C H 2 C h : unless otherwise noted. Yields and reaction 
times are unoptimized. The reaction temperature was 25 °C, except for Entry 2 when it was 
65 °C. The reaction time was 14 h, except for Entry 2 when it was 2.5 h. 
"Catalyst precursor with mol % in parentheses. 
'Isolated purified yield (unless otherwise noted). 
Reaction was conducted in CHClj . 
'Crude yield. 
Reaction was conducted in CH.jCN. 

*Cy is cyclohexyl. 
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500,000:1 were successfully employed. This corresponds to 10 2-10 4 less 
catalyst than is required for the vast majority of palladium-catalyzed reac
tions. 

In light of the far-reaching importance of palladium catalysis in organic 
synthesis, this observation excited our interest and prompted us to pose 
some mechanistically related questions. 

Experimental Section 

A typical procedure for sodium tetraphenylborate reactions is as follows. A three-
necked flask equipped with a condenser and a nitrogen inlet was charged with 
(2R,S,5S)-2-ethenyl-5-phenyl-l,3-dioxolan-4-one (1.25 g, 6.57 mmol) and sodium 
tetraphenylborate (2.25 g, 6.57 mmol). The flask was evacuated and refilled with 
nitrogen, then fitted with a mechanical stirrer and septum. Chloroform (4.5 mL) 
was added, and stirring was initiated. Upon addition of a C H C 1 3 solution of [ (η 3 -
C 3 H 5 ) P d C l ] 2 (0.00120 g in 0.5 mL, 0.05 mol %, prepared under nitrogen) to 
the stirring mixture, the mixture became increasingly viscous. After several hours 
it turned black. After 14 h the solvent was removed under vacuum. The solid 
was washed with ether (3 x 20 mL, washes removed via filter-paper-tipped 
cannula). After drying, 1.67 g of a light grey powder was obtained. Recrystal-
lization (to remove unreacted sodium tetraphenylborate) from M e O H - C H 3 C N 
gave analytically pure sodium (2S)-2-phenyl-2-[(£)-3-phenylpropenyloxy]eth-
anoate (1.26 g, 66% yield). All new compounds were characterized by lH and 

1 3 C NMR spectroscopy and by satisfactory elemental analysis or high-resolution 
mass spectrometry. 

Determining If the Reactions Are Palladium-Catalyzed 

The palladium catalyst precursor is certainly required in the sense that no 
reaction is observed in its absence. However, this observation alone did not 
preclude the possibility that the palladium(II) compound was actually only 
initiating the reaction. Such would be the case if, for example, the palla
dium^) reacted with sodium tetraphenylborate to generate triphenylboron, 
which in turn acted as a Lewis acid catalyst to promote conjugate addition. 
Alternatively, the palladium(II) could be envisaged as generating organic 
radicals that would promote a free radical chain mechanism similar to that 
involved in the addition of trialkylboron reagents to conjugated enones (9). 

Control experiments that disfavor both of these possibilities include the 
following (3, 4). 

• In the absence of palladium catalyst, triphenylboron (1 eq) had 
no effect. 

• When 1 mol % of bis(acetonitrilo)dichloropalladium(II), 2b, was 
reacted with sodium tetraphenylborate (1 equiv) in the absence 
of 2-ethenyl-l,3-dioxolanone, the mixture immediately turned 
black, and a flocculent black precipitate began to form. This 
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mixture was catalytically inactive, as evidenced by the lack of 
any reaction upon addition of 2b within ~1 min. It is reasonable 
that a palladium-catalyzed reaction involving a monoatomic pal
ladium catalyst (or a small palladium cluster) should be shut 
down by allowing the palladium to aggregate to form bulk 
palladium metal. However, it is not obvious why a hypothetical 
boron-centered Lewis acid would so rapidly decompose under 
such conditions. 

• In addition to the palladium(II) catalyst precursors, tris(dibenz-
ylidene)dipalladium(O), 2c, was also observed to serve as an 
effective catalyst precursor. Unlike the reactions involving pal
ladium^) catalyst precursors, in which either triphenylboron 
or tetraphenylborate radical formation could reasonably be pro
posed as an initiation step, it is difficult to see how this pal
ladium^) complex would serve to initiate either Lewis acid-
catalyzed or free radical chain chemistry. In combination with 
the model reaction studies described here, we take these re
sults to indicate that the reactions are, indeed, palladium-cat
alyzed. 

Reaction Steps 

The a priori expectation was that these reactions would proceed via an 
allylation mechanism (Scheme II) similar to that established for analogous 
palladium-catalyzed reactions of allyl carboxylates (8). (The ancillary ligands 
L n are not specified but can only be drawn from the solvent and from the 

Scheme /J. 
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donor atoms or groups shown. All species are assumed to he ligated by 
sufficient numbers of ancillary ligands so as to maintain a 12-16 e" count at 
all times.) 

According to this mechanism, a palladium(O) species would coordinate 
and then oxidatively add the 2-ethenyl-l,3-dioxolanone to give an allylpal-
ladium(II) carboxylate intermediate. Transmetallation of a phenyl ring from 
boron to palladium would then give an (allyl)(phenyl)palladium(II) inter
mediate. Subsequent reductive elimination would join the two carbon frag
ments and return the catalyst to the palladium(O) state. 

With regard to the details of the transmetallation step, initial T|h-tetra-
phenylborate complex formation, followed by a boron-to-palladium phenyl 
group transfer (via an electrophilic aromatic substitution-type mechanism), 
would seem reasonable. Albano et al. (10) crystallographically characterized 
an isoelectronic ^Xtetraphenylborate)rhodium(I) complex. They observed 
that it underwent subsequent reaction with carbon dioxide to give a rhodium 
benzoate derivative, presumably via initial boron-to-rhodium phenyl-group 
transfer (Scheme III). 

Although ample precedent exists for such a mechanism, more direct 
support was sought through attempts to isolate and study the putative in
termediates. These efforts have not yet resulted in the isolation or even 

cf. Albans et al.: 

Ph 2 P v ^PPh 2 7 0 ° C 
Rh + 

^ - B P h 3 

"Ph-Rh(diphos)" 

[PhC0 2Rh(diphos)] 2 

Scheme III. 
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spectroscopic detection of the exact species. However, several close analogs 
have been isolated and studied. For example, reaction of bis(l,5-cyclooc-
tadiene)nickel(O) with lc yields allylnickelcarboxylate 4a (Scheme IV; Cy is 
cyclohexyl) (J). Although it is highly insoluble and therefore not subject to 
recrystallization to analytical purity, 4a has nonetheless been securely char
acterized by l H N M R , 1 3 C magic-angle spinning solid-state N M R , IR, and 
mass spectroscopy (the calculated isotopomeric distribution being observed 
for the expected dimeric formulation), and by derivatization to afford the 
fully characterized silyl ester derivative 5a. 

5a 
Scheme IV. 

The X-ray crystal structure of 5a (4) (Figure 1) establishes the ττ-allyl 
nature of this complex. It also shows evidence of significant overlap of the 
allyl oxygen substituent with the allyl π-system (Table II): the C - l - O - 1 bond 
distance is only 1.373 (6) A, the C - l - O - l - C - 4 angle is 114°, and the allyl 
C - l terminus is 0.06 (1) Â further from the metal than the allyl C-3 termi
nus. The implied distortion toward a C-3-bound V-allyl bonding mode is 
consistent with a least-motion rationale for the tetraphenylborate reaction 
regioselectivity, wherein phenyl-group transfer to the C-3 terminus is pre
ferred over transfer to the C - l terminus. 

Complex 5a is a versatile synthetic intermediate, coupling with both 
halocarbon electrophiles (eq 3, R is aryl, alkenyl, or alkyl) (I) and with 

-NiCIX R C0 2SiMe 3 (3) 
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Figure 1. An ORTEP representation of the X-ray crystal structure of the 
allylnickel chloride dimer 5a. Ni-C-1 = 2.044 (5) À; Ni-C-2 = 1.968 (5) À; 
Ni-C-3 = 1.980(5)À;C-l-O-l = 1.373 (6) À; angle C-l-O-l-C-4 = 114.1 

(4)°. 

Table II. Palladium-Catalyzed Organotin Coupling Reactions 
Entry Rl R2 RSnR3

3 % Yield E:Z 
1 H Me H 2 C=CHSnBu 3 91e 93:7 
2 H Cy H 2C=C(OEt)SnBu 3 49a 95:5 
3 H Me PhSnMe.3 65° 92:8 
4 Me Cy PhSnMe3 53b 94:6 
°5 mol % 2b. 
''2.5 mol % 2c. 

organotin nucleophiles (eq 4, R is H , alkenyl, or alkynyl) (4) to afford the 
corresponding (E)-enol ethers. 

C l 
Ni 

R S n B U r 

C 0 2 S i M e 3 - C I S n B u , 

- N i ( 0 ) 

C 0 o S iMe 2<3 ι m e g (4) 

The latter reactions presumably proceed via (allyl)(R)nickel(II) inter
mediates similar to those involved in the catalytic tetraphenylborate chem
istry. Inasmuch as nickel(O) is generated as a coproduct, the success of these 
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stoichiometric reactions implied that catalytic organotin coupling chemistry 
might be possible. Subsequent investigations established that reactions of 
this type proceed under the influence of either nickel or palladium catalysts 
(eq 5, Table II) (3, 4). A soluble chloride anion source was found to be 
required for the reactions, with lithium chloride preferred because the re
sultant lithium carboxylate salts are dependably crystalline. 

R C 0 2 L i 

These reactions are not unusually fast and require the standard 1-5 
mol % catalyst precursor. Nonetheless, they are important as models for 
tetraphenylborate chemistry. In seeking closer analogies, we also investi
gated whether the allylnickel reagents would serve as intermediates in or-
ganoborate coupling reactions. Tetraphenylborate itself has not yet been 
observed to react under nickel-catalyzed conditions. However, sodium meth-
oxytriphenylborate does give conjugate addition-type chemistry (eq 6). 

Ph C 0 2 N a 

45% 

Nickel chemistry thus serves to establish the plausibility of the proposed 
palladium-catalyzed tetraphenylborate chemistry. In seeking yet more direct 
evidence, we recently developed a novel "bait and switch" approach to the 
synthesis of relevant allylpalladium complexes. In this strategy the 2-ethenyl-
1,3-dioxolanone is first converted to allylnickel derivative 5a and then trans
ferred to palladium upon reaction with 1 equiv of 2b (Scheme V) (4). A near-
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1. Ni(COD) 2 

2. Me3SiCI 
C0 2SiMe 3 

NiCI 2 PdCI 2(CH 3CN) 2 

Ph NaBPh4 

-BPh 3 

-Pd(0) 

C0 2SiMe 3 C0 2 SiMe 3 

6a 

Scheme V. 

quantitative crude yield of allylpalladium complex 6a is observed. The iso
lated crystalline yield is lower (—50%), in part because of the high solubility 
of this complex. Subsequent reaction with sodium tetraphenylborate yields 
palladium metal and the corresponding (E)-enol ether. A similar reaction is 
observed with vinyltributyltin, modeling exactly the transmetallation and 
reductive elimination steps of the catalytic organotin coupling reactions. 

To exactly model the tetraphenylborate reactions, however, we require 
the allylpalladium carboxylate, rather than the silyl ester derivative. In pur
suit of this elusive species, we recently attempted bait and switch experi
ments with the allylnickel carboxylate and 2b. Nickel dichloride and a highly 
insoluble organopalladium product were produced (4). The insolubility of 
the latter product has thus far hampered its purification and characterization. 
However, it has been converted to silyl ester derivative 6a by treatment 
with chlorotrimethylsilane. The identification of this species as the sought-
after allylpalladium carboxylate is supported by the observation that at
tempted dissolution in a highly coordinating solvent (e.g., dimethyl sulfoxide) 
results in immediate decomposition to 2-ethenyl-l,3-dioxolanone and a pal
ladium metal mirror. We are continuing efforts to further characterize this 
apparently highly reactive species to better evaluate its suitability as an 
intermediate in the catalytic tetraphenylborate chemistry. 

Reaction Speed 

A combination of factors is likely to be responsible for the speed of these 
reactions. First, 2-ethenyl-l,3-dioxolanones are very reactive. They contain 
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both an alkene functionality, which allows for initial π-complexation to the 
catalyst center, and a relatively weak allylic carbon-oxygen bond that is 
further activated by anomeric effects. Both factors are likely to promote 
rapid oxidative addition. Second, the transmetallation step is likely to be 
especially rapid by virtue of the "ligand-poor" reaction conditions and the 
special characteristics of the tetraphenylborate anion. Inasmuch as the or-
ganoborate reagent is obviously a very poor nucleophile, it is undoubtably 
important that there not be any good donor ligands present to compete with 
the tetraphenylborate for a coordination site at palladium. 

In agreement with this analysis, the reactions are fastest in chloroform 
or dichloromethane, despite the very low solubility of sodium tetraphen
ylborate in these solvents. They are slower by approximately a factor of 10 
in acetonitrile and by roughly an additional factor of 10 in acetone (3). 
Furthermore, whereas tris(dibenzylideneacetone)dipalladium is an effective 
catalyst precursor, no reaction is observed when using tetrakis(triphen-
ylphosphine)palladium(O) (3). It may also be significant that tetraphenylbor
ate coordination would be expected to be favored by attractive electrostatic 
interactions between the positively charged palladium and the negatively 
charged tetraphenylborate (cf. Scheme III). Finally, the actual boron-to-
palladium phenyl-group transfer step may be especially facile by virtue of 
the availability of an electrophilic aromatic substitutionlike pathway. Model 
experiments wherein sodium tetraphenylborate is reacted with either 2a or 
6a are certainly fast reactions. They are completed within seconds at 25 °C 
in the former case and require less than 5 min in the latter case (4). 

Lack of Stereospecificity of the cis-2-Propenyl-l ,3-
dioxolanone Reaction 

Control experiments (3, 4) have shown that the triphenylboron coproduct, 
which is actually a quite weak Lewis acid, is nonetheless strong enough to 
very rapidly equilibrate the initially near-pure cis-dioxolanone to afford ca. 
2:1 cis-trans mixture under reaction conditions. The overall lack of stere-
ospecificity may therefore simply reflect this equilibration. 

The observed 2:1 ratio of epimeric enol ethers corresponds to the ex
pected overall inversion of configuration, starting from a 2:1 cis-trans mix
ture. Significantly, when this reaction is interrupted at 10% completion, the 
epimer ratio is ca. 3:1 (3). Relatively little triphenylboron has been formed 
at that point, and there has been less time for equilibration. Therefore, this 
ratio is consistent with the idea that triphenylboron equilibration of the 
starting stereochemistry is competitive with the desired allylpalladium chem
istry. The possibility that a stereospecific reaction can be achieved by using 
organometallic nucleophiles that give rise to less Lewis acidic coproducts is 
under investigation. 
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Conclusion 

The weight of the evidence supports an allylpalladium mechanism for these 
reactions. All of the steps involved are remarkably rapid, with the slowest 
step corresponding to a turnover rate of 660 min" 1 at 65 °C. Inasmuch as 
the steps involved are similar to those involved in many other synthetically 
important reactions, it is of considerable interest to try to understand why 
these reactions are so fast. Several possible reasons have been identified 
here. We are now moving to test these ideas in other systems. 
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Hydrosilylation 
A "Homogeneous" Reaction Really Catalyzed 
by Colloids 

Larry N. Lewis, Nathan Lewis1, and Richard J. Uriarte2 

General Electric Research and Development, P.O. Box 8, 
Schenectady, NY 12301 

The evidence for the intermediacy of colloids in the hydrosilylation 
reaction is reviewed. Data are presented to support the fact that 
reactions catalyzed by the active catalyst Pt[(vinyl)Me2SiOSiMe2-
(vinyl)] (Karstedt's catalyst) form colloids. Analytical electron mi
croscopy (AEM) and high-resolution electron microscopy (HREM) 
confirm the formation of colloids. Additional evidence comes from 
analysis of X-ray absorption near-edge spectroscopy (XANES) 
measurements, which show that Pt reduction occurs upon reac
tion of Karstedt's catalyst with (EtO)3SiH and that Pt is in a new 
environment. 

TTHE H Y D R O S I L Y L A T I O N R E A C T I O N (eq 1) has been known since the 1940s 
but has received considerable attention since Speier's pioneering work using 
H 2 P t C l 6 - i - P r O H "homogeneous" catalysts (1-5). Chalk and Harrod's (6, 7) 
mechanistic work and proposals, which became accepted in the literature 
(8), were based on the intermediacy of molecular compounds. 

(1) 

In 1986 we reported (9) that strong evidence implicated colloids as 
important intermediates in the catalytic cycle of hydrosilylation. For ex
ample, if C O D P t C l 2 ( C O D is 1,5-cyclooctadiene) was reacted with excess 

'Current address: Knolls Atomic Power Laboratory, Niskayuna, NY 12309 
'Current address: G E Silicone, Waterford, NY 12188 

0065-2393/92/0230-0541806.00/0 
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(EtO) 3 SiH in C H 2 C 1 2 , a Pt colloid formed after about 1 h with release of 
H 2 (eq 2). 

C O D P t C l 2 + (EtO) 3 SiH > 

[Pt(0)]x + H 2 Î + ClSi(OEt) 3 + c y c l o - C 8 H 1 4 + cyelo-C 8 H 1 6 (2) 

The colloidal product, identified by analytical electron microscopy 
(AEM), was more active than C O D P t C l 2 itself. An induction period was 
observed in the hydrosilylation reaction catalyzed by C O D P t C l 2 . However, 
no induction period was noted when colloid 1 was used as a catalyst. The 
length of the induction period corresponded to the time it took to form 
colloid 1 from C O D P t C l 2 . 

This chapter addresses recent results that further support Pt colloids as 
intermediates in the Pt-catalyzed hydrosilylation reaction. A E M , high-res
olution electron microscopy (HREM), and X-ray absorption near-edge spec
troscopy (XANES) were employed to analyze the Pt colloids. 

Experimental Procedures 

General Information. A E M analyses were performed on an analytical 
electron microscope (Hitachi H-600-1 instrument) operated at 100 kV and 
equipped with an energy-dispersive X-ray detector [ E E G Ortec Si(Li)]. H R E M 
was performed on an electron microscope (Philips E M 430 instrument) operated 
at 300 kV. The XANES measurements were made at Brookhaven National Lab
oratory National Light Source; zero energy was taken at the L U I edge of platinum 
metal (by using Pt foil) at 11,568.4 eV with electron energy of 2.5 GeV. Data 
were collected in the fluorescence mode, and normalized plots of the near edge 
were produced by using published procedures (10). 

NMR spectra were recorded on one of two NMR spectrometers (Varian X L 
300 spectrometer, 1 3 C , 2 9 Si, and l 9 5Pt at 75.43, 59.3, and 64.12 MHz, respec
tively, or on a G E QE-300 instrument, l 3 C at 75.48 MHz). 

Pt Catalyst. Catalyst solutions were either the complex of divinyltetra-
methyldisiloxane (DVTMDS, see structure), Pt(DVTMDS) x ("Karstedt" catalyst 
in xylene, available from Petrarch systems as PC 072); or Pt(DVTMDS) x in neat 
D V T M D S made by following a modification of a published procedure (II, 12). 
H 2 P t C l 6 (5 g, 39.4% Pt, 10 mmol) was combined with 5 mL of E t O H and 
D V T M D S (50 g, 0.27 mol) and heated at 60 °C with stirring for Φ-6 h. A 

CH2CI2 

colloid 1 

SiO—Si 

DVTMDS 
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homogeneous orange solution was obtained, to which solid N a H C 0 3 (1.7 g, 
70.8 mmol) was added. After an additional 1 h of stirring, the mixture was filtered 
and the precipitate was washed with two 10-g aliquots of D V T M D S . A yellow 
liquid was obtained, 2.27% Pt by analysis. The xylene solution of Pt(DVTMDS) r 

or the Pt(DVTMDS) x in neat D V T M D S previously described had identical i a 5Pt 
NMR resonances at -6148 ppm upfield from Na 2 PtCl 6 . In addition, concentrates 
of this solution were obtained by vacuum distilling (30 °C, 0.5 mm Hg pressure) 
a portion of the D V T M D S . 1 3 C NMR spectra of these concentrated mixtures 
showed the presence of bound D V T M D S , on the basis of the appearance of an 
upfield set of resonances from 55-59 ppm versus 131.89 and 139.62 ppm for the 
vinyl portion of free D V T M D S . 

Hexene Reactions. In a typical run, 3,3'-dimethyl-l-butene (f-hexene, 
1.38 mL, 10.8 mmol) was combined with a xylene solution of Karstedt catalyst 
(2.7 μ ί , 0.7 mmol) and decane (internal standard, 0.2 mL, 1.03 mmol). Addition 
of E t 3 SiH (1.72 mL, 10.8 mmol) initiated the reaction; a yellow color was noted 
after about 2 min at ambient temperature. NMR data are as follows: 

1 3 C : 37.76 (d), 31.04 (f), 28.73 (e), 7.38 (b), 5.02 (c), and 3.18 (a) ppm 
^Si: 7.58 ppm, single isomer 

Results and Discussion 

Colloid Synthesis and Structure. In 1989 we described the syn
thesis and structure of platinum group metal colloids from metal halide salts 
and alkoxysilane [e.g., P t C l 4 + Me 2 (EtO)SiH (13)]. A E M and H R E M anal
yses of these colloids showed (for Pt) that 1-5-nm diameter platinum crys
tallites formed (Figure 1). 

The work described and recent mechanistic work (14, 15) showed that 
the most active catalyst precursors for hydrosilylation were those that could 
most easily form colloids. Thus the most active catalysts were Pt(O) com
plexes with olefin ligands. Conversely, Pt(II) complexes with strongly bind
ing ligands such as phosphines were the least active. An example of one of 
the most active catalyst precursors was the Karstedt catalyst (12, 16). 

As we (13) and others (16) showed, the Karstedt catalyst is a mixture of 
compounds, but the main component is the η = 0 compound. The Karstedt 
catalyst is referred to as "solution A " in the Chandra work (16). 

( C H 3 C H 2 ) 3 S i C H 2 C H 2 C ( C H 3 ) 3 

a b c d e f 

Karstedt catalyst, n=0-9 
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Figure 1. HREM for the Pt colloid formed between PtCl4 and Me^EtOjSiH; 
1-5-nm particles are evident. Also evident are diffraction fringes of the (111) 
planes. (Reproduced from reference 13. Copyright 1989 American Chemical 

Society.) 

The reaction of an orange xylene Karstedt catalyst solution with 
(EtO) 3 SiH resulted in instantaneous formation of a black solution (eq 3). 

Si(OEt)3 Si(OEt)3 

(3) 

H2 + (EtO)3Si-Si(OEt)3 + — S i — Ο Si + Pt colloid 

2 

A E M analysis confirmed that platinum colloids formed. X A N E S was 
used to analyze the platinum reactant and product of eq 3. In general, the 
area under the near-edge curve (white line) is related to the metal oxidation 
state. The electronic dipole transitions at the Pt L , n edge are from 2p 3 / 2 core 
level to the empty 5d state (Δ/ = 0 ± 1, where Δ/ corresponds to the 
difference between the excited state and ground state; / is the total angular 
momentum quantum number.) Therefore the peak intensity or "white line" 
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is proportional to the d-electron vacancies (17, 18). As shown in Figure 2, 
the reaction product, colloid 2, was more "reduced" than the starting Kar
stedt catalyst. Figure 2 shows that there is a lower white-line area for colloid 
2 than for Karstedt. In addition, the change in fine structure observed after 
the edge in going from Karstedt to colloid 2 suggested that Pt was in a 
different environment in colloid 2 than in Karstedt catalyst. 

-2 . - 1 . 0. 1. 2. 3. 4. 5. 6. 7. 

ENERGY (EV) X101 

Figure 2. Near-edge spectra for Karstedt catalyst (solid line) and colloid 2, eq 
3 (dashed line). 

Figure 3 compares the near-edge region for colloids 1 and 2. Although 
two different Pt starting materials were used to form colloids 1 and 2 (PtCl 4 

and Pt(DVTMDS) A , respectively), colloids with equivalent white-line areas 
were obtained. The fine-structure region suggests a different environment 
around Pt in colloids 1 and 2, however. 

Platinum Colloids from Actual Catalyzed Reactions. A E M and 
H R E M were used to analyze the Pt product from hydrosilylation reactions 
catalyzed by Karstedt catalyst. E t 3 S i H was reacted with n-hexene (eq 4) or 
f-hexene (eq 5) in the presence of about 100 ppm of Pt as Karstedt catalyst. 

C H 2 = C H ( C H 2 ) 3 C H 3 + E t 3 S i H > E t 3 S i ( C H 2 ) 5 C H 3 (4) 
Karstedt l Q % œ h n e s s 
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C 
H 
I 

-6. -4. - 2 . 0. 2. 

ENERGY (EV) X101 

Figure 3. Comparison of the near-edge regions for colloid 1 (solid line) and 
colloid 2 (dashed line). 

C H 2 = C H C ( C H 3 ) 3 + E t 3 S i H 
Karstedt 

E t 3 S i C H 2 C H 2 C ( C H 3 ) 3 (5) 
100%, colorless 

Equations 4 and 5 show that high conversion to product occurred for 
r-hexene in 17 h at ambient temperature, but that only 10% conversion 
occurred in the n-hexene reactions under the same conditions. 

The morphology of the colloids formed from eqs 4 and 5 were different. 
A E M analysis of the reaction solution from eq 4 (Figure 4) showed that 
amorphous-looking agglomerates of Pt-containing material were present. 
The inset to Figure 4 (HREM) showed that the amorphous clump contained 
1.5-2.0-nm Pt crystallites. The particles exhibited fringes that corresponded 
to the spacing of the (111) planes of platinum (9). A E M analysis (Figure 5) 
of the reaction solution of eq 5 showed that there was a lower degree of 
agglomeration of the Pt particles but that the individual Pt crystallites 
( H R E M inset) were larger, 2.2-2.8 nm, than those from eq 4. As in Figure 
4, the particles in Figure 5 exhibited the (111) planes attributed to crystalline 
Pt. In addition, an electron-diffraction pattern obtained from this sample 
indexed to crystalline platinum. The larger individual particles of Figure 5 
presumably gave rise to the yellow appearance in eq 5 vis-a-vis the colorless 
solution of eq 4. 
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Figure 4. AEM image of the reaction solution from eq 4, n-hexene + Et3SiH, 
catalyzed by Karstedt catalyst. Inset shows HREM image. The fringes cor
respond to the (111) planes of crystalline Pt. (Reproduced with permission 

from reference 18. Copyright 1991 Academic Press.) 

Figure 5. AEM image of the reaction solution from eq 5, t-hexene + Et3SiH 
catalyzed by Karstedt catalyst. Inset shows HREM image. (Reproduced with 

permission from reference 18. Copyright 1991 Academic Press.) 

American Chemical Society 
Library 

1155 IBth St., N.W. 
Washington, D.C. 20036 
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Summary 

The combination of X A N E S and A E M - H R E M showed that colloidal plati
num formed from Karstedt catalyst reactions with the SiH functionality either 
directly or in a hydrosilylation reaction catalyzed by Karstedt catalyst. The 
colloid formed was more reduced than the starting complex. It is proposed 
that this reduction step is the commonly observed induction period in hy
drosilylation. The morphology of the colloid formed was controlled by the 
reagents of the reaction. It is not known whether the differences in the two 
colloids of Figures 4 and 5 were due to the differences in steric or electronic 
factors between n-hexene and f-hexene or to both. 

Acknowledgments 

Joe Wong, Livermore National Laboratory, assisted in the X A N E S mea
surements and analyses. Joanne Smith carried out the N M R measurements. 
Ernie Hall carried out the H R E M measurements. 

References 

1. Ojima, I. In The Chemistry of Organic Silicon Compounds; Patai, S.; Rappoport, 
Z., Eds.; Wiley: New York, 1989; p 1479. 

2. Armitage, D. A. In Comprehensive Organometallic Chemistry; Wilkinson, G.; 
Stone, F. G. Α.; Abel, E. W., Eds.; Pergamon: Oxford, 1982; Vol. 2, p 117. 

3. Speier, J. L. Adv. Organomet. Chem. 1979, 17, 407. 
4. Lukeviks, E.; Belyakova, Ζ. V; Pomeransteva, M. G.; Voronkov, M. G. J. 

Organomet. Chem. Libr. 1977, 5, 1. 
5. Eaborn, C.; Bott, R. W. In The Bond to Carbon; MacDiarmid, A. G., Ed.; 

Dekker: New York, 1968; Vol. 1. 
6. Harrod, J. F.; Chalk, A. J. In Organic Synthesis via Metal Carbonyls; Wender, 

I.; Pino, P., Eds.; Wiley: New York, 1977; p 673. 
7. Chalk, A. J.; Harrod, J. F. J. Am. Chem. Soc. 1965, 87, 16. 
8. Collman, J. P.; Hegedus, L. S. Principles and Applications of Organotransition 

Metal Chemistry; University Science Books: Mill Valley, CA, 1980; pp 384ff. 
9. Lewis, L. N.; Lewis, N. J. Am. Chem. Soc. 1986, 108, 7228. 

10. Wong, J.; Lytle, F. W.; Messmer, R. P.; Maylotte, D. H. Phys. Rev. B: Condens. 
Matter 1984, 30, 5587. 

11. Karstedt, B. D. U.S. Patent 3 775 452, 1973. 
12. Ashby, Β. Α.; Modic, F. J. U.S. Patent 4 288 345, 1981. 
13. Lewis, L. N.; Lewis, N. Chem. Mater. 1989, 1, 106. 
14. Lewis, L. N. J. Am. Chem. Soc. 1990, 112, 5998. 
15. Lewis, L. N.; Uriarte, R. J. Organometallics 1990, 9, 621. 
16. This complex is referred to as "Solution A" in Chandra, G.; Lo, P. Y.; Hitchcock, 

P. B.; Lappert, M. F. Organometallics 1987, 6, 191. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

03
7

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



37. LEWIS ET AL. Hydrosilylation 549 

17. (a) Lytle, F. W.; Greegor, R. B.; Marques, E. C.; Biebesheimer, V. Α.; Sand-
strom, D. R.; Horsley, J. Α.; Via, G. H.; Sinfelt, J. H. In Catalyst Character
ization Science; Deviney, M. L.; Gland, J. L., Eds.; ACS Symposium Series 
288; American Chemical Society: Washington, DC, 1985; p 280. (b) Lytle, F. 
W.; Via, G. H.; Sinfelt, J. H. In Synchrotron Radiation Research; Winick, H.; 
Doniach, S., Eds.; Plenum: New York, 1980; p 401. 

18. Lewis, L. N.; Uriarte, R. J.; Lewis, N. J. Catal 1991, 127, 67. 

RECEIVED for review October 19, 1990. A C C E P T E D revised manuscript May 24, 1991. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

03
7

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 



38 
Catalytic Synthesis 
of Polymethylsilsesquioxanes 

Richard M. Laine1,3, Jeffrey A. Rahn1,4, Kay Youngdahl Blohowiak1, and 
John F. Harrod2 

1Department of Materials Science and Engineering, University of Washington, 
Seattle, WA 98195 
2Department of Chemistry, McGill University, Montreal H3A 2A7, Canada 

Dimethyltitanocene, Cp2TiMe2, will promote the redistribution 
of -[MeHSiO]x- oligomers to produce a polymethylsilsesquioxane 
copolymer of the type -[MeHSiO]0.3[MeSi(O)1.5]0.7-. The mecha
nism for this redistribution is suggested to involve σ-bond meta
thesis promoted by a Ti(IV) species. The structural evolution of the 
copolymer on heating to 1000 °C is followed by using solid-state 29Si 
NMR spectroscopy. Thermogravimetric analysis (TGA) experiments 
and chemical analysis are used to support the NMR results. The 
Cp2TiMe2-derived catalyst also promotes alcoholysis of the Si-H 
bonds in the copolymer. This reaction produces alkoxy derivates, 
-[Me(RO)SiO]0.3[MeSi(O)1.5]0.7-(R is Me, Et, n-Pr, or n-Bu). Fur
thermore, this catalyst will also polymerize the oligosilazanes 
-[MeHSiNH]x- or -[H2SiNMe]x-, but only if some -[MeHSiO]x
-is present. The ceramic yields of the copolymers -[Me
HSiO]x-:-[MeHSiNH]x-(with 1:1, 1:3, 1:9, and 1:18 ratios) are much 
higher than yields found for the pure polysilazane. 

SILSESQUIOXANES R E P R E S E N T A U N I Q U E and poorly studied subset of 
polyalkylsiloxanes. This statement is true despite the fact that they offer 
many exceptional properties. For example, silsesquioxanes, RSi(0) 1 5 , be
cause of their need to form three S i - O - S i bonds, assume regular polyhedral 
shapes such as that shown in structure 1 for octamethyloctasilsesquioxane 
α). 

Corresponding author: Department of Materials Science and Engineering, 
University of Michigan, Ann Arbor, MI 48109-2136 

4Current address: Department of Chemistry, Eastern Washington University, 
Cheney, WA 99004 
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These polyhedral shapes have geometries very similar to those found 
for silica and its derivatives. Feher and co-workers (2, 3) used this similarity 
as the basis for developing molecular models of silica surfaces. The regular 
geometry also contributes to such properties as high-temperature stability 
(I) and high hardness (4). Octamethyloctasilsesquioxane is stable in air to 
415 °C, at which temperature it sublimes. 

Polysilsesquioxanes appear to have cage rather rather than ladder struc
tures (5). The polymer is formed by the opening of a polyhedral edge, as 
suggested for polymethylsilsesquioxane (see structure 2). 

Polymethylsilsesquioxane, -[MeSi(0)i 5] x-, is stable to temperatures 
above 500 °C in air and to at least 600 °C in nitrogen. The phenyl derivative 
is reported to be stable to 800 °C (J). The cage structure is useful for making 
microporous materials (6). 

Polymethylsilsesquioxanes have been used as protective polymer coat
ings in the electronics industry (7) and as precursors to silica and S i O ^ C * 
glasses (Scheme I) (8-10). 

From an engineering standpoint, these materials offer exceptional prop
erties that should lead to widespread applications. Unfortunately, their pro
pensity for forming gels makes it extremely difficult to prepare useful, pro-
cessable quantities of any given material. Until recently, the only method 
of preparing silsesquioxanes was via hydrolysis of the alkyltrichloro- or tri-
alkoxysilane (Scheme II) (I, 2, 6). 

Separation of the polyhedral- or polyalkylsilsesquioxane from the reac
tion mixture is extremely difficult. Isolable yields of these compounds are 
quite poor, typically ranging from 15 to 30%. Consequently, the discovery 
(II) that titanium will catalyze the redistribution of alkoxysilanes under ex
tremely mild conditions (reaction 1) suggested that it might be possible to 
synthesize polysilsesquioxanes via a similar route that would eliminate the 
need for a hydrolytic synthesis (reaction 2). 

1 2 

3MeHSi(OEt) 2 

<0.1 mol % Cp 2 TiMe 2 /RT 
M e S i H 3 + 2MeSi(OEt) 3 (1) 
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Scheme II. 
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<0.1 mol % Cp2TiMe2/RT 
- [ M e H S i O L - - > M e S i H 3 + -[MeSi(0), . 5 ] x - (2) 

where C p 2 T i M e 2 is dimethyltitanocene and RT is room temperature. 
Indeed, this reaction works very effectively. The following discussion is 

an overview of our recent efforts to prepare and characterize the resulting 
polymers and their properties. The information presented here includes data 
previously published elsewhere (12, 13). 

Results and Discussion 

Neat mixtures of either cyclic - [MeHSiO] n - (n = 4 or 5) or linear oligomeric 
M e 3 S i - [ M e H S i O ] n - H (number-average molecular weight, Mn —2000 dal-
tons) with 0.2 mol % ^ 5 - C 5 H 5 ) 2 T i M e 2 turn royal blue (under Ν 2 at 20 °C) 

following an induction period of —15 min. M e S i H 3 evolves rapidly with 
stirring. In 5-7 min the solution becomes extremely viscous; it gels in 10-15 
min. Solid-state 2 9 S i N M R spectroscopy indicates that the final gel consists 
of a copolymer of approximate composition - [MeHSiO] 0 3 [MeSi(O)j 5 ] 0 7 - . 
The induction period that precedes reaction appears to involve free radical 
promoted decomposition of ( T | 5 - C 5 H 5 ) 2 T i M e 2 . This reaction generates the 
true catalyst. 

Soluble product can be obtained by dilution with toluene. Thus, reaction 
in a fivefold excess (with respect to added - [ M e H S i O ] „-) of toluene gives a 
stable solution after 72 h of reaction. Reactions attempted with less than a 
fivefold excess of toluene lead inevitably to the formation of a gel. 

Thin films cast from the resulting copolymer-toluene solution exhibit 
moderate elastomeric properties and excellent adhesion to glass, carbon, 
and metal surfaces; they can be heated without significant changes in prop
erties to 250 °C. Above this temperature the polymer becomes increasingly 
brittle; however, no visible degradation occurs up to approximately 400 °C. 

Because of our continuing interest in polymer precursors to ceramics, 
we followed the structural evolution of the Me 3 Si - [MeHSiO] n -H-der ived 
copolymer during heating to 1000 °C by using solid-state 2 9 S i N M R spec
troscopy (Figure 1). At room temperature, the M e 3 S i (3%) and Me(OH)Si 
(4%) end caps of the original oligomer appear, together with peaks for 
- [ M e H S i O ] n - (30%) and -[MeSi(0) 1 5 ] - (70%). Thermogravimetric and 
chemical analysis (9) support the N M R results. Both methods indicate that 
most of the starting monomer is either volatilized or undergoes further 
redistribution such that by 400 °C only the pure polymethylsilsesquioxane 
remains. In the N M R results, the sharp singlet of the [MeSt(0) 1 - 5] silicon is 
present even at 600 °C. It becomes severely broadened as the polymer is 
transformed into a glass at 800 °C (13). 

Nearly identical copolymer compositions are obtained from the copol
ymer generated in toluene solution, as determined following solvent re-
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- O — SI — ο -

600°C ' * Λ j 

400°C 

- O — 8 1 — O -

C M , 
. 0 — 8 1 — 0 

M , C — SI — O -

Polymer * 

0 -100 

Chemical Shift (ppm) 
Figure 1. Chemical evolution of M e3Si-[ MeHSiO] n-H-derived copolymer dur
ing heating to selected temperatures below 1000 °C by using solid-state 29Si 

NMR spectroscopy. 
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moval. The composition, established by solution N M R spectroscopy, is con
firmed by the chemical analysis (Found: C , 19.4%; H , 5.4%; Si, 41.5%; Calc. 
- [ M e H S i O ] o 3 [ M e S i ( 0 ) 1 5 ] 0 7 - : C , 18.5%; H , 5.1%; Si, 43.1%). Given the 
relatively simple ^Si N M R results, the copolymer structure is assumed to 
be that shown in Scheme III. However, other polyhedral silsesquioxane 
structural units may also form in the copolymer. 

1 *c = 1.04 δ
 H 

2 f SI s -34, -57, 65 δ 

1 *C s 0.66, -3.27 δ 

Scheme III. 

Catalytic redistribution of hydridosiloxanes by transition metals was first 
reported by Curtis and Epstein (14). They discovered that iridium complexes 
promoted redistribution of H - [ M e 2 S i O ] v - S i M e 2 H and proposed the type of 
mechanism shown in Scheme IV. 

Ir + HSIMe^OSIM^H I r .O 

H .si 

ν / 

• J L . r ' 
\ 

H [ M « j S I O k S I M « , H N. • 

\ / V / 
si \ / 
\ / S , 

H S I M « * O S i M e 2 H 1 ^ \ 
• I \ 

O ^ 

' Η 
S i 

Scheme IV. 
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On the basis of work by Woo and Tilley (15) on the reactions of d° metals 
with silanes, we believe that a different mechanism is operating here. This 
mechanism probably involves σ-bond metathesis promoted by a Ti(IV) spe
cies generated by decomposition of ( T | 5 - C 5 H 5 ) 2 T i M e 2 . The mechanism shown 
in Scheme V is based on the work of Woo and Tilley (15). However, sub
stantiation must await detailed kinetic studies. 

Scheme V. 

We propose a Ti(IV) catalytic process, despite the royal blue color of 
the reaction (which is typical of Ti(III) compounds) and despite our having 
isolated Ti(III) complexes (16) in related systems. Our choice of Ti(IV) is 
based on the following discovery. 

The copolymer - [ M e H S i O ] 0 3 [ M e S i ( O ) 1 5 ] 0 . 7 - still retains Si -Η groups 
that are susceptible to further modification by either hydrosilylation or al-
coholysis. Therefore, we explored the possibility of changing the copolymer 
rheological characteristics by reaction with alcohols. Addition of alcohols to 
the toluene reaction solution at any time during the course of the reaction 
leads to very effective alcoholysis of the copolymer (Scheme VI). 

The addition of M e O H leads to a rapid color change from royal blue to 
yellow-orange and extremely rapid (almost violent) evolution of hydrogen. 
The reaction is complete within the time of addition. The other alcohols are 
less reactive, with the n-BuOH reaction taking 1-2 days at room tempera
ture. 

Once the solvent is removed, the methoxy derivative will become gel
like in hours to days, depending on the temperature of the room. The 
n-butoxy derivative, in contrast, is much less susceptible to gelling. It 
will remain a viscous liquid for periods of up to 1 week. 1-Propanol solu
tions of the n-propoxy derivative (25 wt%) will remain stable almost in-
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C p j T I M i j W C 

Phtlt 

R s Me, Et, nPr, nBu 

Scheme VI 

definitely. N M R characterization indicates the formation of -[Me(RO)-
S i O ] 0 3 [ M e S i ( O ) 1 5 ] 0 7 - and confirms the initial copolymer composition (13). 
These polymers are actually a masked form of -[MeSi(0)i 5 ] Λ - . Addition of 
water leads to hydrolysis of the SiOR bond, and water can be used to cause 
thermosetting. 

The yellow-orange color is typical of a Ti(IV) catalyst and, when coupled 
with Woo and Tilleys work (15), suggests that a Ti(IV) species also promotes 
the redistribution reaction. 

Polysilazane Polymerizations 

The success of this catalyst system (17) suggested that it might also be used 
for the catalytic polymerization of polysilazane oligomers such as - [ M e 
HSiNH] - or - [ H 2 S i N M e ] v - . This application would offer an alternative to 
the ruthenium catalysts that we previously used to form tractable silicon 
nitride preceramic polymers. To our surprise, neither oligomer underwent 
catalytic redistribution when mixed with ( T | 5 - C 5 H 5 ) 2 T i M e 2 , despite the fact 
that the catalyst reacted and some small amount of gas (presumably C H 4 ) 
evolved coincident with the reaction. 

This result was disappointing. However, we attempted to catalyze re
distribution of - [MeHSiO] - in the presence of - [ M e H S i N H ] - to explore 
the possibility of trapping the - [ M e H S i N H ] r - oligomer in the resulting 
silsesquioxane gel. We used ceramic yield as a measure of our success. Thus, 
Figure 2 shows thermogravimetric analysis (TGA) results for the copolymer 
derived from - [ M e H S i O ] - (74-78% ceramic yield at 900 °C in N 2 ) , pure 
- [ M e H S i N H ] - (37% ceramic yield at 900 °C in N 2 ) , and a 1:1 mixture of 
- [ M e H S i O ] - : - [ M e H S i N H ] - . If the 1:1 mixture were to act simply as a 
physical mixture, then the ceramic yields for the combination should be the 
arithmetic mean or 56%. Instead, the ceramic yield is —72% (Figure 2). 
This yield suggests that we were successful in trapping the silazane in the 
interstices of the polymethylsilsesquioxane gel. 
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An alternative explanation is that, in the presence of hydridosiloxane, 
the catalyst is capable of catalyzing redistribution of polysilazanes. To test 
this possibility, we changed the siloxane-to-silazane ratio. Table I shows that 
as the ratio is changed from 1:1 to 1:3 to 1:18, the reaction continues to 
occur and the ceramic yields stay high (relative to pure polysilazane). The 
resulting ceramic products begin to look like the ceramic products obtained 
from pure - [ M e H S i N H ] x - Our preliminary conclusion is that titanium-
catalyzed redistribution of - [ M e H S i N H ] x - requires the presence of some 
quantity of hydridosiloxane as cocatalyst (17). 

Table I. Apparent Ceramic Compositions for Selected Polysilazanes, 
Polymethylsilsesquioxane, and Various Mixtures 

Ceramic Apparent Ceramic Composition 
Polymer Yield Si3N4 StC 

MeHSiNH 37 64 25 10 
H 2 SiNMe 63 75 — 18 
MeHSiO 78 70 Si0 2 20 10 
1:1 MeHSiO/MeHSiNH 72 31 20 10 
1:3 MeHSiO/MeHSiNH 64 43 20 10 
1:9 MeHSiO/MeHSiNH 64 53 22 10 
1:18 MeHSiO/MeHSiNH 63 62 19 11 
NOTES: Data are given as mol %. Pyrolyzed to 900 °C in nitrogen. Heating rate, 5 °C per min. 
Apparent ceramic compositions are calculated assuming Si is the limiting element. Ν is the 
limiting element when - [H 2 SiNMe], - is the preceramic. 

The apparent compositions reported in Table I are a form of bookkeeping 
and are not truly indicative of the actual nature of the S O ^ C ^ glass (13). 
However, these compositions are adequate for describing the selectivity to 
ceramic products, at 900 °C, obtained by pyrolysis of - [ M e H S i N H ] x - and 
- [ H 2 S i N M e ] x - . The siloxane-silazane mixtures are perhaps better treated 
as mixtures of silicon oxynitride ( S i 2 O N 2 and S04_XCX or S i 2 O N 2 and silicon 
nitride-carbide), depending on the percentage of initial hydridosiloxane. 

Conclusions 

Titanium-catalyzed redistribution of - [ M e H S i O ] x - provides a useful route 
to tractable, processable methylhydridosiloxane-methylsilsesquioxane co
polymers. The T i catalyst active in the redistribution reaction will also pro
mote alcoholysis of the resultant copolymers to produce alkoxy derivatives. 
Such derivatives display equivalent (or slightly better) high-temperature 
stability and more controllable rheology than the starting copolymer. 

C p 2 T i M e 2 will not catalyze the polymerization of pure - [ M e H S i N H ] x - . 
However, in the presence of small amounts of hydridosiloxane it is an active 
catalyst precursor. It permits catalytic redistribution that leads to a high 
ceramic yield silicon nitride precursor. 
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Model Systems for Catalytic Reactions 

Peter M. Maitlis, Futai Ma, Jesus Martinez, Peter K. Byers, Isabel Saez, and 
Glenn J. Sunley 

Department of Chemistry, The University, Sheffield S3 7HF, England 

Models for various C - C , C - C - C , and C-C-C-C coupling reac
tions have been developed, based on results from labeling stud
ies of thermal or oxidative decomposition of the di- and mono
-alkyldi-μ-methylenedirhodium complexes [C5Me5Rh(μ-CH2)R]2 and 
{[C5Me5Rh(μ-CH2)]2R(L)}+. Decomposition of the vinyl complex 
[C5Me5Rh(μ-CH2)(CH=CH2]2 leads to very facile methylene-vinyl 
coupling. These results have led to a proposal for a new mechanism 
for promoted Fischer-Tropsch polymerization over surfaces, in which 
the chain carriers are surface alkenyls, not alkyls. The reaction starts 
at a surface vinyl, formed from a methylene and a methyne. Evidence 
is presented supporting this mechanism for reactions of CO-H2 over 
rhodium-ceria catalysts. When 13C2H3 [from labeled Si(*C2H3)4] is 
added to a CO-H2 gas stream over Rh-CeO2-SiO2, there is significant 
incorporation of 13C2, and very little of 13C1, into the C3 and C4 

products. Thus vinyl can be efficiently incorporated into, and can 
therefore be a key participant in, Fischer-Tropsch polymerization. 

D E V E L O P M E N T O F H I G H - Y I E L D S Y N T H E T I C R O U T E S to the di^-methyl-

enedirhodium complexes 1 [ C 5 M e 5 R h ^ - C H 2 ) R ] 2 (I, 2), 2 { [C 5 Me 5 Rm>-
CH 2)] 2R(L)} + (3), and 3 { [C 5 Me 5 Rh^-CH 2 ) ] 2 (L ) 2 } 2 + (34) (R is alkyl; L is 
C O , M e C N , etc.) has ahuwed an exploration of the organic chemistry of 
dinuclear complexes. We have been especially interested in the reactivity 
of alkyls and bridging methylenes and their relevance to catalytic C - C cou
pling and related processes. 

Organic Chemistry of Di^-methyhnedirhodium Complexes 

When 1 (R is Me) is decomposed, either thermally (300-350 °C) or oxidatively 
[Ir(IV) or Fe(III), 20-50 °C], the main organic products are propene and 

0065-2393/92/0230-0565S06.00/0 
© 1992 American Chemical Society 
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methane. Labeling experiments using 1 (R is 1 3 C H 3 ) showed that the propene 
was derived from the coupling of two methylenes and one Rh-methyl from 
one molecule. 

The oxidative decomposition of 1 (R is C D 3 ) led to the formation of 
C D 2 = C H C D H 2 (>75%). Other D-labeling experiments showed that the 
methane derives largely from Rh-methyl and μ-methylene hydrogen. This 
information led to the proposal of a very detailed mechanism for these 
processes (Scheme I) (5, 6). A key feature is intermediate A, which results 
from a two-electron oxidation of 1 and the simultaneous loss of methane. 
Internal migration of C D 3 onto μ - C H , followed by a β-elimination of D to 
Rh, accompanies the formation of Rh-o-vinyl, which couples with μ - Ο Η 2 . 
This reaction gives Rh-o-allyl, which reductively eliminates with R h - D to 
produce C D 2 = C H C D H 2 . 

CD 3 C H 2 C 5 M e 5 

" ^ R h ^ ^ R h * 

C 5Me« C H 2 

- 2e - C D 3 H 

CsMes CH2 

CsMes 

C D 3 C H 2 C 5 M e 5 

2 + -2e~ 
( C 5 M e s ) R h ^ ^ R h ( C 5 M e 5 ) 

C H 2 

(A) 

C D , 

( C 5 M e 5 ) R h ^ R h ( C s M e 5 ) 

C H 2 

C D 2 

. • 'UH ? T 4 T 

( C 5 M e 5 ) R h j ^ R h i C s M e s ) 

C H 2 

2 [ C s M e 5 R h ( s o l v ) 3 ] 2 + + CD 2 =CHCDH 2 

Scheme I. Proposed mechanism for the formation of propene-d3 from complex 
1 (R is CD3) or 3 (R is OC,). 
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A rather similar and even more facile reaction occurs with the cationic 
complex 2 (R is Me; L is MeCN), where virtually the only organic product 
is propene (7). The alkyl homologs of 1 and 2 (R is ethyl, propyl, etc.) behave 
similarly (7)f 

Divinyl complex 4, prepared as illustrated in Scheme II from 1 via 
dichloride 3, underwent coupling between vinyl and methylene very easily 
and cleanly. Thermal decomposition gave propene (88%) and methane (8%). 
Even reaction with HC1 (or H Br) at low temperatures in toluene gave pro
pene (8, 9). Silver salts (e.g., AgBF 4 ) oxidatively coupled methylene and 
vinyl, easily and essentially quantitatively, to give T|3-allyl complex 5 (9). 

A further interesting transformation is provided by the reaction of the 
dicarbonyl dication [ {C 5 Me 5 Rh^-CH 2 ) (CO) } 2 ] 2 + (or its equivalent, the dies-
ter [ {C 5 Me 5 Rh^-CH 2 ) (C0 2 Me)} 2 ] ) . In methanol in the presence of Fe(III) 
they yield methyl acrylate, C H 2 = C H C 0 2 M e (10). Again a C - C - C coupling 
has taken place, but this time the product is an oxygenate. 

A New Model for Fischer-Tropsch Reactions 

These results led to the development of a new model for the Fischer-Tropsch 
polymerization (Scheme III) (11, 12). The first steps, the formation of surface 
carbide, surface methyne (CH), and surface methylene (CH 2 ) , are generally 
accepted features of most mechanisms (13-16). However, our model breaks 
new ground in its treatment of the subsequent C - C bond-formation reac
tions. The first step is postulated to be a combination of a surface C H and 
a surface C H 2 to give a surface vinyl ( - C H = C H 2 ) . Surface vinyls then react 
with surface methylenes to give allyls, which isomerize to surface alkenyls, 
which can then add further methylene, etc. The sequence is terminated by 
the reaction of a surface alkenyl with surface H to give the olefin product. 

Organometallic reactions on clusters give models for the first stage (CH 
plus C H 2 to vinyl) (17). Although vinylic species have not yet been unam
biguously identified on metal surfaces (18, 19), kinetic evidence for the 
intermediacy of a surface vinyl during the dehydrogenation of chemisorbed 
ethylene to surface ethylidyne on Pt(lll) has been reported (20). 

C H D = C D 2 (ads) - » (surface)-CD=CD 2 (surface)C-CD 3 

If, as we suggest, surface vinyls (and surface alkenyls) are very reactive 
intermediates, it is not surprising that they are difficult to detect. This 
scheme allows ready explanations for 

• the formation of α-olefins as the primary products, 

• the fact that the amounts of C 2 products formed are often 
anomalous by comparison with the higher hydrocarbons (they 
arise, in this scheme, by different routes), and 
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R CH 2 C 5 M e 5 

CsMe^ X C H 2 R 

H + / L 
R CH 2 CsMe^* 

l-CsMei CH, L 

(1) (2) 

2HC1 C 1 \ / C H s \ β**** CH,=CHMgBr (i) . > ^ " X 
CsMes CH, C l 

(3) 

CH5=CH CH 2 C 5 M e 5 

CsMe^ ^ C H , ^ CH=CH, 

(4) 

CH, 

(4) + 2 AgBF 4 /MeCN • 
V C H 

2 [CsMesRh^) I ]BF 4 + 2 Ag» 
I CH, 

MeCN 

(5) 

Scheme 11. Routes used for the synthesis of the dirhodium-di^-methylene 
complexes 1-4 and the decomposition of 4 to 5. 
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c c ο + " 2 , c 1Î» 
H H H H H MMMMMMMMM ~ " 2 U H M H H M H H H 

C + 1 , 2 

/ l \ — ' ? ? 2 

MMMMMMM MMMMMM 

H ^ C H 2 

C + C „ 2 , H Ç ^ 

HMM MMMMMM MMMMMMM M^M\II 

CH3 

C H 2
+ " f ^ " 2 • » 2 f \ H f + CH2 

MMMMMMM MMMMMMMM MMMMM MMMMMMM MMMMMM 

MeC. H 2 C. ^ M e C ^ „ 
^ C H ^ C H ^ C H J^CMe 

H 2(T . MeCH . MeC^ + r H H 2(T 

ι I ' — I V\2 — I 
MMMMM MMMMMMM MMMMMM MMMMMM MMMMM 

CH2R 

MMMMMMMMMMMMM 

H » B.CH2—0H=CH2 

Scheme HI. New model for Fischer-Tropsch polymerization. M is monomer. 
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• the formation of some branched (methyl) hydrocarbons in ad
dition to the normal straight-chain hydrocarbons. Allyls iso-
merize easily; chain growth can occur at either end, but is 
easier at an unsubstituted carbon. 

Other attempts to answer some of these points have not been totally 
successful (21-23). For example, most previous Fischer-Tropsch mecha
nisms require surface alkyls to undergo β-elimination of hydride to give 
alkenes. That must occur under strongly hydrogenating conditions, so such 
a step is unexpected, to say the least. To see whether the suggested 
Fischer-Tropsch mechanism has any validity, we began experiments to test 
the hypothesis. We therefore studied some reactions in which a C O - H 2 

mixture (1:2) was passed over supported rhodium. 

Experimental Procedures 

Labeled Tetravinylsilane. Tetravinylsilane was prepared by a modified 
literature procedure (24). Labeled vinyl Grignard was made by reacting a 1:1 
mixture of vinyl bromide ( 1 2 C 2 H 3 B r , 0.5 g) and labeled vinyl bromide (99% 
1 3 C 2 H 3 B r , Matheson of Canada, 0.5 g) with magnesium (0.22 g) in dry tetra-
hydrofuran (THF) under nitrogen. The reaction was initiated with a trace of 1,2-
dibromoèthane. The vinyl Grignard was then treated with silicon tetrachloride 
(0.24 g) in pentane (3.4 cm3) and gently refluxed (24). Workup gave a solution 
of labeled tetravinylsilane in T H F . The pure labeled Si(*C 2 H 3 ) 4 was obtained 
by preparative G C . Mass spectroscopic and N M R analysis ( l H and l 3C) showed 
that the sample prepared contained 44% 1 3 C 2 H 3 . 

Preparation of Rhodium and Ceria on Silica Catalyst and Its Use. The 
rhodium (4 wt %) and ceria (9 wt %) on silica catalyst was prepared by the 
incipient wetness method. Silica gel (Davisil, grade 645, 60-100 mesh) was 
successively impregnated with (a) an acidic aqueous solution of cerium(IV) and 
dried (200 °C), and (b) a methanol solution of rhodium trichloride hydrate. The 
catalyst was dried at 120 °C in air. It was then transferred to a reactor tube and 
activated by a temperature-programmed reduction in flowing hydrogen gas (4 
°C min"1 to 400 °C). It was held at 400 °C for 4 h and then cooled in hydrogen 
gas. Carbon monoxide and hydrogen (1:2) were premixed and allowed to flow 
through the catalyst (1 g, in a fixed-bed microreactor, 6 x 350 mm) at 250 °C, 
1 atm, and at a flow rate of300 cm 3 h" 1, for 2 h. This procedure led to equilibrium, 
after which tetravinylsilane (0.5 μ!,) was injected into the gas stream via a septum. 
Separate experiments showed that the gases deriving from this pulse exited into 
a collecting*sample tube (25 cm3) after 3 min (15 cm3). 

The gases were collected in the sample tube and analyzed by gas chroma
tography and gas chromatography-mass spectrometry (GC-MS) (Poropak Q; 
Carlo-Erba chromatograph; Kratos MS-25 mass spectrometer). They were also 
quantified by reference to authentic samples. The data are presented in Tables 
I and II. 
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Table I. Products from Fischer-Tropsch Reactions over Rhodium 

Catalyst CH4 C2H6 C.3 c4 c5 

Rh (5%)-Si02 70 6 12 8 5 
Rh (5%)-Si(VSi(Vi)4 60 16 12 9 3 
Rh (4%)-Si02-Ce04 71 12 10 5 2 
Rh (4%)-SiO^Ce(VSi(Vi) 4 48 31 10 9 2 

NOTE: All values are given in percents. In all cases, only a trace of MeCHO was found. Vi is 
C 2 H 3 . 

Table II. Labeling Found in Cases 
from CO-Hr-Si( 1 3C2H3)n( 1 2C2H 3)4-n 

Gas 12Cn
 12Cn^l3Cl ' 2 C , _ 2

i 3 C ; 

Rh-ceria-silica at 250 °C 
Ethane 55 5 40 
Propane 80 5 15 
Propene 85 5 10 
Butene0 70 5 20 

Rh-silica at 250 °C 
Ethane 50 10 40 
Propane 95 3 2 
Propene 97 3 
Butene 95 4 1 

NOTE: All values are given in percents. 
°5% l 2 C , , 3 C 3 H 8 was found. 

First Tests of the Alkenyl Chain-Growth Reaction Mechanism 

Although rhodium is generally better at promoting methanation than 
Fischer-Tropsch reactions, in the presence of various oxide promoters (for 
example, Ce, La, Mo, Th, T i , and V) its activity toward the formation of 
higher hydrocarbons is substantially enhanced. In addition, such catalysts 
also show some selectivity toward oxygenates (especially ethanol) (25-30). 
In these preliminary studies we used two catalysts, one with a 5% loading 
of rhodium on silica (Rochester-McQuire). The other, also made by the 
incipient wetness method, contained Rh (4%) and C e 0 2 (9%) on silica. Table 
I shows the products identified over these catalysts. 

To test the hypothesis, tetravinylsilane, Si(CH = C H 2 ) 4 , was chosen as 
a source of vinyl; silicon-containing byproducts should have little effect on 
the reaction. In some experiments reported in the literature (for example, 
references 31-33), ethylene (or propene) added to Fischer-Tropsch reaction 
streams gave somewhat ambiguous results; that is, only small changes in 
Fischer-Tropsch products were usually seen, and hydroformylation products 
often dominated. To avoid ambiguity, we used double 1 3 C labeling in our 
experiments. 
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Baseline experiments were carried out both with and without the ad
dition of unlabeled tetravinylsilane. Addition of the pulse of Si(CH = C H 2 ) 4 

slightly deactivated the catalyst and increased the amount of ethane formed, 
but appeared to have no other effect on the course of the reaction. 

To make the required material, 1 3 C 2 H 3 M g B r , diluted with an equal 
amount of normal 1 2 C 2 H 3 M g B r , was reacted with S i C l 4 . The product, labeled 
S i ( * C 2 H 3 ) 4 , contained a statistical mixture of S i ( 1 3 C 2 H 3 ) n ( 1 2 C 2 H 3 ) 4 . n (n = 
0-4). Pulses of 0.5 μ ι of this S i ( * C 2 H 3 ) 4 were introduced into a 
Fischer-Tropsch gas stream passing through the catalyst (1 atm, 250 °C). 
The product gases were collected and analyzed by G C - M S for isotopic 
content. 

The data from the reactions with labeled tetravinylsilane are presented 
in Table II. The values for ethane reflect the hydrogénation of S i ( * C 2 H 3 ) 4 

and show approximately the amount of doubly labeled 1 3 C 2 H 6 expected. 
The labels in the propene, propane, and butene from the reaction of R h - S i 0 2 

are not significantly different from natural abundance. This fact indicates 
only small incorporation of vinyl into these products over that catalyst. 

A dramatic difference is shown in the results from the Rh-ceria-silica 
experiment. The amount of 1 3 C present in the C 3 and C 4 products is close 
to that expected for natural abundance. However, the amount of 1 3 C 2 for 
propene, propane, and butene is very much higher (by ca. 4 orders of 
magnitude) than natural abundance would predict. This result indicates that 
labeled vinyl has been incorporated directly into these products (34). 

Blank tests showed that tetraethylsilane (SiEt 4), injected under similar 
conditions, had no effect on the reaction at all. It passed straight through 
the catalyst without reacting, in both the presence and the absence of 
H 2 - C O . Thus the reaction we find with vinyl [from Si(CH = C H 2 ) 4 ] does 
not occur with ethyl. At this admittedly early stage of the work, we draw 
the conclusion that, at least in some cases, vinyl can be efficiently incor
porated into, and can therefore participate in, Fischer-Tropsch polymeri
zation. 

Vinyl incorporation has so far only been found in the R h - C e 0 2 exper
iments. Thus it seems that this type of oligomerization is promoted by a 
mild cooxidizing site. This result mirrors the model experiments described. 
The coupling reactions of the ligands in dinuclear complexes 1-4 are very 
significantly improved with a cooxidant. 

Work on other organometallic models, both dinuclear and mononuclear 
(35-37), and detailed analysis of Fischer-Tropsch kinetics (38) is providing 
further support for the ideas presented here. 

The term "Fischer-Tropsch" refers to a group of processes, not just a 
single reaction. The products obtained from C O - Η 2 reactions under different 
conditions could arise by various routes. For example, the hydrocarbon and 
oxygenate products from a Fischer-Tropsch reaction over K-promoted iron 
catalysts have been shown to arise by separate paths (39). 
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To summarize, model studies have shown that methylenes couple very 
easily with vinyls (alkenyls) in dirhodium complexes. Labeling studies in
dicate that a related mechanism, the essential step of which is a coupling of 
surface methylenes with surface vinyls (or alkenyls), is also useful for un
derstanding at least some Fischer-Tropsch polymerization reactions over 
rhodium metal. Work is in progress to define these Fischer-Tropsch reac
tions further and to find out the extent to which such processes occur in 
other metal systems. 
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Active Sites in Soluble Ziegler 
Polymerization Catalysts Generated 
from Titanocene Halides and 
Organoaluminum Lewis Acids 

J. J. Eisch and K. R. Caldwell 

Department of Chemistry, State University of New York at Binghamton, 
Binghamton, NY 13902 

By means of X-ray single-crystal data the Ti-C and Ti-Cl bond 
lengths in trimethylsilylmethyltitanocene chloride (11) have been de
termined. The operation of σ-hyperconjugation in this compound 
leads to an unusual shortening of the Ti-C bond. In solution the 
observed shifts in the 1H NMR signals of the CH2 or the cyclopen-
tadienyl (Cp) groups of 11 are attributed to varying degrees of co-
ordinative solvation of the titanium center or hydrogen bonding at 
the chlorine center. Such inherent polarity of the Ti-Cl bond in 11 
has been found to be sharply accentuated hy the introduction of a 
Lewis acid, AlCl2R. By monitoring such reaction mixtures by 1H, 13C, 
and 27Al NMR spectroscopy, direct evidence is obtained for the gen
eration of the alkyltitanocenium ion, Cp2RTi+, andAlCl4-. Such com
binations of 11 and Lewis acid are effective catalysts for the polym
erization of ethylene, and Me3Si fragments from 11 are found in the 
resulting polyethylene. These findings support the thesis that Cp2RTi+ 

ions are the active polymerization sites in such Ziegler catalyst sys
tems. 

T H E N A T U R E O F O L E F I N P O L Y M E R I Z A T I O N CATALYSTS formed from com

binations of titanium halides and alkylaluminum halides has remained the 
subject of controversy (I) since the epoch-making discoveries of Ziegler et 
al. (2) and of Natta et al. (3) some 35 years ago. Much of the difficulty in 

0065-2393/92/0230-0575$06.00/0 
© 1992 American Chemical Society 
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understanding the molecular basis for such Ziegler-Natta catalysis lies in 
the heterogeneous character of the subvalent titanium halides generated by 
reduction of T i C l 4 with the aluminum alkyl (4). For this reason, mechanistic 
studies have often employed a soluble ethylene polymerization catalyst, 
which results from the interaction of titanocene dichloride and alkylalu-
minum halides (4). 

First introduced by Breslow and Newburg (5), this system has been 
shown to contain tetravalent titanium in the active catalyst (6, 7), as well as 
cationic titanocene ions (8). It exhibits accelerated polymerization of ethylene 
in dipolar halocarbons, C H n C l 4 . n , over that shown by aromatic hydrocarbons 
(9). Furthermore, equilibrium and kinetic (10) studies have demonstrated 
that the catalyst components, C p 2 T i C l 2 (1, C p is cyclopentadienyl) and 
R A l C l 2 (2), are not themselves the active catalyst partners. Rather, they are 
converted into the active catalyst (4, eq 1), which to an undetectable extent 
is in equilibrium with a 1:1 complex (3) of 1 and 2. 

C p 2 T i C l 2 + RA1C12 ^ — » 3 « _ ^ 4 ( 1 ) 

1 2 

What the structures of 3 and 4 might be was unknown. Hence, nothing 
certain could be concluded about the relative roles of the titanium and 
aluminum centers in such Ziegler polymerization. 

Our approach to clarifying the mechanism of Ziegler ethylene polym
erization has been to attempt the isolation or chemical interception of in
termediates 3 and 4 and to elucidate the structures of the crystalline products 
(11). Especially for 4, which exists at equilibrium in low concentrations, 
chemical trapping proved to be the only feasible way to identify its structure. 
With the assumption that 4 contained either a T i - C or an A l - C bond into 
which the ethylene units were inserted during polymerization, we searched 
for a surrogate for ethylene that would readily perform the first insertion 
but, because of steric hindrance, would not undergo a further insertion. 
Polymerization thus would not ensue so that the initial insertion product 6 
might then be isolated and its structure determined. After considerable 
evaluation of potential ethylene surrogates (12), we found trimethylphen-
ylethynylsilane (5) to be an eminently suitable trapping agent (eq 2). 

R - M + P h - C Ξ C — SiMe 3
 f a s t » 

4 5 P \ / S 1 M C 3 very 

C = C s l o w • polymer (2) 

R / 6 ^ M 

Thus, by admixing C p 2 T i C l 2 and M e A l C l 2 (2a) in chloroform, we isolated 
crystalline 3a and showed by X-ray crystallography that it was a monochloro 
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bridged complex. Similarly, the interaction of 1, 2a, and 5 in chloroform led 
to the precipitation of 6a. 

Γ η C 1 C 1 C H 3 
P \ / \ / Ph ^ « 6 % , SiMe 3 

• T i A l v 

C p ' ^ C l C l M e ^ ^ 1 4 5 ° ^ T i C P 2 A 1 C 1<* 

3a 6a 

C = C 89° + 

The bridging T i - C l bond in 3a is only about 0.20 Â longer than the 
nonbridging T i - C l bond, and the S i - C - T i angle in 6a is astonishingly acute, 
89° (11). 

From the structure of 6a one can deduce that the surrogate of ethylene, 
5, has undergone a stereoselective and regioselective insertion into 4 and 
that therefore 4 must be methyltitanocenium(IV) tetrachloroaluminate. The 
sequence of equilibria leading from the catalyst components 1 and 2a is 
therefore shown in eqs 3-5. 

C p 2 T i C l 2 + MeAlCl 2 « » Cp 2 Ti % . A l M e C l 2 

1 2a *C1*' 

3a (3) 

Me 

3 a « » C p 2 T i . .A1C13 (4) 

7a 

7a 4
 S » Cp 2 TiMe + A1C14" (5) 

4 

The active catalyst center is the titanocenium ion in 4. This fact explains 
the following experimentally observed characteristics of this catalyst system: 

• the necessity of tetravalent titanium (6, 7); 

• the formation of titanium cations (8); 

• the accelerating effect of polar aprotic solvents ( C H „ C l 4 n ) on 
the polymerization, compared with that of aromatic hydrocar
bons (9), whereby such polar solvents (S) would aid the nec
essary ionization postulated in eq 5; 
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• the retarding or inhibiting effect of Lewis bases on the polym
erization or carbotitanation by 4, because the cationic site 
would thereby be solvated; 

• the equilibria and kinetics of complexes formed between 1 and 
2 (10, II); and 

• the stereoselectivity and regioselectivity with which 4 adds to 
phenylethynylsilane 5. 

As to this last point, C p 2 T i M e + would be expected to attack the methyne 
carbon α to M e 3 S i preferentially, because the transition state 8a can be 
stabilized by S i - C bond σ-hyperconjugation (8b) (II, 13). 

+ SiMe 3 S " - M e 3 

\ . . ' T l C P 2 \ 7tTicp2 

Me Me'* 

8a 8b 

The stereoselective addition of the methyl syn to the C p 2 T i group would 
likewise be favored by the bridging transfer of the methyl between the 
titanium and the β-methyne carbon (8a). 

Remarkably, the stabilizing electronic effect of the M e 3 S i group on a β 
carbenium ion (8a) overrides the destabilizing steric repulsion of the large 
M e 3 S i and C p 2 T i groups for each other and, in spite of this, places them on 
the same carbon in 6a. Furthermore, this stabilizing influence of the M e 3 S i 
group to a positive charge β to it is manifest also in the structure of 6a itself. 
Examination of the actual bond angles about the formally sp 2 carbon α to 
Ti reveals that the expected C 1 - C 2 - T i angle of ~ 1 2 0 ° has widened to 145°. 
The change brings the bulky M e 3 S i and C p 2 T i surprisingly closer to each 
other. Although an agostic (bonding interaction of the methyl group's hy
drogens with the titanium center) attraction might be responsible for a 
change in angle, no experimental data (such as S i - C - H bond lengths) are 
available to support such a view. A more straightforward explanation is that 
S i - C bond hyperconjugation with a vacant 4p orbital of the titanocenium 
cation may change the hybridization at C{ toward sp (6). 

Ph, 

M e ' 
:c=c: 

6a 

, SiMe 3 

k T i C p 2 

A1C14" 

Ph, 

M e ' 

+ 
SiMe, 

;c = c 

6b 

TiCp 2 

AICI4" 
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In our continuing studies of this soluble Ziegler catalyst system, there
fore, we investigated the equilibria connected with the formation of the 
methyltitanocene chloride (9) from 1 and 2a (eq 4, as its complex with A1C13) 
and its ionization into the methyltitanocenium cation (10). Our previous 
studies had shown how effective a M e 3 S i group can be in stabilizing a β 
positive charge. Therefore, we used trimethylsilylmethyltitanocene chloride 
(11) in our work, in the hope that its corresponding cation (12) would be 
sufficiently more stabilized to permit its direct observation. 

C H , 

Cp 2 Ti 
/ 

Cl 

Cp 2 Ti - C H 3 

10 

/ 
Cp.Ti - C B , 

~ \ 
Cl 

11 

SiMe* 

Cp 2 Tl 

SiMe 3 

/ 
• C H 2 

12 

Experimental Details 

General Techniques and Instrumentation. All reactions were carried out 
under argon with standard inert-atmosphere techniques (14, 15). Manipulations 
of the titanocene derivatives and the methylaluminum chlorides or aluminum 
chlorides were designed to protect these oxygen- or moisture-sensitive reagents 
from contamination and decomposition (14). Solvents and reagents were purified 
with similar methodology (14). NMR analyses were performed on a Bruker model 
AM-360 instrument. The *H, 1 3 C , and 2 7 A l N M R spectra were recorded at 36Ό.5, 
90.6, and 93.9 MHz, respectively. The lH and 1 3 C chemical shifts were measured 
relative to solvent and are reported relative to tetramethylsilane. The 2 7 A l chem
ical shifts are reported relative to external A1C13 · 6 D 2 0 / D 2 0 . Mass spectral (MS) 
data were obtained on a Hewlett Packard model MS/902 CIS instrument. Infrared 
spectra were recorded on a Perkin-Elmer model 1420 ratio-recording infrared spec
trometer. 

Chlorobis^5-2,4-cyclopentadien-l-yl)trimethylsilylmethyltitanium, Cp2Ti(Cl)-
CH 2Si(CH 3)3, was prepared by a modification of a published procedure (16). 
Trimethylsilylmethylmagnesium chloride in Et 2 0 (25 mL, 0.90 M, 22 mmol, 1.1 
equiv; Aldrich) was added with stirring over a 20-min period to a solution of C p 2 T i C l 2 

(4.98 g, 20.0 mmol) in CH 2 C1 2 at ambient temperature. The reaction was allowed 
to continue for 2.0 h. A l H N M R analysis of a sample of the reaction mixture showed 
99% conversion to product. 

The solvent was removed in vacuo, and the residue was redissolved in 
toluene (250 mL). The suspension was filtered through a glass frit with a Celite 
450 pad (an industrial grade of diatomaceous earth). The filtrate was concentrated 
to about 125 mL and then kept at -10 °C for several days. The mother liquor 
was withdrawn via a cannula from the flask containing the orange-red crystalline 
product. The product was washed with 25 mL of cold hexane and then dried in 
vacuo for 1.0 h. Yield: 3.41 g (11.3 mmol, 56.5%); mp 147.1-148.7 °C (under 
Ar). 
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Chlorobis^J-2,4-cyclopentadien-1 -yl)methyltitanium, Cp 2 Ti(Cl)CH 3 , was 
prepared by a modification of published methods (16, 17). Titanocene dichloride 
(4.82 g, 19.4 mmol) was dissolved in 250 mL of C H 2 C 1 2 . The solution was cooled 
to about -20 °C (CCl 4 -dry ice bath). Methylmagnesium chloride in tetrahydro-
furan (6.6 mL of a 2.95 M solution, 20 mmol, 1.0 equiv; Aldrich) was added 
over a 20-min period with stirring. After an additional 60 min of stirring at -20 
°C, the reaction mixture was allowed to warm to ambient temperature. Solvent 
was removed via rotary evaporation. The solid residue was pulverized and then 
extracted with three 250-mL portions of hexane (previously dried by stirring 
with silica gel and activated Linde Type 4A molecular sieves for at least 4 h). 

The solution containing the product was filtered, and hexane was removed 
via rotary evaporation. The red-orange product was dried in vacuo for 4 h at 25 
°C. Additional Cp 2 Ti(Cl)CH 3 was isolated by further extraction of the solid res
idue. Isolated yield: 1.83 g (8.1 mmol, 42%); mp 150-155 °C (decomp., under 
Ar). 

Complex Formation. The reactions of Cp 2 TiRCl with A l C l 3 were effected 
by the addition of A1C13 to a solution containing the alkyltitanium compound at 
the desired temperature; rapid stirring ensured rapid reaction of the hetero
geneous mixture. The reactions of Cp 2 TiRCl with M e A l C l 2 were typically carried 
out by the rapid addition (via a cannula) of a solution of M e A l C l 2 in the reaction 
solvent to a vigorously stirred solution of the organotitanium compound. Initial 
concentrations of the Ti compound were in the 0.01-0.3 M range. Upon reaction 
with the Lewis acid, the initially orange-red solutions turned deep red, maroon, 
or brown-red. Samples were withdrawn via a cannula and analyzed by NMR 
spectroscopy. 

Ethylene Polymerizations. Solutions of Cp 2 Ti(Cl)CH 2 Si(CH 3 ) 3 (0.32 g, 1.1 
mmol) in 50 mL of CHC1 3 or C1(CH2)2C1 were treated with 1.0 equiv of A1C13 

or M e A l C l 2 at 0 °C. The dark red, homogeneous solutions were transferred to 
a 250-mL Fischer & Porter pressure bottle containing a magnetic stirring bar. 
The bottle was pressurized to 30 psig of ethylene at 0 °C. Polymerizations were 
allowed to proceed, with stirring, for 1.5 h. The reactions were quenched by 
the addition of 100 mL of 0.5 Ν aqueous HC1. The polymer was isolated from 
the aqueous-organic interface, washed with acetone, dried, weighed, and ana
lyzed by MS and IR spectroscopy. 

Results 

Structure of Methyltitanocene Chloride (9) and Trimethylsilyl-
methyltitanocene Chloride (11). Both of these compounds were pre
viously described and were readily prepared from titanocene dichloride and 
the appropriate alkylmagnesium chloride. We were very interested in de
tailed X-ray structural data, which could not be found in the literature. 
Structure determinations of both compounds were attempted but a successful 
X-ray analysis proved possible only with 11; crystal disorder in 9 prevented 
a refinement of the T i - M e bond distance (18). However, the bond distance 
between titanium and the formally sp 3-hybridized carbon of the groups in 
bis(r| ̂ -cyclopentadienyl) bis(V-cyclopentadienyl)titanium is 2.332 A. 
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In light of this value, the observed titanium-methylene bond in tri-
methylsilylmethyltitanocene chloride (11), which involves a formally sp 3-
hybridized carbon and has a value of 2.166 A, must be considered as markedly 
shortened by the presence of the M e 3 S i group on the α-carbon. This bond 
shortening may be a manifestation of σ-bond hyperconjugation (cf. 6a and 
6b). 

c P 2 T i ; 

11 

SiMe 3 

I 

, C H 2 

*C1 

Cp 2 Ti 

11a 

SiMe 3 

C H 2 

Cl 

Some further commentary on the precisely known structure of 11 is in 
order. A stereoscopic view of 11 and important bond angles and distances 
are provided in Figure 1. A space-filling molecular model is given in Figure 
2. Noteworthy characteristics in the structure of 11 are the abnormally large 
T i - C H 2 - S i angle (137°), the anti conformation of the M e 3 S i groups with 
respect to the T i - C l bond, and a T i - C H 2 bond length (2.166 A) more in 
keeping with a ττ-bonded T i - C H 2 system than a simple σ-bonded T i - C 
linkage, as in C p 2 T i P h 2 (2.27 Â) or Cp2Ti(V-Cp)2 (2.33 A). 

To learn what effect the polarity of the solvent might have on the chem
ical shifts of the C H 2 and Cp protons in the lH N M R spectrum of 11, a 
series of halocarbon, aromatic, and dipolar coordinating solvents was inves
tigated. The results are tabulated in Table I. The data indicate that solvent 
polarity has a decided, but not necessarily linear, effect on both chemical 
shifts. As will be discussed later in this chapter, solvation of the titanium or 
chlorine center may influence the polarization of the T i - C l bond (eq 6). 

3— 11 

hydrogen-bonding solvent 

donor solvent 

partial charges 

Cp 2 Ti ^ 

S N 

13a 

CH 2 SiMe 3 

α HS = 

S 

δ + , δ -

C p 2 T i . 

13b 
δ-

"α-
(6) 

HS 
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Figure 2. Space-filling Stuart-Briegleh molecular model of trimethylsilyl-
methyltitanocene chloride (11). 

Table I. Solvent Dependence of the Ή NMR Chemical 
Shifts of Cp 2Ti(Cl)CH 2SiMe 3 

Solvent 
Dipole 

Moment (D)" δ, Cp1' δ, cm 
Halocarhon 
CCI, 0 6.24 2.02 
CDC1., 1.01 6.32 2.25 
CH 2 C1 2 1.60 6.31 2.16 
CH 2C1CH 2C1 2.06 6.32 2.12 
Aromatic 
C«H f i 0 5.88 2.14 
1 ,3 ,5 -MeAH, 0 5.80 1.90 
C«H.,CD, 0.36 5.85 2.04 
CfiHsCl 1.69 6.08 2.13 
1,2-C 6H,C1 2 2.50 6.16 2.11 
Dipolar Apr otic 
(CD.,)2CO 2.88 6.41 2.02 
CD.,CN 3.44 6.37 2.09 
(CD :,)2SO 3.90 6.40 1.96 
OP(NMc 2), 5. .54 6.49 1.83 

"Gas-phase dipole moment, from the CRC Handbook of Chemistry 
and Physics, 58th ed., 1977. 
'All values are chemical shifts relative to Me 4Si in parts per million. 
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Interaction of Trimethylsilylmethyltitanocene Chloride (11) and 
Aluminum Chlorides. Compound 11 was treated with 1 equiv of A l C l 3 

in a variety of solvents at different temperatures. Multinuclear N M R mea
surements were made by the Fourier transform technique. Of particular 
interest with lH and 1 3 C spectra were the positions of the signals for the 
C H 2 and C p groups. Spectral data for these measurements are compiled in 
Table II. Most informative were the 2 7 A l N M R spectra of 11 with A1C13, 
which were measured at -23 °C in 1,2-dichloroethane. Within a minute of 
admixing, four peaks were evident in the 2 7 A l spectrum [δ (%, peak width 
at half height in hertz)]: 103.3 (51; 268), 99.1 (4; 26), 98.1 (10; 63), and 66 
(35; 3200). With time the broad peak at 66 Hz grew at the expense of the 
peak at 103.3 Hz. The peak at 103 Hz is most likely the A l C V ion (19). 

Table II. Chemical Shifts Observed by Interaction of Cp 2Ti(Cl)CH 2SiMe 3 

with MenAlCl3-„ 

Ή , Cp lHt CH2 
27Ala 

No Me„AlCla-„ 5.88 (PhH) 2.14 — 
AlCl 3 (1 equiv) 6.05 (PhH) 3.01 — 

6.19e (PhH) — — 
No MenAlCl3_„ 6.32 (CDCL3) 2.26 — 
AICI3 (1 equiv) 6.51 (CDCI3) 3.04 — 

6.646 (CDCI3) — — 
No Me„AlCl3_„ 5.88 (PhH) 2.14 — 
MeAlCl 2 (1 equiv) 5.98 (PhH) 2.92 — 
No Me„AlCl3-„ 6.32 (CDCI3) 2.26 — 
MeAlCl 2 (1 equiv) 6.42 (CDC13) 2.70 — 
No MenAlCLv„ 6.33 (CH2C1CH2C1) 2.12 — 
AICI3 (1 equiv) 6.53 (CH2C1CH2C1) — r 103.3 (51) 

6.69* (CH2C1CH2C1) 99.1 (3) 
98.1 (10) 
65.8 (35) 

NOTE: All values are 
for these eases. 

relative to Me4Si in parts per million. Dashes mean no data are available 

"A solution of A1C13 in D 2 0 was used as an external reference. 
''Signal is attributable to the formation of some Cp 2 TiCl 2 . 
rBecause 90% of 11 was converted to Cp 2 TiCl 2 under these conditions (signal at 6.69 ppm), 
only 10% of the proposed cation, Cp 2 TiCH 2 SiMe . i + , was present. 

The new methylene ] H N M R peak in the reaction mixture at 3.01 ppm 
( C 6 H 6 , C D C 1 3 , or C H 2 C 1 2 ) or at 4.08 ppm (toluene) is most likely due to 
the M e 3 S i - C H 2 group adjacent to a titanocenium cation. In the 1 3 C N M R 
spectrum the carbon signals for Cp, C H 2 , and C H 3 in 11 at 115.6, 79.8, 
and 2.8 ppm appeared after reaction with A l C l 3 at 117.2 and 2.8 ppm; the 
former signal at 79.8 ppm disappeared. After long reaction times lH and 

1 3 C N M R signals characteristic of C p 2 T i C l 2 · M e 3 S i C H 2 A l C l 2 (15) were ob
served ( Ή : 6.64, -0.07, and -0.61; 1 3 C : 120.7, 0.1 ppm) (eq 7). 
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SiMe 3 

I SiMe 3 

^ C H 2 A i n + / 
Cp 2 Ti ^ A 1 U 3 » Cp 2 Ti — C H 2 _ 

n C 1 14 Αία; 
r i CH 2 SiMe 3 

Cp 2 Ti . A1CU (7) 

15 C 1 

When compound 11 was treated with 1 equiv of M e A l C l 2 in benzene 
or in C D C 1 3 , the methylene protons in 11 were shifted downfield (2.14 —> 
2.92 in C 6 H 6 and 2.26 - » 2.70 ppm in CDC1 3 ) . In both cases, a considerable 
proportion of C p 2 T i C l 2 was formed with time (eq 8). 

Cp 2 Ti 

11 

SiMe 3 

I 

. C H 2 

Cl 

SiMe 3 

M e A 1 Q 2 r Cp2Tt — C H 2 • 

16 AlMeCl 3 " 

Cp 2 Ti 

Q CH 2 SiMe 3 

.AlMeCl (8) 

cr 

Interconversions with the Titanocene Dichloride-Methyl-
aluminum Dichloride System. Spectroscopic monitoring (10) and 
X-ray crystallography (11) have established that, in chloroform, 1 and 2a 
form a bridged complex (3a). By admixing M e A l C l 2 with 1 with differ
ent solvents and in different ratios, evidence was sought on whether other 
1:1 complexes could be generated and whether the equilibrium suggested 
in eq 4 could be driven to the right for detection of C p 2 T i M e C l . Further
more, it was hoped that by admixing C p 2 T i M e C l and A1C13, the equilibrium 
hypothesized in eq 4 could be approached from the reverse direction. 

Although 3a is the main complex formed between 1 and 2a in chloroform 
solution, the same two components in benzene solution show the presence 
of 75% of 3a, 20% of uncomplexed C p 2 T i M e C l (17), and 5% of what may 
be C p 2 T i + Me A l C V (18) (eq 9). 

In benzene the methyl protons of 3a, 17, and 18 occur at -0.01, 0.87, 
and 1.20 ppm, respectively. The Cp protons are exhibited at 5.89, 5.89 
(broad), and 5.68 ppm (20). 
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C p 2 T i C l 2 + MeAlCl 2 

C l 

C P 2 T i - . .AlMea, + C P 2 T i \ ( 9 ) 

' α ' 3a " 17 « 

C p 2 T i M e + A l C l 4 " 

18 

From mixtures of 1 and 2a in benzene a brownish-red solid could be 
separated, which upon dissolution in C H C 1 3 yielded a *H N M R spectrum 
exhibiting the benzene peak (7.33 ppm) and the C p 2 T i C l 2 peak (6.51 ppm) 
in a 1:1 ratio. In addition, weak peaks in the M e - A l region (-0.57, -0.02, 
and -0.57 ppm) were observed. Thus it appears that 3a or an isomer (3a') 
forms a weak ιτ-complex with benzene. 

+ / C l + Me 
C p 2 T i . A l M e C V o r Cp 2 Ti . A1C14" 

* C 6 H 6 * C 6 H 6 

3a (solvate) 3a' (solvate) 

Admixing methyltitanocene chloride and A1C13 in 1:1 ratio in C H C 1 3 

gave mainly complex 3a. This product shows that the equilibrium in eq 4 
lies preponderantly to the left (*H N M R signals in the product: C p , 6.89; 
Me, -0.31 ppm). Admixing methyltitanocene chloride (17) with 1 equiv of 
M e A l C l 2 at 25 °C in C D C 1 3 gave as the principal product a titanocene 
derivative whose C H 3 group had been shifted downfield from that in 17 (*H: 
0 . 8 2 ^ 1.13; 1 3 C : 5 0 . 3 ^ 59.5 ppm), as had its Cp group ( ! H : 6.26 -> 6.71; 

1 3 C : 115.7 —» 117.6 ppm). These shifts are consistent with ion-pair formation 
(19) (eq 10). 

Me 

Cp 2 Ti ' M c A 1 C l 2 » Cp 2 Ti ' ClAlMeCl 2 -
Cl 

17 C A 19 

C p 2 T i C l 2 + Me^AlCl (10) 

1 

With time, again titanocene dichloride is a major product. Adding ace-
tonitrile reforms 25% of 17, 44% of 1, and 31% of other cyclopentadienyl-
titanium products. 
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Polymerization of Ethylene with Trimethylsilylmethyltitanocene 
Chloride and an Aluminum Chloride Cocatalyst. Compound 11, com
bined with either aluminum chloride in 1,2-dichloroethane or methylalu-
minum chloride in chloroform, was found to be an effective catalyst system 
for the polymerization of ethylene at 0 °C and at pressures of 30 psig. 
Turnover numbers of 175 per mmol of titanium per hour were observed for 
A1C13, and 245 per mmol of titanium per hour were observed for M e A l C l 2 . 

The resulting polyethylene had the following properties: 

• mp 135-139 °C; 

• infrared absorption bands consistent with those characteristic 
of high-density linear polyethylene: 2920, 2860, 1477, 1466, 
1370, 1248, 728, and 717 (cm 1); and 

• mass spectrum (deep insertion at 70 eV) displaying fragments 
containing the M e 3 S i end groups and between 22 and 25 eth
ylene units. 

Thus, highly linear polyethylene containing trimethylsilyl end groups is 
produced by catalysts employing compound 11. 

Discussion 

The relative shortening of the titanium-methylene bond length in angstroms 
in 11, compared with the t i tanium-η 1 carbon distance in C p 2 T i ^ 1 - C p ) 2 , 
can be attributed to σ-bond hyperconjugation (20b-20c) operative in the 
crystalline state. The polar titanium-chlorine bond would further enhance 
this effect (20a). 

SiMe 3 

I 
C H 2 

+/ 
C P 2 T i Q - M • 

20a 

Even in solution, the changes in the lH N M R chemical shifts as a 
function of the donor or polar character of the solvent indicate that the 
electron-deficient titanium (20a) may undergo coordination with stronger 
n- or ir-donors dimethyl sulfoxide and hexamethylphosphoramide or toluene 
and mesitylene, as shown in Table I, thereby increasing the electron density 
about titanium and shifting the C H 2 signal to higher magnetic field. The 
effects of n- and ττ-donors on the chemical shift of the Cp protons seems to 
be opposite: n-donors deshield while ιτ-donors shield such protons. A 

+ 
SiMe 3 

C H 2 

Cp->Ti 

" \ 
20b Cl 

SiMe 3 

CHo 
/ / " 

C P 2 T i c f 

20c 
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Stuart-Briegleb model of 11 (Figure 1) shows that such solvent coordination 
would have to occur from the flank of the T i - C l bond anti to the C H 2 S i M e 3 

group (20e). 
With such relatively weakly coordinating solvents as the haloalkanes, 

the downfield chemical shift exhibited by the C H 2 signal does not correlate 
with dipole moment but is the greatest for chloroform. Because of the known 
acidity of H - C C 1 3 , this result suggests that hydrogen bonding may be op
erative in enhancing the T i - C l bond polarization (20a) and hence in de-
shielding the C H 2 protons (20f). 

From the crystal structure of the adduct, C p 2 T i C l 2 · M e A l C l 2 , it is known 
that the Lewis acidic M e A l C l 2 coordinates with the already polarized T i - C l 
bond and stretches it by a further 0.16 Â. A similar effect would be expected 
upon treating methyltitanocene chloride (9) or its trimethylsilyl derivative 
(11) with such Lewis acids as A1C13 or M e A l C l 2 . In these cases, the stretching 
of the T i - C l bond by the Ti—Cl—A1C1 2 R' interaction should be even greater 
because the C H 3 or C H 2 S i M e 3 group can release electron density to the 
developing positive charge on titanium (21a). 

C H 2 R y C H 2 SiMe 3 

δ + 

C p 2 T i . κ « p ~·χ, • Cp 2 Ti 
δ - R = SiMe 3 \ δ -

Cl -«-AlCl 2 R' C l - . - A l C l 2 R 

21a 21b 

Again, by σ-bond hyperconjugation the trimethylsilyl derivative (21b) 
should be better able to sustain such developing positive charge. Such in
teractions should lead to downfield shifts in the lH N M R signals of the C H 3 

or C H 2 groups, and indeed, shifts in the magnitude of +0.8 to +2.0 ppm 
have been observed. 

The further crucial aspect of such interactions is whether the T i - C l bond 
is completely severed by such Lewis acids and whether a titanoeenium cation 
is thereby formed. Although significant downfield shifts in lH signals of the 
C H 3 group in 9 and of C H 2 group in 11 are caused by Lewis acids, it cannot 
be concluded whether such shifts arise from an adjacent positively polarized 
titanium (22a) or from a titanocene cation (22b). 
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/ 
CH 2 SiMe 3 CH 2 SiMe 3 

Cp 2 Ti or 
CI4AI 

CI — AICI3 

22b 
22a 

However, when the interaction of trimethylsilyl derivative 11 with A1C13 

at -23 °C in 1,2-dichloroethane was monitored by 2 7 A l N M R spectroscopy, 
the major 2 7 A l signal initially was at 103.3 ppm. This value is exactly that 
previously reported for the tetrachloroaluminate anion (19). Thus, for 11 
there is no doubt that the T i - C l bond is ruptured completely by the elec
trophilic AICI3 and that the titanocenium ion pair 22b is generated. Having 
thus established that such cations are generated in this case, one can readily 
trace the reason for such cation stabilization to the same σ-bond hypercon-
jugation already evident in the neutral trimethylsilyl derivative itself 
(20a-20c). 

Such titanocenium cations have been postulated to be the active catalyst 
in the Ziegler polymerization of ethylene in homogeneous media. Therefore, 
one would expect combinations of the trimethylsilyl derivative and A l C l 3 to 
cause polymerization of ethylene. Further, M e 3 S i C H 2 end groups should 
appear in the resulting polyethylene. Both expectations were fulfilled by 
experiment. Compound 11 by itself was inactive in polymerization but im
mediately became active when A l C l 3 was added. Any donor solvent or Lewis 
base (ethers or amine) that vitiated the action of the Lewis acid also destroyed 
the catalytic activity. As to the resulting high-density linear polyethylene 
produced, mass spectral measurements of the solid by direct insertion into 
the ionization chamber readily revealed the presence of the M e 3 S i group 
and its fragmentation peaks. 

A remaining significant question for the titanocenium cations detected 
in this study is the nature of their ion-pairing and solvation. This matter is 
under active investigation. 
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Homogeneous Chromium Catalysts 
for Olefin Polymerization 

K. H. Theopold, R. A. Heintz, S. K. Noh, and B. J. Thomas 

Department of Chemistry and Biochemistry and Center for Catalytic Science 
and Technology, University of Delaware, Newark, DE 19716 

Chromium-based heterogeneous catalysts are widely used for the 
polymerization of ethylene. We prepared a class of paramagnetic 
chromium(III) alkyls, which serve as models for the active sites of 
commercially used catalysts (Phillips catalyst, Union Carbide cata
lyst). A wide variety of cationic, neutral, or anionic complexes 
containing the pentamethylcyclopentadienyl (Me5Cp,Cp*) ligand 
and one, two, or three alkyl groups were prepared and character
ized structurally and by magnetic measurements. Cationic 
Cp*Cr(THF)2CH3]+BPh4- (THF is tetrahydrofuran) and neutral 
Cp*Cr[CH2Si(CH3)3]2 were found to polymerize ethylene at ambient 
pressure and room temperature or below (-40 °C). The polyethyl
ene exhibited relatively low molecular weights and narrow disper-
sities. A comparison was made between the reaction of 
[Cp*(dmpe)CrIIICH3]+PF6- and Cp*(dmpe)CrIICH3 with ethylene 
(dmpe is 1,2-bis(dimethylphosphino)ethane). The chromium(III) alkyl 
gave polyethylene, but the chromium(II) alkyl yielded mostly pro
pene. This contrast suggested that +III is the active oxidation state 
of chromium-based catalysts. Finally, Cp*(py)Cr(CH3)(O-t-Bu) cat
alyzes the ring-opening metathesis polymerization (ROMP) of nor-
bornene. This activity indicates formation of a chromium-methylene 
complex. 

T H E C O O R D I N A T I O N P O L Y M E R I Z A T I O N O F S M A L L O L E F I N S (such as ethylene 

and propene) is arguably the most important industrial process involving 
organometallic intermediates (1-3). Despite a large research effort and much 
practical progress since the original discoveries by Ziegler (4) and Natta (5), 

0065-2393/92/0230-0591$06.00/0 
© 1992 American Chemical Society 
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a detailed understanding of the reaction mechanisms and the factors that 
determine activity and selectivity of the polymerization catalysts remains 
elusive. 

Among the transition metals that catalyze the polymerization of olefins, 
chromium occupies a prominent position. Broadly speaking, two classes of 
chromium-based heterogeneous catalysts are used commercially. The so-
called Phillips catalyst (6) is prepared by depositing C r 0 3 on silica, followed 
by activation with hydrogen. On the other hand, Union Carbide developed 
catalysts formed by treatment of silica with low-valent organometallic com
pounds, most notably chromocene (Cp 2 Cr, C p is cyclopentadienyl) (7, 8). 
Questions about the chemical nature of the active site(s), the oxidation state 
of the active chromium, and the mechanism of initiation have been the 
subject of a long-standing debate, which continues to this day. 

The study of organometallic compounds of chromium in solution can 
make a valuable contribution to the understanding and rational modification 
of these heterogeneous catalysts. However, much of the known organo
metallic chemistry of chromium concerns low-valent carbonyl derivatives 
and diamagnetic complexes with 18-electron configurations. Such molecules 
are unlikely candidates for modeling highly reactive (coordinatively unsat
urated) and oxide-supported chromium alkyls. Open-shell molecules (para
magnetic organometallic compounds or "metallaradicals") may be more re
active and thus more appropriate models for catalytic intermediates. With 
this possibility in mind, we are exploring the reactivity of a class of para
magnetic chromium(III) alkyls. Herein we summarize our recent results in 
the synthesis and characterization of paramagnetic chromium alkyls and their 
reactions with olefins. 

Synthesis 

Chart I shows a juxtaposition of the presumed active site of the Union 
Carbide catalysts ( C p 2 C r - S i 0 2 ) with various molecules prepared in our lab
oratory (9-13). The active site has been described as "an adsorbed, divalent 
chromium species which is still bonded to one cyclopentadienyl ligand" (7). 
We will ignore for now the contentious question of oxidation state. The well-
characterized molecules shown in Chart I are apparently good homogeneous 
structural models of the catalyst. They have in common the cyclopentadienyl 
ligand, an alkyl group, and a variety of ancillary ligands that substitute for 
the attachment to the silica support. All the compounds shown contain 
chromium in the formal + III oxidation state and are thus paramagnetic. 

Crystal structure determinations and magnetic susceptibility measure
ments were used extensively to characterize this class of organometallic 
compounds. For example, Figure 1 shows the crystal structure and the 
magnetic behavior of [CpCr(CH 3 )^ -Cl ) ] 2 (9). The structural studies gen
erally feature pseudooctahedral coordination of chromium centers. The metal 
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(e.g. R = CH 2 Si(CH 3 ) 3 ) (e.g. R = Me) 

Chart I. Presumed active site of Union Carbide catalysts juxtaposed with 
molecules prepared in our laboratory. 

usually exhibits a 15-electron configuration, but in some cases 13-electron 
compounds have been isolated or observed. Mononuclear complexes invar
iably have temperature-independent effective magnetic moments consistent 
with three unpaired electrons (d 3, μν(ϊ > 3.8 μ Β ; is the effective magnetic 
moment and μ Β is the Bohr magneton). However, in polynuclear complexes 
with bridging ligands, the chromium centers exhibit antiferromagnetic cou
pling and metal-metal bonding. 

Chromium-chromium pairs with cooperative interactions between 
neighboring metal atoms have been invoked to explain certain features of 
the Phillips catalyst. Related molecular complexes may serve as precedent 
for postulated intermediates and allow testing of their catalytic activity. 
Scheme I shows a series of conversions of extremely electron-deficient di
nuclear chromium complexes with bridging hydrocarbon fragments (I J). The 
three-center-two-electron methyl bridges lead to metal-metal bonding due 
to core levels, which is reflected in unusually short C r - C r distances and 
low magnetic moments. Figure 2 depicts the molecular structures of 
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C2-
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C4 
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CR 

C U 
94.2* 
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cr 
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Cr-Cr « 3.287 I 
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Figure 1. The molecular structure and temperature dependence of the molar 
magnetic susceptibility (χ„„ open circles) and the effective magnetic moment 

(μ,η, filled circles) of [Cp(CH,)Cr(\i-Cl)}2. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
a-

19
92

-0
23

0.
ch

04
1

In Homogeneous Transition Metal Catalyzed Reactions; Moser, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1992. 
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Scheme I. 

[ C p * ( C H 3 ) C r ^ - C H 3 ) ] 2 and [ C p * C r ^ - C H 3 ) ] 2 ^ - C H 2 ) . The former catalyzes 
the polymerization of ethylene, albeit slowly; the latter does not react with 
ethylene at ambient temperature. These molecules are highly unusual in 
the sense that they exhibit metal-metal bonds between octahedral Cr(III) 
ions. 

Most of the compounds shown in Chart I actually show little or no 
catalytic activity for ethylene polymerization. Despite their low electron 
count, they are coordinatively saturated and must dissociate a ligand to 
enable binding and subsequent insertion of ethylene. Thus we prepared 
compounds containing weakly bound ligands. Abstraction of halide from 
[ C p * C r ( C H 3 ) ^ - C l ) ] 2 in tetrahydrofuran (THF) solution or protonation of 
C p * ( T H F ) C r ( C H 3 ) 2 with H N E t 3

 + B P h 4 in the same solvent yielded the 
cationic alkyl complex [Cp*Cr(THF) 2 (CH 3 ) ] + B P h 4 (12, 13). The two T H F 
ligands are bound strongly enough to allow isolation and indeed structural 
characterization of the complex (Figure 3). However, some T H F dissociates 
in C H 2 C 1 2 solution, leaving a coordinatively unsaturated chromium alkyl in 
equilibrium with the coordinatively saturated precursor. 

Polymerization Catalysis 

[ C p * C r ( T H F ) 2 ( C H 3 ) ] + B P h 4 (4.5 m M in C H 2 C 1 2 ) catalyzed the polymeri
zation of ethylene at room temperature and 1.0-1.5 atm of pressure. Eth
ylene uptake measurements showed a brief rise in activity, followed by a 
period of rapid polymerization and eventually deactivation of the catalyst. 
Typical yields were 1.5 g of polyethylene per 60 mg of catalyst, corresponding 
to an average of 600 turnovers. The time from the onset of polymerization 
to complete deactivation was approximately 1 h, and at the point of highest 
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Figure 3. [ Cp*Cr(THF)2CH3]+ BPhf (tetraphenylborate countenon omitted for 
clarity). 

activity the turnover frequency was —0.7 s"1 (assuming all chromium was 
active). The rate of polymerization was decreased dramatically by addition 
of T H F , presumably because of a shift of the dissociation equilibrium (eq 
1). 

The equilibrium constant for this dissociation was estimated by N M R 
experiments to be K c q = 1 x 10~3 M at 20 °C. During the course of the 
polymerization the color of the solution slowly changed from red-brown to 
purple. Attempts to isolate a chromium-containing complex from spent cat
alyst solutions were unsuccessful. The polyethylene was isolated by filtration, 
washed with C H 2 C 1 2 , and dried under vacuum before characterization. It 
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had a slight pink coloration, indicating some level of residual chromium. 
The IR spectrum of the polymer was indistinguishable from that of authentic 
high-density polyethylene. Its melting range was 135-140 °C. Table I lists 
the result of molecular weight determinations by gel permeation chroma
tography (GPC) and branching data from I 3 C N M R spectroscopy. The mo
lecular weights were low and their distributions M w / M n were relatively 
narrow ( M w is weight-average molecular weight; M n is number-average mo
lecular weight; M w / M n is polydispersity). 

Table I. Polyethylene Characterization 

^ethylene Temperature Added THF Branching 
(atm) (°C) (equiv) M „ Μ Α . / Μ Π (R/1000 CH2) 

1.5 20 — 33,760 17,520 1.93 p 
1.5 10 — 47,240 20,160 2.34 4.0 
1.5 0 — 77,070 16,740 4.60 0 
1.5 20 1 23,020 14,310 1.61 p 
1.5 20 3 24,370 14,970 1.63 2.6 
1.1 >25 — 19,320 10,280 1.88 p 
N O T E : Polyethylene was produced by the reaction of 60 mg of [Cp*Cr(THF)2Me] + BPh 4 in 20 
m L o f C H 2 C l 2 , 4.5 x 10 3 M. 

The cationic nature of [Cp*Cr(THF) 2 (CH 3 ) ] + B P h 4 nicely comple
mented the emerging notion that positively charged alkyls comprise the 
active sites of Ziegler-Natta catalyst preparations based on Group 4 ele
ments (14-19). However, cationic nature is apparently not a requirement. 
We subsequently found another compound (i.e., the neutral dialkyl 
Cp*Cr[CH 2 Si(CH 3 ) 3 ] 2 ) that is an even more active catalyst for the polym
erization of ethylene. 

Because of the steric bulk of the trimethylsilylmethyl ligands—and by 
contrast to [Cp*Cr(CH 3 ) 2 ] 2 —this compound is monomeric even in the solid 
state. Its effective magnetic moment is temperature-independent, and the 
value of μ ϋ { Γ (4.0 μ Β ) is consistent with three unpaired electrons. In this 
complex chromium exhibits a 13-electron configuration and has an open 
coordination site for binding of ethylene. Pentane solutions of 
C p * C r [ C H 2 S i ( C H 3 ) 3 ] 2 rapidly polymerized ethylene at temperatures as low 
as -42 °C. Polymer molecular weights ( M w 20,100-143,000) and dispersities 
( M w / M n 2.98-7.06) were similar to the samples prepared with the cationic 
catalyst. Neither of the two catalysts polymerize propene, although some 
lower oligomers are apparently formed in the reaction with 
[Cp*Cr(THF) 2 (CH 3 ) ] + B P h 4 . 

Active Oxidation State 

The valence state of the active site of chromium-based catalysts has been 
the subject of much controversy. Oxidation states between + II and + V 
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have been suggested. Our results prove that chromium in its ubiquitous and 
very stable -h III oxidation state catalyzes the polymerization of ethylene. 
However, in light of the credit generally given to divalent chromium on 
heterogeneous catalysts, we thought it worthwhile to find out what effect 
reduction would have on our catalysts. 

Figure 4 depicts the cyclic voltammogram of a T H F solution of 
[Cp*(dmpe)CrCH 3] + P F 6 ~ [dmpe is l,2-bis(dimethylphosphino)ethane]. The 
complex exhibits a reversible reduction wave at ca. -2.0 V vs. the 
C p 2 F e + - C p 2 F e couple. Chemical reduction with N a - H g yielded the neutral 
Cr(II) alkyl Cp*(dmpe)CrCH 3 , which could be isolated and structurally char
acterized by X-ray diffraction. The availability of constitutionally identical 
Cr(III) and Cr(II) alkyls allowed a direct comparison of the catalytic activity 
of chromium in both oxidation states. 

Reaction of ethylene with [Cp*(dmpe)CrCH 3] + P F 6 ~ required elevated 
temperatures (because of the greater coordinating power of the dmpe ligand), 
but at 90 °C reaction ensued and yielded polyethylene. Cp*(dmpe)CrCH 3 , 
on the other hand, reacted with ethylene at room temperature. However, 
the major product of this reaction was propene; no polyethylene was formed. 
Apparently ethylene inserts into the chromium-carbon bond, but β-hydro-
gen elimination of propene is more facile than continued insertions. These 
results clearly suggest that + III is the more appropriate oxidation state for 
the active site of chromium-based polymerization catalysts. 

Ring-Opening Metathesis Polymerization 

Olefin polymerization catalysts are closely related chemically to metathesis 
catalysts. The former depend on reactive metal alkyl moieties; the latter 
feature an interplay between metal alkylidenes and metallacyelobutanes. A 
long-standing problem of the olefin metathesis reaction has been the incom
patibility of the traditional early metal catalysts with heteroatom substituents 
(especially those containing oxygen) of functionalized olefins. A possible path 
to the solution of this problem is the search for less oxophilic (i.e., late 
transition metal) catalysts. We thus began an investigation into the possibility 
of preparing chromium(III) alkylidenes for use as metathesis catalysts. 

A well-precedented route to metal alkylidenes utilizes α-hydrogen ab
straction from metal alkyls. We found that Cp*(py)Cr(CH 3)(0-r-Bu) (py is 
pyridine) catalyzes the ring-opening metathesis polymerization (ROMP) 
(20-24) of norbornene. Heating of a toluene solution of this complex with a 
large excess of norbornene to —60 °C gave a high yield of polymer (>85% 
isolated). Scheme II depicts the proposed mechanism of this reaction. The 
key feature is the generation of the coordinatively unsaturated chromium 
methylene complex by deprotonation of a methyl group with the internal 
base terr-butoxide (i.e., an a-abstraction). 
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Scheme 11. 

The evidence for this event includes the observed formation of methane 
and Cp*(py)Cr(0-r-Bu) 2 (from the reaction of the catalyst precursor with the 
liberated f erf-butyl alcohol) as well as the catalytic activity. The decompo
sition of Cp*(py)Cr(CH 3)(0-r-Bu) to the active catalyst is a slow reaction that 
continues over the whole course of the polymerization. The polymer would 
thus be expected to show a broad molecular weight distribution, and G P C 
measurements confirmed this expectation ( M w / M n = 7.3). 

The potential importance of this observation lies in the way the catalyst 
is generated (i.e., by breaking of a metal-oxygen bond. If chromium-based 
metathesis catalysts can be developed, they may be expected to be less 
sensitive to oxygen functionalities. Thus, they may be used in the metathesis 
and R O M P catalysis of functionalized olefins. 
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INDEX 609 

C 
l 3 C NMR studies 

carbonylhydridorhodium complexes, 408 
equilibrium at two C O pressures, 408/ 

Cage structure, polysilsesquioxanes, 554-555 
Carbene addition, aromatic ring, 450 
Carbene insertion, substitution by an ether 

or ester oxygen, 457 
Carbenoid intermediates, generation, 482 
Carbenoid reactions 

active intermediates, 444 
insertion, conformational preferences, 451 

Carbocyclic rings, regioselectivity, 467-468 
Carbon-carbon bonds, formation reactions, 

567 
Carbon dioxide, reduction of methanol, 

507-513 
Carbon-hydrogen activation 

Rh(I) photocatalysis, 110/ 
trimethylphosphine complex, 108 

Carbon-hydrogen bond(s), activation in 
alkanes and other organic molecules, 
211-220 

Carbon-hydrogen bond functionalization, 
mercury-photosensitized, 197-210 

Carbon-hydrogen insertion reactions 
catalytic intramolecular, 443-461 
cyclopentanones, 445-448 
diastereoselectivity, 446 
lactams, 448-455 
lactones, 455-458 
regioselectivity, 446 

Carbon-hydrogen oxidative addition 
homogeneous catalysis, 182 
preferred active species, 186 

Carbon monoxide 
activation by metalloradicals, 249-259 
monomeric tetramesitylrhodium(II) 

complex, 254 
one-electron activation, 250 
problems with spectroscopy, 25 
rhodium complexes, 25-28 

Carbon-oxygen bonds 
activation, 515-528 
bond energy, 516 
methods for cleavage, 516 

Carbonyl 
decay kinetics, 115 
dissociation energies, 78 
dissociation from HCo(CO) 4, 77-78 
energy of dissociation from CoH(CO) 4, 

305 
energy profile for insertion into C o - C H 3 

bond, 84/ 
formation of basic magnesium iodides, 317 
ir-acceptor ligands, 87-88 
reversible migratory insertion into 

alkyl-metal bond, 112 

Carbonyl complexes 
infrared spectroscopic data, 299/* 
spectral data, 300* 

Carbonyl compounds, reduction, 193* 
Carbonyl dissociation, carbonyl-free 

rhodium hydrides, 406 
Carbonyl exchange 

radical mechanism, 38 
rate constants, 37-39 
temperature stability under pressure, 38 

Carbonyl ligands, catalyst function, 399-400 
Carbonyl photodissociation 

laser flash photolysis, 113 
methane matrix, 114 

Carbonyl stretching frequencies, rhodium 
and cobalt complexes, 27-28 

Carbonylation 
benzene, 185-189 
C - H bond of hydrocarbons, 185-189 
catalyzed by transition metal complexes, 

277-296 
diversion to reductive carbonylation, 324 
lithium-promoted, 384-390 
mechanism, 325/ 
methanol, mechanism, 382/ 
methyl acetate 

kinetics, 378-380/ 385-389 
rhodium-catalyzed, 377-394 

methyl acetate and methanol, parameters, 
393* 

methyl acetate to acetic anhydride, 
proposed mechanism, 392/ 

reduction of C H 3 O H by Co(CO) 4 , 509 
sodium-promoted, 390 
temperature dependence, 381 
yields of secondary reactions of aldehydes, 

188* 
Carbonylation-homologation, 1-butanol and 

ethanol, 310-321 
Carbonylmanganese compounds, 

unsaturated mononuclear, 112-117 
Carbonyl(methoxycarbonyl)cobalts, 

formation and thermal decomposition, 
510 

Carbonylrhodium, intensity of IR bands, 12 
Carbonylruthenium species 

C O stretching frequencies, 315/ 
interaction of clusters with metal oxide 

surfaces, 313 
oxides as heterogeneous promoters, 

30&-321 
Carbonyltriruthenium clusters 

infrared difference spectrum of transients, 
111/ 

laser flash photolysis, 110-112 
reactions, 113/ 
reactivities, 109-112 

Carboxylic acids 
asymmetric hydrogénation, 130-131 
role in catalytic reaction, 375 
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610 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Catalysis 
eleetrogenerated species 

cobalt, 272-273 
platinum, 262-266 
rhodium, 266-272 

high-velocity, 529-540 
selectivity of aldehydes, 412-417 
triethylphosphine ligand concentrations, 

410-412 
Catalyst(s) 

composition, hydroformylation, 368-369* 
detection by CIR technique, 12 
function, carbonyl ligands, 399-400 
performance, difficulties, 324 
real-time observation, 17 
regeneration, proposed mechanism, 360 

Catalyst combinations, activity-selectivity 
behavior, 28 

Catalyst complexes 
NMR studies, 40Φ408 
synthesis, 403-404 

Catalyst precursor, palladium, 532-533 
Catalytic activity 

correlations with spectroscopic data, 29 
hydrosilation, 497-499 
nature of phosphine ligands, 190 

Catalytic cycle 
cytochrome P-450, 155/ 
lithium-catalyzed conversion of acetyl 

iodide to methyl iodide, 391-393 
reaction steps, 332-334 
schematic, 333/ 
silylformylation, 293 
turnovers, 202 

Catalytic reactions 
carbonylation, C O atmosphere, 330 
dimerization of methyl acrylate, synthesis 

of fine chemicals, 479-480 
hydroformylation reactions, 368-370 
model systems, 565-574 
synthesis of polymethylsilsesquioxanes, 

553-563 
transformations of diazoamides 

lactam products, 453 
manipulation of product distribution, 

453 
Catalytically active intermediates, 

identification, 20 
Cation reactivity, water-gas shift, 340 
Cationic promoters 

carbonylation, 390 
catalyst activity, 384-385 
comparison of rates, 385* 

Ceramic crystal 
CIR reactors, 3 
fragility, 5-6 

Ceramic products, apparent compositions, 
562 

Ceramic yield, polysilazane oligomers, 560 
Chaotic dynamics, 0 2 oxidations, 95-104 
Chelate ring, puckering, 148-150 
Chelating ligands, diols, 439 
Chelation control, hydrocarbons, 277-296 
Chemical shifts 

function of donor or polar character of 
solvent, 587 

interaction of Cp 2 Ti(Cl)CH 2 SiMe 3 with 
MenAlCla.n, 584* 

ion-pair formation, 586 
solvent dependence, 583* 
solvent polarity, 581 

Chemical trapping, structure identification, 
576-577 

Chiral allylic alcohol(s), anit selectivity, 174 
Chiral allylic alcohol derivatives, 

hydroboration, 167-175 
Chirality 

LTTP system, 352 
optical isomers, 123 

Chloride, suppression of Pt deposition, 226 
Chloroplatinum salts, hydroxylation of 

water-soluble organic compounds, 
221-232 

Chromatographic procedures, siloxyalkyl 
complexes, 492 

Chromium, metal-metal bonds between 
octahedral ions, 595 

Chromium catalysts 
active oxidation state, 591, 598-599 
cyclic voltammogram and molecular 

structure, 600/ 
homogeneous, 591-602 
molar magnetic susceptibility and effective 

magnetic moment, 594/ 
molecular structures, 596/ 
presumed active site, 593/ 
synthesis, 592-595 
unanswered questions, 592 

Chromium-chromium pairs, cooperative 
interactions between neighboring metal 
atoms, 593 

CIR, See Cylindrical internal-reflectance 
reactors 

Classic process chemistry, new science and 
new applications, 479-489 

Cluster catalysts, advantages and problems, 
350 

Cluster species, hydrocarbonylation 
conditions, 321 

Cobalt 
bifunctional catalyst species, 273 
converting internal alkenes to terminal 

hydroformylation products, 367 
eleetrogenerated catalyst species, 272-273 
rac- and m£so-M2(LTTP) binuclear 

systems, 354 
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INDEX 611 

Cobalt—C ontinued 
reduction of methanol, 507-513 
role in oxidation of cyclohexanone, 

100-102 
uncontracted triple-ζ Slater-type orbitals, 

basis set for shells, 76 
Cobalt-carbon bond, cleavage, 491 
Cobalt catalysis, reductive carbonylation of 

methanol, 323 
Cobalt-catalyzed hydroformylation 

mechanism, 75, 76/ 
olefins, reaction mechanism, 13-15 
product formation, 86 

Cobalt(II) porphyrin, reactions with CO, 
252-253 

Colloids 
active catalyst precursors, 543 
intermediacy in hydrosilation, 541-549 

Competitive reactions 
different substrates, 59 
epoxidation 

olefin pairs, 157-161 
picnic-basket porphyrins, 158/ 
reactivity pattern, 161 
results, 160* 

Ή NMR spectra of hydrogénation, 59/ 
polarization decay, 60 
trapping, transient C O species, 116/ 

Conjugate addition-cyclization reactions, 
485-486* 

Construction material, high-pressure IR 
cells, 21 

Coordination compound, intermediate 
within the catalytic cycle, 8 

Coordination geometries, M - M bonded 
dimer systems, 353-355 

Coordination strength, σ donation and π 
back donation, 395 

Coordinatively unsaturated species, 
temperature dependence, 406 

Cooxidant, coupling reactions of ligands, 572 
Copper 

catalyst behavior on repeated use, 484 
catalytic activity, 483-484 
Grignard reaction, 486 
tandem conjugate addition-cyclization, 

486 
Coupling constant, spin density, 254 
Covalent bonding, carbonyl carbon 

rehybridization, 253 
Cross-dimerization, cyclohexane and 

trioxane, 202 
Crystal(s) 

CIR reactors, 3 
fragility, 5-6 
polishing, 6 

Crystallization, CIR reactor analyses, 12-13 
Cubane reaction, oxidative addition at a 

tertiary C - H bond, 217 

Cvclizations, transition metal catalysts, 
463-478 

Cyclohexane 
carbonyl decay kinetics, 115/ 
reactivities of rhodium(I) phosphine 

intermediates, 108-109 
wavelength of irradiation, 189 

Cyclohexanone 
kinetic model, 101-102 
0 2 oxidation, 99-103 
oscillations in the absence of Br~ ion, 102 
redox potential 

dissolved 0 2 concentrations, 99-100 
visible absorbance, 100/ 

ring-opening reactions, 101/ 
stages in oxidation reaction, 100 

Cycloisomerizations 
acetylenes, 470-472 
p-allylpalladium intermediates, 476-477 
diynes, mechanistic rationale, 471/ 
special class of macrocyclizations, 466-467 
vinyl epoxides, 473 

Cyelooctane, dehydrogenation, 190 
Cyclopentanones 

asymmetric hydrogénation, 138-140 
carbon-hydrogen insertion reactions, 

445-448 
synthesis, 484-487 

Cyclopropanation studies, 482-484 
Cyclopropane, yield from olefins and ethyl 

diazoacetate, 484* 
Cylindrical internal-reflectance reactors 

(CIR) 
advantages and disadvantages, 5-6 
cross-sectional diagram, 5/ 
experimental procedure, 6-7 
photograph, 4/ 
reaction-monitoring techniques, 3-18 

Cytochrome P-450 
catalytic cycle, 154-155 
metalloporphyrin models, 156/ 

D 
d-electron vacancies, platinum colloids, 545 
DANTE pulse sequence, magnetization 

transfer technique, 42 
Decomposition, prolonged 

hydroformylation, 372-373 
Dehydroamino acids, hydrogénation, 144 
Dehydrodimer, saturated functionalized 

substrates, 205 
Dehydrogenation 

alkanes, 190-194 
driving force, 190 
rate-determining step, 191 

Density functional method, application to 
organometallic substances, 77 
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612 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Deoxygenation 
allyloxy groups, 519-521 
phenols 

benzyne intermediate, 522-525 
by C O , 515-528 
experimental section, 516-519 
metallolaetone intermediate, 525-526 

Deuterium exchange, catalysis by bases, 338 
Deuterium isotope effect, water-gas shift 

reaction, 340, 345 
Deuterium oxide, inverse kinetic isotope 

effect in reaction of deuterated formate, 
342 

Dialkyl fumarate, reaction with CoH(CO) 4, 
301-303 

Diaryl esters, 525-526 
Diastereofacial selectivities, hydroborations, 

173 
Diastereoselectivity 

carbon-hydrogen insertion reactions, 446 
catalytic conditions, 136 
frontier orbitals, 169 
substrate-controlled, 167-175 

Diazo compounds 
catalytic intramolecular carbon-hydrogen 

insertion reactions, 443-463 
reactions with rhodium acetate, 444 445 

Diazoesters, synthesis of lactones, 455 
Diethyl ether, carbonylation and 

homologation reactions, 319-321 
Diethyl fumarate, effect of initial Co 2(CO) 8 

concentration, 203/,t 
Diethylene glycol, reactions with 

morpholine and dimethylamine, 440i 
Dihydride, stability, 87 
Dihydrogen 

characterization of complexes, 24 
heterolytic cleavage, 337-338 
proposed intermediate ion, 338-339 
rhodium complexes, 25-28 

Dihydrogen evolution 
acetic acid, 345/ 
effect of sodium formate concentration, 

341/ 
formic acid, 343/ 
triethylene glycol solutions, 344/ 
water-gas shift reaction, 340-343 

Dihydrosilanes, reaction with manganese 
acyl compounds, 503 

Dimer(s), triphenylphosphine-
carbonylrhodium, 404 

Dimer catalysts, advantages and problems, 
350 

Dimerization 
activation energy, 255 
mercury photosensitization, 197 
reversibility, 255 

Dimetal ketone, steric requirements of 
tetramesitylporphyrin, 254 

Dimethyl carbonate, formation, 512 
Di-μ-methylenedirhodium complexes, 

organic chemistry of dinuclear 
complexes, 565 

Diols, chelating ligands, 439 
Diphosphine ligands, hydroformylation of 

methanol to acetaldehyde, 326 
Dipolar relaxation 

para-enriched H 2 , 72 
PHIP decay, 52 
polarization and signal enhancement, 

67-72 
Disproportionation 

alkane dimerization, 203-204 
dimerizations of light alcohols, 204 
selectivity for alkanes, 206 

Dissociation 
C O ligand from HCo(CO) 4, 77-78 
enthalpy profile, 256/ 
expected C - C bond energy, 255 

Donor-acceptor characteristics, phosphine 
ligand, 409 

Dynamic nuclear polarization, transition 
metal hydrides, 47-48 

Ε 
Early metal catalysts, heteroatom 

substituents of functionalized olefins, 
599 

Electrochemical synthesis 
cobalt species, 273 
platinum species, 262-266 

Electrochemistry, selective catalysts, 273 
Electrode potential, production of different 

oxidation states, 261 
Electron-donor properties, rhodium 

hydroformylation catalysts, 398-399 
Electronic and steric control, catalytic 

intramolecular carbon-hydrogen 
insertion reactions, 443-463 

Electronic effects, rhodium 
hydroformylation catalysts, 395-418 

Electronic structure, resonance hybrid, 255 
Electrophilic addition, rate-limiting step in 

carbenoid reactions, 444 
Electroreduction, organometallic complex, 

262 
eLTTP, See Ethyl-substituted linear 

tetratertiary phosphine 
Enamides, asymmetric hydrogénation, 

129-130 
Enantiomeric excesses, hydroformylation of 

styrene, 267 
Enantioselective processes 

catalysis, transition metal compounds, 
143-152 

conjugate addition, palladium-catalyzed 
allylation-type reactions, 529-530 

definition, 164 
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INDEX 613 

Enantioselective processes—Continued 
hydroborations, feasibility, 165-167f 
hydrogénation 

formic acid, 145-147 
prochiral substrates, 131 

optical induction, 146 
Enantioselectivity 

chloride anion, 268 
EPHOS ligand, 272 

Endoergonic reactions, photosensitization, 
198 

Energy barrier, C - H oxidative addition, 213 
Enzyme, substrate specificity, 153 
Equilibrium 

cis and trans complexes, 43 
Cp 2 TiMeCl and A1C13, 585 

Ethanol 
carbonylation-homologation, 310-321 
direct conversion to ethylene glycol, 

221-232 
oxidation, 223-224, 226-228 
oxidation mechanisms 

nature of active Pt complex, 228-230 
selectivity in C - H attack, 230 

reaction sequence and rate of oxidation, 
229/ 

Ethyl-substituted linear tetratertiary 
phosphine (eLTTP) 

bimetallic complexes, 353-355 
bimetallic hydroformylation chemistry, 

355-364 
diastereomer structure, 353/ 
future research, 363-364 

Ethylene, catalyst system for 
polymerization, 587 

Ethylene glycol 
affinity for Ru(II) center, 440 
selectivity control in amination, 433-442 

Ethylene polymerization 
chromium catalysts, 595-598 
rate, 595-597 
Ziegler mechanism, 576-577 

Exchange broadening of resonances, 
magnetization-transfer techniques, 37 

Exciplex 
formation between Hg* and substrate, 

201 
mercury photosensitization, 198 

Excitation sequence, frequency domain 
profile, 42 

F 
Fischer-Tropsch products, labeled vinyl, 

571-572 
Fischer-Tropsch reactions 

model, 567-570 
new mechanism, 565 
over rhodium, products, 57Π 
procedures to test mechanism, 570 

Flash kinetic studies, liquefied noble gases, 
217-218 

Flash photolysis 
picosecond laser excitation, 109 
reactive organometallic intermediates, 

105-119 
short wavelength, 109-110 

Flow cells, advantages and disadvantages, 
23-24 

Fluorinated hydrodimers, functionalization, 
205 

Formic acid 
enantioselective hydrogénation, 145-147 
rate of dihydrogen evolution, 345 

Four-centered transition state, cleavage of 
dihydrogen, 338 

Fragmentation 
carbonyltriruthenium clusters, 109-110 
dimer and cluster systems, 350 

Free-radical mechanism, manganese 
acyl-catalyzed hydrosilation, 501 

Frontier orbitals, diastereoselectivities, 169 
Frozen-core approximation method, 

electrons in lower energy shells, 76 
Functional groups 

C - H oxidative addition, 216 
H atom reaction, 205 
made from alkenes by H atom chemistry, 

206/ 
Functionalization reactions 

homogeneous catalysis, 181-196 
incompatibility with thermodynamics or 

catalyst stability, 221-222 
Functionalized organic molecules, 

conversion of alkane oxidative addition 
products, 215 

Functionalized product, mercury 
photosensitization, 201-203 

G 
Geometry, steric hindrance, 362 
Geraniol, asymmetric hydrogénation, 132f 
Glass NMR tubes, limited pressure range, 

34 
Glutamic acid, synthesis, 245/ 
Glycol(s), ligands, 439-441 
Glycol aminations, control of selectivity, 434 
Grignard reagent, copper-catalyzed reaction, 

486 

H 
Half neutralization potential, determination, 

398 
Haloalkanes, chemical shift, 588 
Halocarbonylruthenium derivatives, 

reactivity on MgO surface, 317 
Hemiamidals, formation, 283 
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614 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Heteroatom-substituted species 
effectiveness as substrate, 201 
mercury photosensitization, 200-201 

Heterobimetallic homogeneous catalysts, 
effects on rate and selectivity of 
hydroformylation, 356 

Heterobimetallic species, catalytic activity, 
364 

Heterogeneous activation, suppression of 
oxidation, 226 

Heterogeneous catalyzed reactions, 
monitoring techniques, 7 

High-pressure cylindrical internal-
reflectance reactors, reaction-
monitoring techniques, 3-18 

High-pressure-high-temperature reactions, 
in situ measurement, 19-20 

High-pressure IR cells, types, 22-23 
High-pressure IR spectroscopy (HPIR) 

cell designs, 21-24 
homogeneously catalyzed reactions, 20 
speed and high sensitivity, 20-24 

High-pressure NMR spectroscopy 
C O dissociation from HCo(CO) 4, 39 
techniques, 34-36 

High-velocity catalysis, palladium, 529-540 
Homobimetallic cooperativity 

catalytic process, 349 
hydroformylation catalyst system, 364 
rate enhancement, 358 

Homogeneous catalysis 
bimetallic hydroformylation, 349-366 
functionalization of hydrocarbons, 181-196 
in situ spectroscopic studies, 19-31 
nuclear magnetic resonance spectroscopy, 

33-46 
observation of reactive intermediates, 

105-106 
organometallic intermediates, 105-119 
synthesis of fine chemicals, 479 

Homogeneous catalysts, electrochemical vs. 
chemical synthesis, 261-275 

Homogeneous metal-catalyzed reactions, 
monitoring techniques, 7-8 

Homolysis of bonded dimers, reorganization 
energies, 257* 

Homolytic dissociation energies, bond 
energy, 258 

HPIR, See High-pressure IR spectroscopy 
Hydride 

conversion to acyl complexes, 334 
ion stabilization, 339, 346 
1,2 shift reaction, 83 

Hydride bridge, ruthenium compound 
crystal structure, 426 

Hydride ligand, dynamic site exchange, 427/ 
Hydride resonance, catalytic hydrogénation 

conditions, 61 
Hydridoalkyl complexes, alkene synthesis, 

190 

Hydridosiloxanes 
catalytic redistribution by transition 

metals, 558 
cocatalyst, 562 

Hydroboration 
absolute and relative stereochemistry, 163 
allylic amine derivatives, 175* 
catalyzed and uncatalyzed, 163-177 
chiral allylic alcohol derivatives, 167-175 
enantioselectivity, 164-167* 
phenyl-substituted allylic alcohols, 174* 
prochiral alkenes, 264/ 

Hydrocarbon(s) 
functionalization by homogeneous 

catalysis, 181-196 
hydroxylation by platinum salts, 221-232 

Hydrocarbon autoxidation, oscillatory 
behavior, 95 

Hydrocarbon glasses, photolysis product, 
112 

Hydrocarbon transformation, solvent 
stability, 191 

Hydrocarbonylation 
N-allylacetamide, 278* 
amide-directed, 283-289 
A/-benzoyl-2-hydroxy-4-methylpyrrolidine, 

282/ 
1-butanol, 312* 
chelation control, 277-296 
ethanol 

different promoter systems, 318/ 319/ 
oxides as promoters, 316* 
products formed, 313/ 
soluble or insoluble aluminum 

promoters, 311* 
methyl acetate in acetic acid solution, 

320* 
N-(2-methyl-2-propenyl)benzamide, 281* 
reaction products, 314 

Hydrocyanation studies, 480-482 
Hydrodeoxygenation of phenols, catalytic 

methods, 516 
Hydrodimerization products, 205 
Hydroformylation 

activity and selectivity of eLTTP, 363 
1-alkenes catalyzed by rhodium 

complexes, 279 
asymmetric, styrene with rhodium 

catalysts, 168*, 269*, 270* 
l-butene 

activity and selectivity of 
triethylphosphite-rhodium catalyst, 
415* 

products and byproducts, 410/ 
rhodium-phosphine catalysts, 405/ 
triethylphosphine ligand concentration, 

411* 
catalyzed by trinuclear ruthenium cluster 

anion, 422/ 
decomposition studies, 372-373 
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INDEX 615 

Hydroformylation—Continued 
electron-rich phosphine-rhodium catalyst 

systems, 362/ 
Heck-Breslow mechanism, 355/ 
1-heptene, 369* 
1-hexene on rhodium catalysts, 267* 
isolation of intermediates, 370-372 
linear internal and branched terminal 

olefins, 396-397 
mechanism, 400-403 
olefins catalyzed by anionic ruthenium 

clusters, influence of 
organophosphines, 419-429 

platinum phosphinito complexes, 367-376 
proposed mechanism, 287/ 
rhodium-based catalysts, 356 
silicon version, 289 
solvent concentration, 265* 
tricarbonylhydridocobalt-based, 75-93 
vs. hydrocarbonylation, 428* 

Hydroformylation and amidocarbonylation 
cocatalyst effect, 242* 
diolefins, 240 
functionalized olefins, 240, 242 
product selectivity, 241* 
reaction scope, 243* 
simple olefins, 240 

Hydroformylation catalysis 
electronic and steric effects on precursors, 

402-403 
1-hexene, 356* 
homogeneous bimetallic, 349-366 
producing aldehydes or acetals, 262 
Rh2(eLTTP)-type bimetallic complexes, 

356 
Hydroformylation cocatalysts, 

organophosphines, 421—129 
Hydroformylation cycle, alternative 

mechanism, 88-89 
Hydroformylation rates, temperature 

dependence, 406 
Hydrogen, rate of formation of acetic 

anhydride, 381-384 
Hydrogen activation, soluble metal oxide 

complexes, 337-348 
Hydrogen atoms 

compounds made from saturated 
substrates, 207/ 

reactions, 204-205 
Hydrogen gas, quenching of Hg*, 204 
Hydrogénation 

acrylic acid derivatives, 131 
asymmetric hydrogénation catalyst, 62 
dehydroamino acids, 144 
mechanism for catalyst systems, 63-64 
organic substrates, 339 
oxidative addition reactions, 

parahydrogen-induced polarization 
and polarization transfer, 47-74 

pairwise hydrogen transfer, 61 

Hydrogénation—Continued 
parahydrogen-induced polarization, 62 
phenylacetylene, 64 
platinum phosphinito complexes, 367-376 
rates with varying catalysts, 374* 
ruthenium complexes, 60-64 
stereoselective, 123-142 
styrene-ds, 57/ 70 

Hydrogenolysis 
catalytic reactions with rhodium, 334 
M - C bond, 86 
possible mechanisms, 334-335 

Hydrosilanes 
influence of structure, 290 
reactions with 1-hexyne, 291* 

Hydrosilation 
active catalyst precursors, 543 
catalyst activity, 497-499 
catalyzed by colloids, 541-549 
changing the acyl ligand, 493 
Ή NMR spectra, 498/ 500/ 
intramolecular noncatalyzed, 504/ 
iron acyl compounds 

drawbacks as synthetic procedure, 494 
mechanism, 494-495/ 

isolable α-siloxyalkyl derivatives, 492 
manganese acyls, 496-505 
organotransition metal acyl complexes, 

491-506 
Hydrosilylation 

1-hexyne with triethylsilane, 289 
ketones, 144-145 

Hyperconjugation 
σ-bond 

bond shortening, 581 
crystalline state, 587 
developing positive charge, 588 

T i - C bond, shortening, 575 
Hyperfine coupling constant, spin density, 

252-253 

I 
Ibuprofen, 480-481 
In situ catalyst, optically active, 143 
In situ methods of measurement, 

advantages, 19-20 
In situ spectroscopic studies, homogeneous 

catalysis, 19-31 
Indenyl systems, oxidative 

addition-migratory insertion processes, 
215 

INEPT pulse sequence, generation of 
spectra, 68 

Inhibition of fragmentation, dimer and 
cluster systems, 350 

Initial gas uptake rate 
iodide concentration, 332/ 
rhodium concentration, 331/ 
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616 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Insertion reactions 
conformational influence on 

regioselectivities, 458 
relative reactivities, 457 

Intermediary position, 419-420 
Intermolecular condensation, 

regioselectivity, 471 
Intermolecular hydride transfer, cobalt-

catalyzed hydroformylation, 355-356 
Intermolecular hydroacylation, sapphire 

NMR tube, 39 
Internal alkenes, conversion to linear 

products, 367 
Intramolecular amidocarbonylation 

3- butenamide, 286< 
new annulation method in organic 

synthesis, 283 
4- pentenamide, 288f 
rhodium catalysts, 285 

Intramolecular carbon-hydrogen insertion 
reactions, regio- and stereocontrol, 
443-461 

Intramolecular hydride transfer 
closed-mode conformation, 360 
rate enhancement, 358 
single-atom bridge in eLTTP, 361 

Inverse deuterium kinetic isotope effect, 
water-gas shift, 345 

Inversion transfer 
exchange broadening of resonances, 37 
magnetization transfer technique, 41-42 
quantitative analysis, 43 

Iodide 
concentration, reaction rate variation, 331 
improvements in cobalt-based catalysts, 

324 
Iodine, carbonylation reaction rate, 391, 

392/ 
Iodine-promoted rhodium catalyst system, 

development, 378-393 
Iodocarbonyl complexes of rhodium, 

water-gas shift reaction, 384 
Iodocarbonylruthenium catalysts, oxides as 

heterogeneous promoters, 309-321 
Iridium 

photochemical phosphine complexes, 197 
selectivity of triphenylphosphine 

complexes, 434 
Iridium-phosphine complexes, PHIP and 

polarization transfer, 64-70 
Iridium(II) porphyrin, reactions with C O , 

258 
Iron 

electrochemical oxidation process, 
268-269 

regioselectivity, 265 
Iron acyls, catalyzed hydrosilation, 492-496 
Irradiation, C - H bonds, 212 

Isomerization activity, platinum phosphinito 
catalysts, 370 

Isonitriles, C - H oxidative addition, 189 
Isoselectivity 

1-alkenes, 279 
amide-directed chelation control, 279 

Isotopic labeling, 1 3 C in Fischer-Tropsch 
reaction, 571-572 

Isotopic tracer studies, reductive 
carbonylation products, 332 

Κ 
Karstedt catalyst 

formation of colloidal platinum, 547 
near-edge spectra, 545/ 
platinum colloids, 542-543 
structure, 543/ 

Ketones 
asymmetric hydrogénation, 133-138 
hydrosilylation, 144-145 

Kinetic studies, selectivity-determining step, 
330 

Krypton, inert solvent for irradiation of 
rhodium dicarbonyl complex, 218 

L 
Labeling studies, iodide involvement in 

reductive carbonylation, 331-332 
Lactams 

carbon-hydrogen insertion reactions, 
448-455 

catalytic transformations of diazoamides, 
453 

synthesis, 449 
Lactones 

carbon-hydrogen insertion reactions, 
455-458 

strategy for macrolactonization, 465 
Lanthanum oxide, catalytic activity, 317-319 
Lead(II) oxide, water-gas shift, 347 
Ligand(s) 

effect on reaction rate, 242f 
rapid ring rotation, 40 

Ligand environment, reductive 
carbonylation, 324 

Ligand exchange, saturation-transfer 
experiments, 40 

Linear aldehydes, selectivity of rhodium 
hydroformylation catalysts, 396-397 

Linear isomer, formation, 371 
Linear tetratertiary phosphine (LTTP) 

chiral tetratertiary phosphine at the two 
internal phosphorus atoms, 352 

synthetic route, 352 
Liquid-phase hydrocarbonylation reactions, 

oxides as heterogeneous promoters, 
309-321 
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INDEX 617 

Lithium 
carbonylation reaction spectra, 389 
methyl acetate and acetyl iodide 

activation, 389-390 
tandem conjugate addition-cyclization, 

486 
Lithium effect 

carbonylation catalytic cycle, 391-393 
potential mechanism, 391 

Lithium iodide 
complex role as promoter, 384-385 
rate-determining factors, 385 
rate of carbonylation, 386/ 

M 

M - M bonds, value as reaction sites, 350 
Macrocycle, C - C bond formation, 473 
Macrocycle applications, natural products, 

472-476 
Macrocyclization 

acetylenes, 470-472 
allylic alkylation, 464-469 

Macrolide syntheses, exaltolide, 464 
Magnesium oxide, promoters, 314-317 
Magnetization transfer 

advantages and disadvantages, 41 
D A N T E pulse sequence, 42 
examples, 43-45 
exchange broadening of resonances, 37 
inversion transfer, 41-42 
slow exchange in discrete equilibria, 

41^45 
temperature range, 41 

Manganese acyl catalysts 
activity, 499r, 501* 
hydrosilation, 491 

Manganese acyl-catalyzed hydrosilation, 
496-505 

Manganese picnic-basket porphyrin 
catalysts, 153-162 

Mechanistic studies, model substrate, 224 
Mercury photosensitization 

alkane dimerization, 203-204 
C - H bond functionalization, 197-210 
dimerization, 197 
formation of H atoms, 204 
functionalized product, 201-203 
heteroatom-substituted species, 200-201 
mechanism, 198-199 
quenching by H 2 gas, 204 
reaction rate, 206 
vapor-phase selectivity, 199-200 

Meso and racemic diastereomers, eLTTP, 
353 

Metal carbenes 
C - H insertion, 451 
comparative stability, 453 

Metal carbonyl stretching frequencies, 
rhodium and cobalt complexes, 27-28 

Metal catalyst, role in oxidative addition, 
64-67 

Metal clusters, intermediary position, 
419-420/ 

Metal formyl complexes, decarbonylation 
reaction, 83 

Metal hydride bond, olefin insertion, 400 
Metal oxide complexes, hydrogen activation, 

337-348 
Metal oxide systems, water-gas shift, 347 
Metal phosphine catalysts, selectivity, 203 
M etallolactone(s) 

formation of phenol groups, 526-527 
formation pathways, 515 

Metallolaetone complex 
deoxygenation of phenols, 525-526 
source of benzyne, 523-524 
structure, 523/ 

Metalloradicals 
activation, structural and spin density 

changes, 252 
activation of CO, 249-259 
definition, 250 

Metathesis catalysts, chromium(III) 
alkylidenes, 599 

Methanol 
Co 2(CO) 8 solutions, reactions, 511/ 
reduction by tetracarbonylcobalt anion 

assisted by carbon dioxide and cobalt 
cation, 507-513 

rhodium-catalyzed reductive 
carbonylation, 323-336 

Methyl acetate 
activation, 390 
homologation to ethyl acetate, 321 
rhodium-catalyzed carbonylation, 377-394 

Methyl acrylate, catalytic tail-to-tail 
dimerization, 485 

Methyl iodide, rate dependence at two Li 
levels, 388/ 

Methyl migration, 83, 113 
Methylenes, coupling with vinyls in 

dirhodium complexes, 573 
Methyltitanocene chloride, structure, 

580-583 
Methyltitanocenium cation 

experimental details of formation, 579-580 
soluble Ziegler catalyst system, 579 

Migratory insertion 
activation barrier, 83 
alkyl into C o - C O bond, 81-85 
functionalized molecules, 215 
solvent effects, 113 
transient complexes, 333-334 

Mixed-metal catalyst 
Co-Rh, 279, 289-294 
synergistic effects, 279-280, 290 
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618 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Model systems 
bimetallic ligand systems, 360-361 
catalytic reactions, 565-574 
monometallic ligand analogs, 357-360 

Monohydrosilanes, reactions with 
manganese benzoyl, 503-505 

Multimetallic systems, advantages, 349-350 
Multiplet polarizations 

Ή NMR spectrum, 54, 55/ 
PHIP due to hydrides, 65 
reversibility of H 2 oxidative addition, 65 

Ν 
Naproxen, 480-481 
Near-edge region, platinum colloids, 

544-546/ 
Nerol, asymmetric hydrogénation, 132r 
Net polarization 

correlation diagram, 56/ 
Ή NMR spectrum, 54, 55/ 
signal enhancements relative to multiplet 

polarization, 58 
spin-lattice relaxation time, 58 

Neutralization, protonic species, 315-317 
Nickel 

catalytic tetraphenylborate chemistry, 
536-537 

degradation in H C N , 481 
Nickel-catalyzed hydrocyanation 

ethylene, magnetization transfer, 45 
synthesis of fine chemicals, 479-480 

Niobium pentoxide, Brônsted acidity 
strength, 319 

Nitrogen heterocycles, syntheses through 
amide-directed hydrocarbonylations, 
278-289 

Noble gas, liquefied solvents, 216-220 
Nonaxial symmetry, Rh(II) porphyrin, 254 
Norbornadiene 

homo-Diels-Alder reactions, 147-150 
reaction with 1-hexyne, 148-149 
reaction with phenylacetylene, 148 

Norbornene, ring-opening metathesis 
polymerization, 591 

Nuclear magnetic resonance spectroscopy 
1 3 C technique to trace exchange of free 

CO, 37 
high-pressure techniques, 34-36 
homogeneous catalysis, 20, 33-46 
quantitative data, 21 
structural information, 20-21 

Nuclear Overhauser effect, enhanced NMR 
signals, 69-70 

Nucleophiles, macrolide construction, 468 
Nucleophilic dihydrogen activation 

processes, synthesis gas 
transformations, 339 

Nucleophilic oxygen centers 
dihydrogen, 348 
metal oxide systems, 338 

Ο 
O - H bond activation, generation of 

intermediates, 507-508 
I 8 0 labeling, benzaldehyde oxidation, 97 
Ο 2 oxidation 

benzaldehyde, 96-99 
cyclohexanone, 99-103 
oscillations and chaos, 95-104 
toluene, 103 
p-xylene, 103 

OFCIR, See Optical-fiber coupled reactors 
Olefin(s) 

complexation, 77 
ethyl complex, 79 
organophosphines, influence on 

hydroformylation, 419-429 
shape selectivity, 153-162 

Olefin hydroformylation 
reaction, 262 
regio- and enantioselectivity, 261-275 
supposed intermediates, 297 

Olefin hydrogénation, ruthenium catalyst, 
60 

Olefin insertion 
Co-Η bond, 79-81 
energy profile, 80/ 
magnetization transfer, 43 
metal hydride bond, 400 
relative orientation of ethylene and 

hydride, 79 
Olefin polymerization 

comparison to metathesis catalysts, 599 
homogeneous chromium catalysts, 

591-602 
Oligomerization 

mild cooxidizing site, 572 
rate of hydrocyanation, 481 

Oligonuclear species with intermetallic 
bonds, intermediary position, 419-420/ 

Optical-fiber coupled reactors 
construction, 6 
reaction-monitoring techniques, 3-18 
spectra of cobalt-catalyzed 

hydroformylation, 16/ 
Optical induction 

chemical yield, 148 
reaction with acetylenes, 147 

Optical isomers, chirality, 123 
Optical yields, catalyst systems, 165 
Optically active compounds, preparation, 

143 
Organoaluminum Lewis acids, active sites in 

soluble Ziegler polymerization catalysts, 
575-590 

Organoiron ligand reactions, 494 
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INDEX 619 

Organometallic analog of formyl radical 
coupling, 255 

Organometallic intermediates 
homogeneous catalysis, 105-119 
spectral properties, 108 

Organometallic reactions on clusters, 
Fischer-Tropsch polymerization, 567 

Organophosphines 
catalytic activity and selectivity, 421 
hydroformylation cocatalysts, 421—429 
hydroformylation of olefins, 419-429 

Organotin coupling reactions 
palladium-catalyzed reactions, 536* 
soluble chloride anion source, 537 
tetraphenylborate chemistry, 537 

Organotransition metal complexes 
C - H activation, 211-220 
catalyzed and noncatalyzed hydrosilation, 

491-506 
Orthometallation, aryloxycarbonyls, 521 
Oscillating behavior, absence of Br", 102 
Oscillatory dynamics, 0 2 oxidations, 95-104 
Oxidation 

competition with H - D exchange, 224 
ethanol, 223-224, 226-228 
p-toluenesulfonic acid, 223-226 

Oxidative addition 
activation energy, 88 
catalytic activity, 186 
characteristics, 212-213 
energy profile, 89f 
functionalized molecules, 215 
intermolecular oxidative addition, 212 
isomeric methyl complexes, 333 
liquid xenon as inert solvent, 217 
methane, methanol, and ethanol, 217 
para-enriched hydrogen, 72 
photochemical and thermal reaction 

mechanisms, 214-215 
rate of direct conversion, 218-220 
role of the metal catalyst, 64-67 
unanswered questions, 214-215 

Oxidative addition-reductive elimination 
equilibrate ortho- and parahydrogen, 65-66 
equilibrium rate, 66 

Oxidative decomposition, mechanism, 566 
Oxides 

hydrogenating activity, 321 
liquid-phase hydrocarbonylation reactions, 

309-321 
Oxo products, platinum phosphinito catalysts, 

370 

Oxo reaction, See Hydroformylation 

p 
3 1 P NMR studies 

ligand exchange, 407/ 
trialkylphosphine complexes of rhodium, 

406-408 

Palladium 
access to macrocycles, 472 
catalysis of neat methyl acrylate, 485-486 
catalyst for ring formation, 463-478 
catalyst precursor, 532-533 
charge neutralization to facilitate ring 

formation, 464 
cycloisomerization followed by reductive 

desulfonylation, 475 
cycloisomerization of acetylenes, 471—472 
high-velocity catalysis, 529-540 
polyene macrolides, 475 
transmetallation, 534 

Palladium-catalyzed reactions 
carbonylation of aryl halides 

difference spectrum, 11/ 
reaction mechanism, 9-10 
steady-state in situ spectrum, 10/ 

conjugate addition reactions, overall 
chemistry, 531* 

cyclizations, extension, 466 
determination, 532-533 

Parahydrogen-induced polarization (PHIP) 
ethane resonances, 53/ 
experimental observations, 50-54 
homogeneous hydrogénation chemistry, 

47-74 
multiplet and net effect, 72 
observation, 48—49 
polarized resonances in hydride spectra, 65 
reaction mechanism, 54 
spin system due to H - D coupling, 52 
Weitekamp proposal, 50 

Paramagnetic chromium alkyls, synthesis, 
characterization, and reactions with 
olefins, 591-602 

Partitioning of products, oxidation of ethanol, 
228 

Pentacarbonyliron, water-gas shift catalyst, 
340 

Pentacoordinate complexes, stability, 409 
Perfluorinated ion-exchange polymer 

catalytic activity, 483-484 
structure, 483 
synthesis of fine chemicals, 479—480 

Periodic potentials, 0 2 oxidation of toluene, 
103 

PFIEP, See Perfluorinated ion-exchange 
polymer 

Phenol(s) 
catalytic deoxygenation by CO, 515-528 
regioselectivity of cyclization, 468 

Phenol deoxygenation 
benzyne intermediate, 522-525 
metallolaetone intermediate, 525-526 

L-Phenylalanine, synthesis, 236-239/ 
PHIP, See Parahydrogen-induced polarization 
Phosphido species, decomposition of 

triarylphosphine, 372-373 
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620 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Phosphine(s) 
catalytic activity and selectivity for 

hydroformylation of olefins, 419-429 
selectivity control, 434-437 

Phosphine complexes 
phosphine-rhodium complexes, selectivity 

for linear aldehydes, 396-397 
photocatalysts for benzene carbonylation, 

107 
Phosphine dissociation, equilibrium constant, 

106 
Phosphine ligands 

carbonylation of benzene, 186* 
catalyst stability, 357, 364 
catalytic effect, 186 
dehydrogenation of cyelooctane, 190* 
donor-acceptor characteristics, 409 
rac- and meso-M 2(LTTP) binuclear systems, 

354 
selectivity, 357, 362, 438-439 

Phosphine-modified rhodium-catalyzed 
hydroformylation of olefins 

reaction mechanism, 11-13 
steady-state in situ spectrum, 12/, 13/ 

Phosphinite group, equatorial position in 
pentacoordinate complex, 272 

Phosphinous carboxylic acid anhydrides, 
formation, 373 

Phosphorus, correlation of ligand bonding 
with catalyst activity and selectivity, 409* 

Phosphorus ligands, rhodium complex 
hydroformylation catalysts, 399 

Phosphorus-proton coupling, resonances, 67, 
68/ 

Photochemical reactions, colored impurities, 
202 

Photoreactivity 
carbonylmetal clusters, 109 
reactive organometallic intermediates, 

105-119 
Photoreduction, aldehydes, 193 
Photosensitization, catalytic mechanism, 198 
ττ back-donation, CO-Rh bond strength, 402 
Picnic-basket porphyrins 

conformation, 155 
shape selectivity, 153-162 
substrate selectivity, 155 
system, 157/ 

Platinum 
catalytic hydroformylation, 367-376 
conversion of internal alkenes, 367-368 
crystallites, 546-548/ 
deposition during reaction, 224-226 
effect of Cl" on oxidation reaction, 230 
electrochemical reduction of organometallic 

complexes, 261 
hydroformylation into linear aldehydes, 274 
orthometallation of aryloxycarbonyls, 521 
oxidation mechanism, 228-230 

Platinum—Continued 
procedures for analysis of colloids, 542-543 
replacement with a cheaper oxidant, 230 

Platinum alkoxides, metathesis and catalytic 
reactions, 375 

Platinum colloids from catalyzed reactions, 
545-546 

Platinum electrode 
dissolved 0 2 concentration 

benzaldehyde, 98/ 
cyclohexanone, 99f 

oxidation of p-xylene, 102/ 
Platinum phosphinito complexes 

hydroformylation and hydrogénation, 
367-376 

platinum-tin systems, comparison, 370 
Platinum salts, hydroxylation of hydrocarbons, 

221-232 
Platinum-tin system, SnCl 2 cocatalyst, 

262-266 
Polar aprotic solvents, accelerating effect on 

polymerization, 577 
Polarity of solvent, chemical shifts, 581 
Polarization 

l 3 C NMR spectrum of hydrogénation 
product, 70-72 

energy-level diagrams, 68, 69/ 
influence of magnetic field, 56 
magnitude of enhancement, 66-67 

Polarization transfer 
a- 13C-ethylbenzene-d 8, 71 
para-enriched H 2 , 72 
polarization and signal enhancement, 67-72 
signal enhancement, 47 

Polyethylene 
characterization, 598* 
properties, 587 

Polymerization, ethylene with 
trimethylsilylmethyltitanocene chloride 
and an aluminum chloride cocatalyst, 587 

Polymerization catalysis, chromium catalysts, 
595-598 

Polymethylsilsesquioxanes 
catalytic synthesis, 553-563 
ceramic compositions, 562* 
chemical evolution during heating, 557/ 
dilution with toluene, 556 
properties of thin films, 556 
structure and applications, 554 

Polysilazane oligomers, thermogravimetric 
analysis, 561/ 

Polysilazane polymerizations, 560-562 
(Porphyrin)M(lI) complexes, reactions with 

CO, 252-258 
Potassium, catalytic activity, 483-484 
Preceramie polymers, polysilazane oligomers, 

560 
Pressure probe, studies of homogeneous 

catalysts, 34 
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INDEX 621 

Pressure stabilization, reactive species, 36-40 
Process chemistry, new science and new 

applications, 479-489 
Product distribution, function of ruthenium 

concentration, 327/ 
Product flash-off 

continuous hydroformylation processes, 
414-417 

continuous hydroformylation unit, 416/ 
Promoters 

carbonylruthenium iodide systems, 310 
comparison of rates, 385* 
magnesium oxide, 314-317 
selectivities, change with time, 319 
soluble and insoluble aluminum 

compounds, 310-314 
Propene-d3, proposed mechanism for 

formation, 566/ 
cis-2-Propenyl-1,3-dioxolanone reaction, 

stereospecificity, 539 
Propylene carbonate, selectivities during 

styrene hydroformylation, 265 
Propylene hydride 

Ή NMR assignments, 44/ 
magnetization transfer, 43-44 

Proton source, water-gas shift, 344-345 
Proton transfer, C H 3 O H to Co(CO)4 , 509 
Protonation, intermediate monohydride 

species, 62 
Puckering, chelate ring, 148-150 
Pyrrole Ή line broadening, temperature 

dependence, 255-256/ 

Q 
Quaternization, resistance of diphosphine 

complexes, 329 

R 
Racemization, chloride anion, 268 
Radical(s), reaction of alkanes with Hg*, 208 
Radical mechanism, carbonyl exchange, 38 
Radicallike pathway in benzene, 

metalloformyl complex, 253 
Rate constants, carbonyl exchange, 37-39 
Reaction conditions, dependence on 

structures, 131 
Reaction mechanism 

cobalt-catalyzed hydroformylation of olefins, 
13-15 

palladium-catalyzed carbonylation of aryl 
halides, 9-10 

phosphine-modified rhodium-catalyzed 
hydroformylation of olefins, 11-13 

studies using CIR-FTIR reactors, 7 
Reaction-monitoring techniques, OFCIR 

reactors, 16-17 
Reaction order, method of initial rates, 

330-332 
Reaction parameters, variation, 8 

Reaction rates, effect of ligand, 11 
Reactive intermediates 

identification and characterization, 24-28 
oxidative addition, 213 

Reactive species, pressure stabilization, 36-40 
Reactivity patterns, metalloradicals with small 

molecules, 250 
Reactor geometry, mercury 

photosensitization, 199-200 
Reductive carbonylation 

ligand environment, 324 
methanol 

experimental procedure, 325-326 
rhodium-catalyzed reductive 

carbonylation, 323-336 
product distribution, 326* 

Reductive elimination 
acetyl iodide, 324 
hydrogenolysis of Rh-carbon and formation 

of Rh(I)-hydride, 334 
Regiocontrol 

bridging ligands of dirhodium(II) nucleus, 
458 

electron-withdrawing groups, 447 
Regioselectivity 

amide-directed chelation control, 279 
carbon-hydrogen insertion reactions, 446 
carbonylation of C - H bond, 187 
cycloisomerization, 467-468 
dehydrogenative silylation and vinylation of 

toluene, 194 
effective control, 456 
effects of phosphine ligands, 285 
functionalized reactions, 222-223 
1-heptanal with Pt-Sn system, 263 
1-hexene with platinum, 261 
ligand effect on linear aldehyde, 264* 
nature of solvent and ligand, 265 
reaction temperature, 468 
silylformylation and hydrosilylation, 

290-291 
wavelength of irradiation, 187 

Rehybridization 
carbonyl carbon, 254 
formyl radical, 257 

Relative reactivities, insertion reactions, 457 
Remote sensing, optical-fiber coupled high-

pressure reactors, 3 
Reorganization energy, rehybridization of 

carbonyl unit, 257 
Reversibility, oxidative addition, 213 
Reversible reduction wave, chromium 

catalyst, 599 
Rhodium 

asymmetric hydroformylation, 274 
carbonylation of benzene, 185-189 
catalyst behavior on repeated use, 484 
catalyst combinations in synthesis gas 

chemistry, 28-29 
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622 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Rhodium—Continued 
catalyst for carbenoid reactions, 443—444 
catalytic activity, 483-484 
coupling of surface methylenes with surface 

vinyls, 573 
electrochemical reduction of organometallic 

complexes, 261 
eLTTP complex, rotational and 

conformational flexibility, 358 
formation of higher hydrocarbons, 571 
functionalization of C - H bonds in carbenoid 

reactions, 443-461 
hydroformylation catalysts, 277-296 
hydrosilation of iron acyls, 492-496 
lithium effect on reaction rate, 389 
olefin hydroformylation, 266-272 
organic chemistry of di-μ-

methylenedirhodium complexes, 
565-567 

overall reaction selectivity, 327 
performance as a catalyst, 324 
potential role of dianions, 391 
rate dependence at two Li levels, 387/ 
reductive carbonylation of methanol, 334 
sterically hindered geometry, 362 
water-gas shift reaction, 384 

Rhodium catalysts, formation from bulky or 
nonbulky phosphine ligands, 403/ 

Rhodium-catalyzed reactions 
carbonylation 

experimental procedures, 378-379 
methyl acetate, 377-394 
selectivity, 379 
thermodynamic parameters, 379 

hydroformylation reaction, mechanism, 
400-403 

oxo study, CIR in situ analyses, 11-13 
reductive carbonylation of methanol, 

323-336 
Rhodium complex hydroformylation catalysts 

generic formula, 400/ 
phosphorus ligands, 399 

Rhodium concentration, reaction rate 
variation, 331 

Rhodium-containing species, reactions with 
carbon monoxide and dihydrogen, 25-28 

Rhodium hydroformylation 
l-butene 

phosphite ester ligands, 414-415* 
triethylphosphine ligand, 413* 

ligand effects, 399-400 
mechanism, 400-403 
spectra, 271/ 

Rhodium hydroformylation catalysts 
alkyldiphenylphosphine-rhodium 

complexes, 398 
electron-donor properties, 398-399 
electronic effects on synthesis, structure, 

reactivity, and selectivity, 395-418 

Rhodium hydroformylation catalysts— 
Continued 

selectivity for linear aldehydes, 396-397 
stereochemical effects, 397-398 

Rhodium(I) phosphine intermediates 
flash photolysis studies, 106-109 
reaction dynamics, 107/ 

Rhodium(II) porphyrin, reactions with CO, 
253-258 

Rhodium(II) porphyrin derivatives, carbon 
monoxide activation, 249 

Ring construction, carbon-carbon bond 
formation, 463-478 

Ring-opening metathesis polymerization, 591, 
599-601 

Ring oxidation, 226 
Ring slippage, sapphire NMR tube, 40 
Rotational flexibility 

eLTTP complex, 358 
single-atom bridge in eLTTP, 361 

Ruthenium 
addition to rhodium catalyst, 323 
anionic clusters, 419-429 
catalyst combinations in synthesis gas 

chemistry, 28-29 
cycloisomerization followed by reductive 

desulfonylation, 475 
homogeneous catalysts, 72 
homologation of methanol to ethanol, 327 
hydrogénation catalysts, 60-64 
selectivity of triphenylphosphine 

complexes, 434 
Ruthenium-catalyzed reactions 

ethylene glycol and secondary amines, 437/ 
ethylene glycol with morpholine, effect of 

temperature on selectivity, 438* 
morpholine with ethylene glycol, effect of 

phosphines, 435* 
Ruthenium cluster anion, molecular structure, 

isolation, and characterization, 425-429 
Ruthenium complexes, catalysis and 

selectivity, 436* 
Ruthenium-containing species, reaction with 

dihydrogen, 24-28 

S 

Safety 
organic—Ο 2 oxidations, 95 
sapphire NMR tubes, 36 

Sapphire NMR tubes 
catalytic reactions under moderate 

pressure, 33-40 
development, 35-36 
intermolecular hydroacylation, 39 
operation, 36 
ring slippage, 40 
safety, 36 

Sarcosinate specialty surfactants, 238-239/ 
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INDEX 623 

Selective insertion, 1-alkynes to Rh-Si bond, 
294 

Selective inversion, exchange broadening of 
resonances, 37 

Selectivity 
attack at the methyl position, 226 
bimetallic hydroformylation, 361-362 
bridging ligands of dirhodium(II) nucleus, 

458 
C - H attack, 230 
C - H oxidative addition, 187 
catalyst systems, 203 
diphosphine ligand, 327, 328* 
fragment geometry, 116-117 
functionalized reactions, 222-223 
high-temperature reactions, 438 
hydrocarbonylation of ethanol, 312* 
hydrogénation and homologation products, 

311 
insertion into C - H bond close to carbenoid 

center, 450 
iridium and rhodium C - H oxidative 

addition, 212 
mixed-ligand systems, 438 
reaction products, 214 
reactions of diethylene glycol, 438-439 
reductive carbonylation products, 332 
rhodium cocatalyst, 240, 241/ 

Selectivity control, amination of ethylene 
glycol, 433-442 

Selectivity ratio, nature of phosphine ligand, 
434 

Sequential double carbonylation, proposed 
mechanism, 280f 

Shape selectivity 
olefin epoxidation, métallo picnic-basket 

porphyrins, 153-162 
oxygenation catalysts, 155 

Shunt pathway, oxygen-transfer agents, 155 
Signal enhancements, calculation, 58 
Silicon crystal, corrosive acidic conditions, 6 
Siloxyalkyl compounds, generation, 492 
Silsesquioxanes 

characterization of methoxy derivative, 
559-560 

structure and properties, 553-556, 558 
Silyl ester derivative, 535, 536/ 
Silylformylation 

active catalyst species, 291-293 
1-alkyne, 289-294 
catalytic cycles, 293 
description, 289 
mechanism, 291, 295/ 
mixed-metal version, 290 

Sodium formate, water-gas shift reaction, 
340-345 

Sodium tetraphenylborate reactions, typical 
procedure, 532 

Solid-state inorganic metal oxide formation, 
monitoring techniques, 7 

Solvent polarity, chemical shifts, 581 
Spacer groups, metal centers, 360 
Spectroscopic data, correlation with catalytic 

performance, 29 
Spectroscopic studies 

electroreduced rhodium complexes, 
268-272 

Pt(DIOP)Cl2 electroreduced solution, 
265-266 

Spin density, hyperfine coupling constant, 
252-253 

Spirocyclization of alkyl isocyanates in 
tetrahydrofuran, 420/ 

Stabilizing electronic effect, Me 3Si group, 578 
Stereochemical effects, rhodium 

hydroformylation catalysts, 397-398 
Stereochemical relay, macrolide product 

synthesis, 472-473 
Stereocomplementary behavior, 

hydroborations, 174 
Stereocontrol, catalyzed and uncatalyzed 

hydroborations, 163-177 
Stereoselectivity 

asymmetric hydrogénation, 123-142 
cuprate additions, 176 
hydrogénation, binap-Ru catalysts, 134 
orientations of adjacent chiral center, 169, 

171/ 
palladium-catalyzed allyl acetate reactions, 

530 
preferential orientation in hydroborations, 

172/ 
reactive conformer, 171 
silylformylation and hydrosilylation, 

290-291 
Stereospecificity, ds-2-propeny 1-1,3-

dioxolanone reaction, 539 
Steric destabilization, caused by phosphines, 

437 
Steric effects 

catalyzed hydroborations, 171 
rhodium hydroformylation catalysts, 

395-396 
Steric hindrance, structure identification, 

576-577 
Stirring, importance in cell design, 23 
Stretching frequencies, carbonyl, 27-28 
Styrene hydrocyanation, 481—182 
Styrene hydroformylation, 263* 
Substrate(s), relative reactivities, 207-208 
Substrate specificity, enzyme, 153 
Supported catalysts, yields, 483-484 
Surface vinyl, metal surfaces, 567 
Syn selectivities, hydroborations, 175 
Syngas, See Synthesis gas 
Synthesis gas 

amidocarbonylation, 235-247 
composite homogeneous catalysts, 28 
extreme reaction conditions, 28-29 
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624 H O M O G E N E O U S TRANSITION M E T A L C A T A L Y Z E D REACTIONS 

Synthesis gas—Continued 
reactions with a catalyst, 30/ 
synthesis of fuel alcohols, 324 
transformations with metal oxide catalysts, 

339 
Synthetic catalysts, asymmetric 

hydrogénation, 124 

Τ 
Temperature, effect on catalyzed yields, 484 
Temperature dependence, carbonylation, 381 
Template, polyphosphine ligand, 351 
Terminal acetylenes, couplings, 470-472 
Terminal alkenes, isomerization, 190 
Tetracarbonylalkylcobalts 

experimental details, 298-301 
intermediate complex formation, 298 
preparation from tetracarbonylhydridocobalt 

and dimethyl fumarate or aldehydes, 
297-306 

Tetracarbonylcobalt anion 
disproportionation, 508-509 
generation, 508 
reduction of methanol, 507-513 

Tetrahydrofuran 
competitive trapping, 112 
rate-limiting dissociation, 110 

Tetraphenylborate chemistry 
nickel chemistry as model, 537 
organotin coupling reactions, 537 
reaction speed, 538-539 
solvent, effect on reaction speed, 539 
stereospecificity, 539 
synthesis of allylpalladium complexes, 

537-538 
transmetallation step, 539 

Tetravinylsilane, Fischer-Tropsch products, 
571-572 

Thermal decomposition, 
carbonyl(methoxycarbonyl)cobalts, 510 

Tin anode, generation of Pt-Sn couple, 263 
Titanium 

catalyst for silsesquioxanes, 559-562 
chemical shift, 587 
σ-bond metathesis, 559 
Ziegler polymerization catalysts, 575-590 

Titanium-alloy valve 
hydrogen embrittlement, 39 
sapphire NMR tube, 35 

Titanium-chlorine bond 
polarization, 588 
stretching and rupture, 588, 589 

Titanium oxide, catalytic activity, 317-319 
Titanocene dichloride-methylaluminum 

dichloride system, interconversions, 
585-587 

Titanocene halides, active sites in soluble 
Ziegler polymerization catalysts, 575-590 

Titanocenium ion, active catalyst center, 577 
Titanocenium ion pair, generation, 589 
Toluene 

aperiodic temporal oscillations, 103 
Ο 2 oxidation, 103 

p-Toluenesulfonic acid, oxidation, 223-226 
Transfer hydrogénation 

f-butylethylene with alkanes, 183 
chelate phosphines, 146 
formic acid, 145 

Transient yields, photolysis, 116 
Transition metal(s), catalysts for deoxygenation 

of phenols by CO, 520-521 
Transition metal catalysts, cyclizations, 

463478 
Transition metal clusters, new generation of 

catalysts, 419 
Transition metal complexes 

catalysis of carbonylations, 277-296 
enantioselective catalysis, 143-152 

Transmetallation, palladium(O) species, 534 
Transmission cells, monitoring of 

homogeneous metal-catalyzed reactions, 
4-5 

Trapping radicals, Hg* attack, 208 
Trialkylphosphine ligands, value in high-

temperature rhodium hydroformylation, 
417 

Tricarbonylhydridocobalt 
formation, 77 
hydroformylation process, 75-93 
molecular conformation, 77-78 

Trichlorostannate, platinum hydride activity as 
hydroformylation catalyst, 367 

Tricyclic nucleus, transannular cyclization, 475 
Triethylphosphine ligand concentration, 

rhodium hydroformylation rate and 
selectivity, 410-412 

Triethylphosphine—rhodium catalyst system 
comparison with triphenylphosphine 

system, 412-414 
hydroformylation of l-butene, 410 

Trimethylphosphine complex 
activation of hydrocarbon C - H bonds, 

107-108 
dehydrogenation of organic substrates, 107 

Trimethylphosphine intermediates, lifetimes, 
109 

Trimethylsilylmethyl ligands, 598 
Trimethylsilylmethyltitanocene chloride 

bond angles and distances, 582/ 
interaction with aluminum chlorides, 

584-385 
solvent dependence of chemical shifts, 583* 
space-filling molecular model, 583/ 
structure, 580-583 

Trinuclear ruthenium cluster anions 
catalysts, 420 
chemo- and regioselectivity, 421* 
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INDEX 625 

Triphenylphosphine 
Ή NMR spectra, 423/ 
trinuclear ruthenium cluster anions, 

reaction system, 424/ 

U 
Unstable molecules, identification and 

characterization, 24-28 

V 
van der Waals energy map, SYBYL 

molecular-modeling program, 359/ 
Vapor-phase selectivity, mercury 

photosensitization, 199-200 
Vapor-pressure biasing, skewed product mix, 

202 
Vapor-selectivity effect, photochemical setup, 

199-200 
Vibrational spectroscopy, homogeneously 

catalyzed reactions, 20 
Vinyl 

complexes from iron acetyl compounds, 
493-494 

Fischer-Tropsch products, 571-572 
metal surfaces, 567 

W 
Water-gas shift 

activation barrier for catalysis, 339 
catalysis, 337-348 
cation reactivity, 340 
equilibrium, 339 
intermediate substances, 346 
involvement of proton source, 344-345 
iodocarbonyl complexes of rhodium, 384 

Water-gas shift—Continued 
iron oxide, 340 
kinetic order in sodium formate, 342/ 
metal centers, 347 
pentacarbonyliron, 340 

Wavelength of irradiation 
cyclohexane, 189 
methyl selectivity of alkanes, 189 
regioselectivity, 187 

Weitekamp proposal, parahydrogen-induced 
polarization, 50 

White line, d-electron vacancies in platinum 
colloids, 544-545 

Wilkinson's compound, hydrosilation of 
organoiron acetyl complexes, 491 

Window materials, high-pressure IR cells, 22 

X 
Xenon, inert solvent, 217 
p-Xylene 

electrochemical oscillations, 103 
Ο 2 oxidation, 103 

Ζ 
Zeolite(s), catalysts in the petroleum industry, 

154 
Zeolite formation, monitoring techniques, 7 
Zeolice synthesis, corrosive acidic conditions, 

6 
Ziegler-Natta catalysis, molecular basis, 

575-576 
Ziegler polymerization catalysts, active sites, 

575-590 
Ziegler polymerization of ethylene, 

titanocenium cations, 589 
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