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, which remains a sharp single peak in the Nujol mull spectrum. In-
wersion of the two isomers is observed by 1I*C NMR, an averaged 

The organometallic chemistry of the iron butterfly is proving 
wide and varied, and details of other cluster mediated organic 
syntheses will be reported in due course. 
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Homogeneous Carbon Monoxide Hydrogenation to 
Methanol Catalyzed by Soluble Ruthenium Complexes 

Sir: 

The field of homogeneous catalysis by transition metal 
complexes has received considerable impetus from the recog
nition of a need for a selective, efficient process for the con
version of synthesis gas, via carbon monoxide hydrogenation, 
to chemicals, supplementing the traditional petroleum based 
feedstock on which the chemical industry is based. Since high 
and often manipulable selectivity is the hallmark of a successful 
homogeneous catalyst, the search for soluble liquid phase 
counterparts to classical Fischer-Tropsch catalysts (hetero
geneous nonselective systems) has been joined by industrial 
and academic researchers throughout the world. 

As part of a program aimed at determining the utility of 
soluble transition metal complexes in CO hydrogenation ca
talysis, we have investigated the carbonyl clusters of ruthenium 
as potential catalysts. Ruthenium metal itself is a well-estab
lished heterogeneous Fischer-Tropsch catalyst,1 and, although 
this may seem to be adequate justification for selecting 
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. Catalytic hydrogenation of CO: 1300 atm of CO-H2 (60:40), 
10 mM Ru(acac)3inTHF. 

ruthenium clusters for this study, it also presented a potential 
complication. If metal deposition occurred owing to catalyst 
decomposition during the course of the catalyzed reaction, 
Fischer-Tropsch products would be formed, and might be 
erroneously ascribed to a homogeneously catalyzed process. 
This is a constant potential source of error in homogeneous 
catalysis, but one which we have satisfactorily removed in the 
present work. 

We have observed the hydrogenation of carbon monoxide 
at 1300 atm, 225-275 0 C, to methanol and methyl formate at 
convenient rates, in the presence of a number of ruthenium 
complexes in solution. H4Ru4(CO) 12,2 HaRu4(CO)I2

- ,3 

Ru3(CO)I2, and Ru6C(CO)i6
2~ 4 all exhibited similar activity, 

all were converted into a common species under reaction 
conditions, and Ru(CO)5 was the only ruthenium complex 
detectable in samples of the reaction mixture. Ru(acac)3 was 
the most convenient source of ruthenium and was the catalyst 
precursor of choice in subsequent experiments.5 

At 268 0 C, a THF solution initially 10 mm in Ru(acac)3 
catalyzed the formation of methanol and methyl formate from 
40:60 CO-H 2 at 1300 atm with an overall conversion rate (CO 
— CH3O-) of 8.5 X 10-3 mol of CO/g-atom of Ru per second 
(Figure 1). The selectivity of the conversion to Ci products 
(methanol + methyl formate) was >99% with a methanol/ 
formate ratio of 4.1, and the activity of the catalyst remained 
undiminished over a 3-h run. At no point during the reaction 
were other CO hydrogenation products detected, and the ab
sence of hydrocarbons in noteworthy (vide infra). The infrared 
spectra in the 2000-cirr1 region of samples taken during the 
run5 exhibited only absorptions due to Ru(CO)5 at 2035 and 
2001 c m - ' , and the stability of the catalyst solution was con
firmed by a constant value of the absorbance at 2001 cm - 1 

throughout the run. (A dilution effect due to product formation 
was within the limits of experimental error in the absorbance 
measurement.) 

Both reaction rate and selectivity to methanol were found 
to be sensitive to the composition of the feed gas; an increase 
in f c o results in a suppression of activity and an increase in 
formate yield. The addition of triphenylphosphine to the cat
alyst solution had a beneficial effect on methanol selectivity, 
and, by combining the effect of phosphine addition to that of 
a hydrogen-rich feed, a selectivity of >95% to methanol was 
achieved. 

Rate constants6 determined between 250 and 290 0 C pro
vided an estimated Arrhenius activation energy of 32 ± 3 
kcal/mol - 1 (Figure 2). This is rather lower than the value of 
41 kcal mol - 1 reported recently for the hydrogenation of CO 
to alcohols and formates using HCo(CO)4 as catalyst.8'9 

Within the limits of precision imposed by the experiment, 
a first-order dependence of hydrogenation rate on ruthenium 
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Figure 2. Arrhenius plot of Ci formation. 

concentration was found. Solutions (10 and 20 mM) of 
Ru(acac)3 in THF under 1300 atm of 40:60 CO-H2 catalyzed 
COhydrogenationwithratesof8.5X 10~3 and 1.05 X 10 -2 

s_l, at 268 and 270 0C, respectively. These data are consistent 
with the involvement of a mononuclear ruthenium complex in 
the rate-determining step, but further characterization of the 
active species must await a full kinetic study. 

Additional investigation of the system was necessitated by 
the claims contained in a recent patent application10 which 
came to our notice after the conclusion of the initial phase of 
our work, and which seemed to conflict with our observations. 
THF solutions of Ru3(CO)i2, purportedly acting as an intact 
trinuclear cluster, were reported to catalyze the synthesis of 
n-alkanes up to C30 from CO and H2 at 250-300 0C and 
150-200 atm. Ruthenium pentacarbonyl, present under re
action conditions, was apparently inactive for hydrocarbon 
synthesis. In an effort to determine whether the trinuclear 
cluster was indeed acting in this unexpected manner, a series 
of infrared experiments was performed on solutions of 
Ru3(CO)i2 under synthesis gas.1' 

Under relatively mild conditions (80 0C and 135 atm of 1:1 
CO-H2), an equilibrium was observable in a solution initially 
3.5 mM in Ru3(CO) ,2 in THF comprising approximately 
equal concentrations of Ru3(CO)12 and Ru(CO)5. However, 
under more forcing conditions (180 0C, 265 atm) only 
Ru(CO)S could be detected in solution. The rapidity of cluster 
breakdown was demonstrated by the observation that the in
frared spectrum of a sample taken within 15 s of adding 
Ru3(CO), 2 in THF to preheated THF at 180 0C and 265 atm 
showed no detectable amount of Ru3(CO)12 at a total ruthe
nium concentration of 10.5 mM. In a similar experiment at 175 
0C, Ru(CO)5 in THF (10.5 mM) was stirred under 265 atm 
of CO-H2 for 6 h. During this time the concentration of the 
pentacarbonyl remained constant, and no CO hydrogenation 
products were formed in the system. However, at 271 °C and 
265 atm, conditions comparable with those under which hy
drocarbon formation had been reported, the concentration of 
Ru(CO)S decreased over a 6-h period from 10.5 to 7.5 mM. 
Analysis of liquid samples taken during the run showed that 
CO hydrogenation had occurred to methanol and n-alkanes 
(up to-C2 5) .1 2 

At reduced pressures of 200 and 140 atm and 271 0C, 
Ru(CO)5 decomposition was enhanced as might be expected. 
No other carbonyl-containing species were detectable in so-
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Figure 3. CO hydrogenation at 200 atm, 271 0C. 

lution by infrared spectroscopy, and inspection of the autoclave 
revealed the presence of deposited metal. 

The catalysts involved in the methanol and alkane syntheses 
were identified by correlating the rates of methanol and water 
formation with the concentration of ruthenium in solution, 
measured as Ru(CO)5 by infrared. A plot of the time depen
dence of the concentrations of Ru(CO)5, methanol, and water 
obtained at 200 atm OfCO-H2 (40:60) and 271 0C, (Figure 
3) shows that methanol formation declines with decreasing 
Ru(CO)5 concentration, clearly implying that methanol syn
thesis is homogeneously catalyzed by a soluble ruthenium 
complex. In contrast to the homogeneous reaction, the rate of 
formation of hydrocarbon (measured indirectly as water) in
creases with decreasing Ru(CO)5 concentration, consistent 
with a heterogeneously catalyzed CO hydrogenation occurring 
on the surface of increasing amounts of deposited ruthenium 
metal. Analysis of the product mixtures obtained at both higher 
(265 atm) and lower (140 atm) pressures of synthesis gas re
veals the same correlation of methanol synthesis with soluble 
ruthenium and hydrocarbon synthesis with a degree of metal 
deposition.13 

On the basis of these results it seems that claims of homo
geneous catalysis of hydrocarbon formation by Ru3(CO) i2 in 
solution are probably erroneous. It is instructive to recall the 
homogeneous rhodium carbonyl catalyzed ethylene glycol 
synthesis proceeds with lack of hydrocarbon formation.14 

However, in the case of a heterogeneous rhodium-based cat
alyst (Rh/Fe/Si02) operating under conditions conducive to 
oxygenate synthesis,15 methane is a major product of CO hy
drogenation. Methanation activity is a property common to 
many transition metals, 16and, in the absence of evidence for 
an active species in the liquid phase, hydrocarbon formation 
in an ostensibly homogeneous CO hydrogenation system may 
reasonably be seen as diagnostic of metal deposition resulting 
from catalyst decomposition.19 

The potential of clusters in CO hydrogenation catalysis has 
attracted some attention,17 as has the hypothesis that the re
duction of CO to methanol or methane would be most readily 
achieved via cluster intermediates.18 Our observation of 
methanol synthesis catalyzed by an apparently mononuclear 
ruthenium species and the recent report of oxygenate synthesis 
catalyzed by a mononuclear cobalt complex8 demonstrate that 
mononuclear complexes have some utility in this area of ca
talysis. 
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Exciplex Isomerization of Dewar Benzenes. Factors 
Controlling Diabatic and Adiabatic Reaction Paths 

Table I. Photochemical and Photophysical Data for HMDB 
(HMB) Quenching and Isomerization" 

Sir: 

There are several photosensitized molecular rearrange
ments1 ~5 which may be referred to as exciplex isomerizations. 
These reactions appear to depend on electron transfer (not 
energy transfer) properties of sensitizer-quencher pairs and 
are most readily understood in terms of singlet exciplex for
mation followed by nonradiative decay to photoisomers. 

The most unusual of these isomerizations is the rearrange
ment of hexamethyl(Dewar benzene) (HMDB) to hexa-

sensitizer 

1,4-dicyanobenzene 
(DCB) 

1 -cyanonaphthalene 
(CN) 

9,10-dicyanoanthra-
cene (DCA) 

9-cyanoanthracene 
(CA) 

ytq(HMDB) 
X 10-9M-1 

s-1 

10.4 

3.2 

7.3 

0.13 

/fcq(HMB) 
X 10-9M-1 

s-' 

13.2 

4.4 

8.7 

2.6 

q̂TfJ, i/s, 
M-i »M~ l c 

84.0 85.6 

112 119 

" Cyclohexane solution, room temperature. b Stern-Volmer con
stants for quenching sensitizer fluorescence. c Intercept/slope ratios 
for plots of reciprocal HMDB isomerization quantum yield vs. 1/ 
[HMDB]. 

Table II. Singlet Sensitizer Properties, HMB Exciplex-Excitation 
Energies, and Preference for Adiabatic HMDB Rearrangement 

sensitizer 

CN 
DCB 
CA 
DCA 

Tf, nsa 

26 
13 
9 

15 

E /j*(n 
V* 

2.1 
2.7 
1.4 
2.1 

d), £no(exc), 
kcal/mol 

77 
73 
64 
57 

P 

20 ± 2 
32 ± 2 

50 ± 3 

" Fluorescence lifetimes in hydrocarbon solvents from the literature: 
M. Yoshida, H. Sakuragi,!. Tanaka, K. Tokumaru, and N. Morikawa, 
Bull. Chem. Soc. Jpn., 48, 2399 (1975); M. E. R. Marcondes, V. G. 
Toscano, and R. G. Weiss, J. Am. Chem. Soc, 97, 4485 (1975); E. 
Vander Donckt, M. R. Barthels, N. Antheunis, and M. Swinnen, MoI. 
Photochem., 8, 121 (1977); ref lb. * £i/2*(red) = £i/2(red) + sen
sitizer singlet energy; sensitizer ground-state reduction potentials (vs. 
SCE, CH3CN) are reported: E. A. Chandross and J. Ferguson, J. 
Chem. Phys., 47, 2557 (1967); D. R. Arnold and A. J. Maroulis, J. 
Am. Chem. Soc, 98, 5901 (1976). 

methylbenzene (HMB). Evans reported4 that the isomeriza
tion which results from quenching the fluorescence of aro-
matics by HMDB in polar solvents has a quantum efficiency 

R 

HMDB 
DHD 

HMB 
DTP 

R = CH3 

IV ™ CU2CH3 

well exceeding unity. A chain reaction involving radical ions 
was proposed. Taylor found,5 on the other hand, that the 
quenching of 1-cyanonaphthalene (CN) emission by HMDB 
in relatively nonpolar solvents resulted in a new emission 
identical with the fluorescence of HMB exciplexes. To our 
knowledge this important observation of sensitized decom
position of HMDB in nonpolar media is the only example of 
adiabatic exciplex isomerization (an exciplex —*• exciplex re
arrangement).6 We report herein a study of Dewar benzene 
excited complexes in which some of the features which control 
exciplex formation and the efficiency of diabatic and adiabatic 
isomerization have been identified. 

Fluorescence quenching efficiencies of HMDB and HMB 
toward four aromatic nitriles were measured in cyclohexane. 
Quenching rate constants (Table I) were computed from 
Stern-Volmer plots using literature data for sensitizer fluo-
rescencejifetimes (Table II). The parallel between quenching 
rate and redox properties (similar oxidation potentials for 
HMDB and HMB 4 and varied reduction potentials for the 
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