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Manganese clusters, Mn3--401--2LxLy (L, = RC02-; L, = pyridine or 2,2’-bipyridine), are novel catalysts that can 
convert C-H bonds to C-OH bonds in CzI C3, and cyclo-C6 hydrocarbons in the presence of t-butyl hydroperoxide as 
the m o no-oxyg en t ra nsf e r reagent . 

The C-H bond activation of alkanes with homogeneous 
catalysts that mimic the active site of mono-oxygenase 
enzymes is currently an extremely important and intense area 
of research. While considerable effort has been focused on 
mimics of cytochrome P450,la--k which has a metalleporphy- 
rin centre as the active site, few examples have been reported 
on non-porphyrin complexes.2a-f The interest in non-porphy- 
rin complexes as C-H activation catalysts coincides with the 
recent reports on methane mono-oxygenase enzymes ,3a- 
which have tentatively been assigned, via EXAFS analysis, as 
having a p-0x0 di-iron non-porphyrin active site . 4 a J ~  

The metallo-non-porphyrin C-H activation catalysts that 
have been reported are predominantly mononuclear metal 
complexes,2a-d while two studies were directed towards metal 
clusters containing iron.2f7g We report that a series of 
manganese clusters, (1)-(4), originally synthesized as models 
for the photosynthetic water oxidation enzyme site in green 
plants,sa--d are novel C-H activation catalysts for the hydroxy- 

lation of C2, C3, and cyclo-c6 hydrocarbons in the presence of 
a mono-oxygen transfer reagent. To  our knowledge, this is the 
first reported attempt to evaluate the C-H bond reactivity of 
small hydrocarbons using non-porphyrin metal clusters as 
catalysts. 

Table 1 provides the results with manganese clusters 
(1)-(4) as catalysts, which we evaluated with C2, C3, and 
cyclo-c6 hydrocarbons in the presence of t-butyl hydroper- 
oxide (TBHP) using MeCN as the solvent. We observed with 
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Table 1.  Comparison of the C-H bond reactivity of Cz, C3, and 
cyclo-C, hydrocarbons with Mnl.O,p,L,Ly catalysts (1)-(4) using 
t-butyl hydroperoxide as the mono-oxygen transfer reagent .a 

Hydrocarbon Catalyst Products (YO)” Turnover no.c 
Ethane (1) Ethanol (1) 2 

(2) Ethanol (<1) <1 
(3) Ethanol (1) 2 
(4) Ethanol (<1) 1 

Propane (1) Propan-2-01 (2)d 3 
(2) Propan-2-01 (<1) <1 
(3) Propan-2-01 ( 5 )  9 
(4) Propan-2-01 (3) 5 

Cyclohexane (1) Cyclohexanol(60) 121 
Cyclohexanone( 36) 

Cyclohexanone (33) 

Cyclohexanone (39) 

Cyclohexanone (42) 

(2) Cyclohexanol(50) 114 

(3) Cyclohexanol(41) 126 

(4) Cyclohexanol(44) 127 

a Reactions of ethane and propane were carried out in a Parr Kinetic 
Apparatus at partial pressures of 250 and 90 psi, respectively, at room 
temperature for 1-3 h in acetonitrile. The ratio of t-butyl hydroper- 
oxide (TBHP) to catalyst was 150 : 1, while the catalyst concentration 
was 0.0025 M .  The cyclohexane reactions were run in Schlenk flasks at 
room temperature for 1-3 h with a substrate : oxidant: catalyst ratio 
of 1100 : 150 : 1 and a catalyst concentration of 0.001 M in acetonitrile. 
TBHP was added as a benzene solution. The analysis and 
quantitation was accomplished via capillary column g.c. and g.c.-m.s. 
analysis. Yields of alcohol and ketone were based on TBHP consumed 
(iodometric titration). The ketone yields are molar yields multiplied 
by 2, since two equivalents of TBHP are required to make one 
equivalent of ketone. c Based on the mmol of oxidizing equivalents/ 
mmoles catalyst. Trace amounts of propan-1-01 (<<lYo) were also 
formed (g.c.). Trace amounts of acetone were also found; however, a 
control experiment verified its formation from the Mn cluster- 
catalysed decomposition of TBHP. Additionally, small amounts of 
propan-2-01 can also be oxidized to acetone under the reaction 
conditions. 

catalysts (1) and (2) that TBHP is consumed after 2 h, while 
with catalysts (3) and (4), TBHP is consumed at a much faster 
rate (0.5 h). We found, not surprisingly, that the order of 
substrate reactivity is cyclohexane > propane > ethane, while 
methane (not reported in Table 1) did not provide any 
methanol.? This order reflects the differences in the C-H 
bond dissociation energies of cyclohexane (94 kcal mol-1; cal 
= 4.184 J), propane (96), ethane (98), and methane (104). 

It is interesting to note that catalysts (1)-(4) provided 
similar turnover numbers with cyclohexane. In contrast, 
catalysts (3) and (4), the tetranuclear Mn clusters, are more 
active with propane than the corresponding trinuclear clus- 
ters, (1) and (2). Also, catalysts (1) and (3), the neutral 
complexes, are slightly more active with ethane than their 
cationic analogues, (2) and (4). Although we do not com- 
pletely understand these results yet, it is possible that the 
lower oxidation states of the Mn atoms in the neutral cluster 
complexes assists the formation of the putative ‘0x0’ man- 
ganese intermediate, via possible internal electron transfer. 

t Although methanol was detected in all the reactions studied, control 
experiments clearly showed that, in the absence of substrate, the 
catalysts (1)-(4) decompose very small amounts of TBHP to acetone 
and methanol. 

Other important factors such as solvent, catalyst lifetime, 
and mono-oxygen transfer reagent have been found to have a 
profound effect on the mono-oxygen transfer reaction. For 
instance, if we substituted CH2C12 for MeCN as the solvent, 
we found lower turnover numbers for the three hydrocarbons: 
e . g . ,  in CH2CI2, the turnover numbers for cyclohexane are ca. 
20-50 with catalysts (1)-(4). Also, small amounts of 
chlorocyclohexane were obtained indicating that a radical 
process is involved in the reaction. Attempts to inhibit the 
formation of cyclohexanol and cyclohexanone with a free 
radical trap, 2,6-di-t-butyl-4-methylphenol (10 equiv.), were 
not successful. This result strongly implies that free alkoxyl or 
peroxyl radicals are not involved in these mono-oxygen 
transfer reactions. $ In addition, catalyst lifetimes are dramat- 
ically prolonged in MeCN compared with CH2C12. For 
example, catalyst (4) has a lifetime of ca. 20 min in CH2C12 in 
the presence of cyclohexane and 85 equiv. of TBHP, while in 
MeCN (4) is still active after 750 equiv. of TBHP (ca. 600 
turnovers) have been added portionwise (150 equiv. every 
hour) with no apparent sign of catalyst decomposition. 
However, we noticed that with repeated additions of TBHP 
the ratio of cyclohexanol/cyclohexanone decreased. Thus, for 
all the hydrocarbons studied in MeCN, initial turnover 
numbers of substrate to product can be repeated with 
continual TBHP addition. We also found that if we substituted 
the insoluble iodosylbenzene for TBHP, as the mono-oxygen 
transfer reagent, yields of product and turnover numbers were 
markedly reduced. 

Another important factor for small hydrocarbon activation 
(C,-C,) might be shape selectivity of the catalyst. It appears 
from the crystal structures of (1) and (4)54 that it may be 
possible that either changes in ligand environment or higher 
nuclearity Mn clusters (>4) could provide the shape selectivity 
to trap methane and provide the kinetic advantage for C-H 
activation in order to overcome the high C-H bond dissocia- 
tion energy (CH4 ca. 104 kcal mol-1). While the Mn4O2 
clusters appear slightly more reactive than the Mn30 clusters, 
we could not test the available Mn20  complexes as C-H 
activation catalysts owing to their relative insolubility. 
However, we have prepared Fe20  and Fe402 substituted 
complexes and found the latter to be a much more active 
oxidation catalyst with cyclohexane.6 The critical point might 
be that the higher the nuclearity of the cluster, the more active 
the catalyst in conversion of C-H bonds to C-OH bonds. 

We also attempted to ascertain the fate of (4) in the 
presence of TBHP and in the absence of substrate. We found 
at a TBHP/(4) ratio of 20 : 1 (MeCN) that (4) was recovered 
almost quantitatively (94%) and that TBHP was converted 
predominantly to t-butyl alcohol with evolution of oxygen gas. 
Catalysts (1)-(3) were also found to decompose TBHP in a 
similar manner. We are in the process of trying to identify the 
putative ‘0x0’-Mn intermediate from reaction of TBHP with 
(1)-(4) via low temperature isolation techniques.2dj 

Finally, the mechanism we propose for the C-H activation 
might involve formation of an intermediate Mn-OOBut 
complex followed by homolytic cleavage to provide an 
Mn-0.; complex and t-butyl alcohol.7 This Mn-0. complex 
could then homolytically remove hydrogen from carbon, 
followed by rapid O H  rebound to the carbon radical to give 
product (Scheme 1). 

$ Other evidence against hydroxyl, alkoxyl, or peroxyl radical 
involvement in these oxidation reactions, and in favour of an 
intermediate ‘0x0’ manganese species, is the fact that the manganese 
clusters (1)-(4) catalysed the mono-oxygen transfer from TBHP or 
iodosylbenzene to cyclohexene to provide cyclohexene epoxide. 
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H 
Mn402 + TBHP --+ Mn20MnOMn00But --+ MnzOMnOMn-0. + ButOH 

Mn20MnOMn-0- + R-H + [Mn20MnOMn-OH OR] --+ Mn402 + R-OH 

Scheme 1. Bridging carboxylate and terminal nitrogen ligands are omitted. 

We are in the process of evaluating various nuclearity Mn 
and Fe complexes for C-H activation of small hydrocarbons 
such as methane. 
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