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Direct Carboxylation Reaction of Methane with
CO by a Yb(OAc)z/Mn(OAc)>/NaCIO/H,0
Catalytic System under Very Mild Conditions
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A new method of synthesis of acetic acid in water
has been developed from the carboxylation of
methane with carbon monoxide using lanthanide
catalysts. Ytterbium(lll) acetate has been found
to be the most active catalyst among the
compounds of the lanthanide series in the
carboxylation reaction of methane with carbon
monoxide. Sodium hypochlorite or hydrogen
peroxide was used as the oxidant in this reaction.
Sodium hypochlorite exhibited more favorable
activity than hydrogen peroxide in the reaction.
The catalytic activity was improved by the
addition of transition-metal salts such as man-

ganese(ll) acetate. The best result has been

found at a ratio of manganese(ll) acetate to
ytterbium(lll) acetate of 1:10. The optimum
reaction conditions (reaction temperature,
40°C; time, 20h; methane, 20 atm; carbon
monoxide, 5 atm) have been obtained? 1998
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INTRODUCTION

hydrocarbons is one of the most promising routes
for future organic synthesis because of the enor-
mous proven world reserves (1410"/m? as
CH,) of it as the major ingredient of natural gas,
which is now used mainly as a relatively inexpen-
sive and clean burning fuel. However, it is difficult
to achieve such a goal because methane has the
least reactivity of all hydrocarbons and control of
the product selectivity is difficult because of the
higher reactivity of the functionalized products
(methanol, formaldehyde etc.) compared with that
of methane, and because the thermodynamically
more favorable complete combustion of methane to
carbon oxides and water takes place. Therefore,
finely tuned reaction conditions to achieve high
conversion without total oxidation are required. At
present, however, there is no commercially avail-
able process satisfying these requirements. The
scientific challenges for developing the most
sophisticated methods that would convert methane
into more valuable solid or liquid chemicals and
fuels such as methanol, formaldehyde, ethylene,
acetylene, acetic acid etc. have greatly stimulated a
large volume of research over the last two decades.
This research includes gas-phase reactions (cataly-
tic or noncatalytic and usually at high temperatures
and pressure%,8 radiation chemistry and electro-
chemistry as well as catalytic reactions in solution
or on solid surfaces via C—H bond activatioh?
Among methods for the direct conversion of
methane as a building block for functionalization
products and procedures, solution-phase homo-
geneous metal-catalyzed functionalization of

The direct conversion of methane as a buildingmethane has been recognized as one of the most
block for functionalization products and higher efficient and useful approaches.

According to the mechanistic aspects, homo-
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four categories: (1) oxidative additidii*® (2)
electrophilic substitutiod®® (3) ¢-bond meta-
thesis®?® and (4) biomimetic and metal-oxide
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reaction?*~?®Electrophilic substitutionof methane
by palladium(ll) and cobalt(lll) catalyststo yield

methyltrifluoroacetaten trifluoroaceticacid(TFA)

hasbeenreported?®3° A high-yield conversionof

methane to methanol in sulfuric acid by a

mercury(ll) catalyst has also been reported™.

Among the valuableproductsof methaneconver-
sion, aceticacid is the mostimportantand useful
targetorganicmolecule;it is now producedhrough
this processinvolving many steps under severe
reactionconditions.

Acetic acid productionfrom methaneconversion
on an industrial scale currently involves three
separatesteps:(1) high-temperatursteam-reform-
ing of methaneover a nickel catalystto synthesis
gas; (2) high-temperatureeonversionof synthesis
gasover coppercatalystto methanol;(3) carboxy-
lation of methanolo aceticacidmainly throughthe
Monsantoprocess?

Onedisadvantagef this technologyis thelarge
energyrequiremenbf thefirst, highly endothermic,
step.The otherproblemis the numberof reaction
stagesrequired. Hence, the direct conversionof
methanewould be a more efficient route for the
productionof aceticacid. In 1992,we reportedthe
first directcatalyticconversiorof methaneo acetic
acid using potassiumperoxodisulfateg K,S,0g) as
oxidantin the presencef transition-metatatalysts
in TFA.23 It would bea greatachievemenif sucha
processwere made feasible by using water as
solvent and low-cost oxidant. The conversionof
methando aceticacidin waterusingoxygenasthe
oxidantin the presencef RhCk catalysthasbeen
alsoreportedin the low yield andselectivity343°

Therefore thereis an urgentneedto investigate
thenewcatalystsystemin orderto overcomeall the
problems. All of the catalytic conversion of
methango more usefulchemicalproductsinvolve
the d-block transition-metakatalysts althoughthe
long-neglectedanthanideelementgf-block transi-
tion metals)arealsoactivein hydrocarborconver-
sion3®37 Recently, lanthanide elements have
becomeof considerablemportancein manyareas
of moderntechnologydueto somespecialproper-
ties suchascatalysisand superconductivityandin
advanced materials for optical, electronic, and
excellent magnetic properties. Various organo-
lanthanidecomplexesexhibit remarkableactivity
towards the C—H bonds of methane®®“° the
polymerizationof olefing>=**and chemicalvapor
depositiont*—6

Moreover,a different type of organolanthanide
compoundscan be usedas efficient and selective
catalystsand, therefore they havebecomepower-
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ful tools in synthetic organic chemistry?’ A
pioneering example of methane conversion to
methanolis reportedusing europium catalystin
TFA, wherezinc dustandtitanium(ll) asreductant
and promoter, respectively,have been usedwith
Eu*® Recently,we found that lanthanidecatalysts
causethe direct conversionof methaneto acetic
acidin TFA with K,S,0g asoxidant?®

Here we describethe lanthanide-catalyzedar-
boxylation of methaneto aceticacid with carbon
monoxide (CO) in water, where sodium hypo-
chlorite(NaClO) has beenusedas oxidant. Ytter-
bium(lll) acetate [Yb(OAc)s] exhibits the best
catalyticactivity amongthe lanthanidecompounds
testedin water in the presenceof NaClO. The
addition of transition-metal salts promoted the
carboxylationreaction of methane.The catalytic
activity of ytterbiumwasincreasedemarkablyby
the addition of a small amountof manganese(ll)
acetatdMn(OAc),]. Thereactionproceedsataly-
tically, asshownin Eqn[1].

catalyst
NaClO/H;0, 40°C

CH,+CO CHsCOOH  [1]

EXPERIMENTAL

Chemicals

All reagentsvereof analyticalgradeandwereused
without further purification.MethaneandCO gases
werepurchasedrom SumitomoPureChemicalCo.

Lanthanide(lll) chloride, lanthanide(lll) acetate,
manganese(llacetate sodium hypochlorite solu-

tion and hydrogenperoxide (H-0,) solutionwere

obtainedcommercially. The de-ionizedwater has
beenpreparedn our laboratory.

Apparatus

Thereactionswerecarriedout in a 25-ml stainless
steel autoclave.The product mixtures were ana-
lyzed by a ShimadzuGC-3BF gaschromatograph
equippedwith aflameionizationdetector by using
a 2.1m x 3.0mmi.d. glasscolumn packedwith
Unisole 10T + H3PO, (5 + 0.5%) on 80/100-mesh
Uniport HP with injectiontemperaturel20°C.

Appl. OrganometalChem.12, 277-284(1998)
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Table 1. Effect of oxidantson the lanthanoid-atalyzedcarboxylationof methanein watef

Oxidant Yield of AcOH

Entry Catalyst NaClO (mmol) H,0, (mmol) (umol)° (%)° TON?
1 None 10 — Trace Trace 0
2 None — 10 0 0 —
3 YbCl, 10 — 4.8 0.05 0.10
4 EuCl 10 — 4.3 0.04 0.09
5 GdCk 10 — 8.0 0.08 0.16
6 NdCls 10 — 25.0 0.26 0.50
7 LuCls 10 — 3.3 0.03 0.07
8 Yb(OAC)s 10 — 75.0 0.80 1.50
9 YbCly — 10 15 0.02 0.03

10 EuClk — 10 0 0 0

11 GdCk — 10 0 0 0

12 NdCls — 10 0 0 0

13 LuClg — 10 0 0 0

& Conditions:25-ml autoclave,CH,4 (20atm), CO (10atm), catalyst(0.05mmol), NaClO (9 ml 8.5% solution+ 1 ml H,0), H,0,

(1 ml 35% solution+ 9 ml H,0), 80°C, 20h.
b Determinedby GC usingUnisole 10T-HsPO, (5 + 0.5%).
¢ Basedon methane.

4 Turnovernumber(TON) calculatedas product(mol)/catalyst(mol).

Procedure for carboxylation of
methane

A 25-ml stainlesssteelautoclavewaschargedwith
variouschemicalsin the following different ways:
(1) the lanthanide catalyst (0.05mmol), NaClO
(10mmol, 9mL 8.5% solution), and deionized
water(1 ml) wereintroducednto theautoclave(2)
the autoclavewaschargedwith lanthanidecatalyst
(0.05mmol), H,0, (10mmol, 1 ml 35% solution)
and 9 ml deionizedwater; (3) the autoclavewas
charged with lanthanide catalyst (0.05mmol),
transition1-1 metal catalysts(0.05mmol), NaClO
solution(20mmol, 9 ml, 8.5%solution),andwater
(Aml); (4) various amounts of Mn(OAc), and
Yb(OAc); (0.05mmol atom), NaCIO (10 mmol,
9ml 8.5% solution) and 1 mL water were intro-
ducedinto the autoclave;(5) various amountsof
Yb(OAc); and Mn(OAc), (0.005mmol), NaCIO
(20mmol, 9 ml 8.5%solution)and1 ml waterwere
introducedinto the autoclave A magneticstirring
bar was put in the autoclavein all cases.The
autoclavewas closed and flushedwith CO three
timesfor replacingthe air insidethe autoclavethen
pressurizing it carbon monoxide (10atm) and
methane(20atm). Then the autoclavewas closed
and heatedwith stirring at 80°C for 20h. For
determining the optimum temperature the reac-
tions were carried out at different temperatures
from roomtemperature¢o 120°C. The experiment
on the time courseof the reactionwas performed
from5to 130h. Optimumpressuresf methaneand
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CO were also determined by performing the
experimentsat variouspressuresin all casesafter
completing the reaction, the final mixture was
cooledonanice bathfor 15min, thentheautoclave
was openedand the acetic acid formed in the
reactionmixture wasanalyzedoy GC usingbutyric
acid asaninternal standard.

RESULTS AND DISCUSSION

In the courseof our studieson the activation of
methanewe foundthat methaneeactswith CO in
the presenceof lanthanidesaltsin TFA to yield
aceticacid*° Theproblemencounteredtthis stage
was that the yield of acetic acid was as low as
0.05%basedon methaneln orderto increasethe
yield and to make the reaction catalytic, we
investigatedhereactionof methanavith CO using
the lanthanidesalts togetherwith additives, and
found that the Yb(OACc)s/Mn(OAc),/NaCIO/H,O
systemgiveshigh yield of aceticacid.

First we investigatedthe lanthanide-catalyzed
carboxylationof methanen the presencef NaClO
or H,0, in waterin a 25-ml autoclave Theresults
aresummarizedn Tablel. It canbe seenfrom the
table that the NaClO alone promotesthe reaction
very slightly (entry 1) andthe H,O, alonedoesnot
work (entry 2). The reactionwas promotedin low
yield by lanthanide(lll)chloridein the presencef
NaClOin water.In the presencef 10 mmol H,0,,

Appl. OrganometalChem.12, 277-284(1998)
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Table 2. Effectof transition-metabaltsin the ytterbium(lil)-
catalyzedcarboxylationof methanen waterusingNaClOasan
oxidanf'

Entry  Catalyst TON®  Yield %°
1 None — Trace
2 Yh(OAC) — Trace
3 Mn(OAc), — Trace
4 Yb(OAc); 15 0.8
5 Mn(OAc), 0.4 0.2
6 Fe(OAc) 0.9 0.4
7 Ni(OAc)2 0.6 0.3
8 Yb(OACc)s/Mn(OACc), 5.0 25
9 Yb(OACc)s/Fe(OAc) 3.0 1.3

10 Yb(OAC)s/Cu(OAC) 2.6 1.0

11 Yb(OACc)s/Ni(OAC), 25 1.0

12 YB(OAC)/PVoM01¢040 2.6 1.1

13 Yb(OAC)y/Mn(OAC),® 2.0 1.0

14 Yh(OAC)/Mn(OAC), 1.9 1.0

15 Yb(OAc)s/Mn(OAC),? 5.2 2.6

& Conditions: 25-ml autoclave,CH, (20atm), CO (10atm),

Yb(OAc); (0.05mmol), transition-metal salt (0.05mmol),

NaClO (9 ml 8.5% solution+ 1 ml H,0), 80°C, 20h. Yield

of acetic acid was determinedby GLC (FID) using Unisole

10T-HsPO, (5 + 0.5%).

b Basedon Yb(OAC)s.

¢ Basedon methane.

4 Experimentwithout NaClO.

¢ ConcentrateddCl (10 mmol) addedto the reactionmixture.
15M ag. NH3 solution (10mmol) addedto the reaction

mixture.

9 2M ag. NaOH solution (10mmol) addedto the reaction

mixture.

only YbCl; is activefor thereaction(entry9). The

bestresultwasobtainedwith Yb(OAc); andNaCIlO

in water (entry 8). The strengthof the oxidizing

agent may be the cause of the reactivity of

Yb(OACc); in the presenceof NaClO but not in

thepresenc®f H,0O, in water.The NaClOsolution
is strongly basic and H,O, solution is almost
neutral.In the basicNaClO solution, Yb*" will be

reducedo Yb?" by COdueto thepresencef OH™,

a strong electron-donorlizqand. In fact, Yb®" is

reducedvigorously to Yb“" by Zn in tetrahydro-
furan (THF) (the electron-donorsolvent), which

causesthe cyclodimerizationof chalconeto give

cyclopentanolderivatives:° Theseresultssuggest
that the lower-valent Yb speciessuch as Yb?"

causethe reaction.

It is alsointerestingto comparethe results of
entries3 and 8; the yield of aceticacid is much
higher with Yb(OAc); (about 15-fold) than with
YbCl; underthe samereactionconditions. These
resultsshowthat the presenceof ligandswith the
ytterbiumis significantlyimportantin the carboxy-
lation reactionof methanelt may be saidthat the

© 1998JohnWiley & Sons,Ltd.

chloride ligand, which is a comparativelystrong
electron-withdrawingligand, prohibits the forma-

tion of a lower-valent active oxo radical of

ytterbium. As a resultthe abstractionof hydrogen
atoms from methaneto form a methyl radical
becomedlifficult in thecaseof chlorideligand.The

yield of aceticacidis thusvery low in the caseof

YbCls. The highestyield (0.8% basedon methane,
turnover number (TON)=1.5, entry 8) was
obtained by the Yb(OACc):/NaCIO/HO catalyst
system.

However, the yield of acetic acid is still low.
Then, we attempted to improve the catalytic
activity by adding the transition-metal salts as
additivesto reduceYb*" to Yb?". The resultsare
summarizedn Table 2. A traceamountof acetic
acid was formed only by the useof Yb(OAc); or
Mn(OACc),, in eachcasein the absenceof NaClO
(entries2 and 3, Table 2). Theyield of aceticacid
was increasedslightly by the addition of NaCIO
(entries4 and 5). The coexistenceof three metal
salts increasedthe yield remarkably, and the
additionof Mn(OAc), gavethebestresult(entry8).

Although the exact role of Mn(OAc), in the
Yb3+—catalyzedreactionis not clear, it could be
thoughtthatMn?" promoteshe reductionof Yb>"
to Yb?" in alkaline solution. In orderto studythis
point, we performed separateexperimentsusing
concentrated hydrochloric acid (HCI, 0.85ml,
10mmol), ammoniasolution (NH3, 15m, 0.7ml,
10mmol) or sodium hydroxide solution (NaOH,
2M, 5ml, 10mmol), respectively,as an additive
(entries13, 14 and 15, Table 2). The addition of
HCI (entry 13) gaveanegativeresultbecaus®f the
absence®f OH™ ion. The additionof ammoniaalso
gaveanegativeresult(entry14),butin this casethe
ammoniasolutionreactedvigorouslywith NaClO,
probablyto form NaOH and NH4CI. Furthermore,
the addition of NaOH (entry 15) to the reaction
mixture slightly increasedthe yield. From these
results,OH™ ligand, a strongly electron-donating
ligand, appearsto facilitate the reduction of the
Yb®" to Yb?" by Mn?". Fromthe datain Table2,
onecanseethat Yb(OAc)s/Mn(OAc),/NaClO/H,O
is the bestcatalystsystemfor methaneconversion
to aceticacid.

Since a combinationsystemof Yb(OAc); and
Mn(OAc), wasfoundto beanactivecatalystfor the
carboxylationreactionof methanewe investigated
various factors that affectedthe efficiency of the
reaction. First, the effect of the molar ratio of
Yb(OAc)s andMn(OAc), wascheckedTo find out
the optimum ratio of the metal salts, the experi-
mentswere carriedout in two different ways: (1)

Appl. OrganometalChem.12, 277-284(1998)
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Table 3. Effect of the ratiosof Yb/Mn on the carboxylationof methan@
Entry Yb(OACc)s (umol) Mn(OAc), (umol) Ratio Yb/Mn TONP Yield (%)°
1 50.0 — — 15 0.8
2 — 50 — 0.4 0.2
3 50.0 5 10.0 55 2.8
4 50.0 27 2.0 51 2.6
5 50.0 50 1.0 3.1 1.7
6 50.0 253 0.2 2.4 1.2
7 50.0 500 0.1 0.0 0.0
8 50.0 1002 0.05 0.0 0.0
9 0.5 5 0.1 69.1 0.5
10 2.5 5 0.5 23.6 0.6
11 4.7 5 0.9 28.2 14
12 24.9 5 5.0 6.9 1.8
13 50.3 5 10.1 55 2.9
14 183.0 5 36.6 2.3 4.3

& Conditions:25-mlautoclave CH, (20 atm),CO (10 atm),NaCIO(9 ml 8.5%solution+ 1 ml H,0), 80°C, 20h. Yield of aceticacid

is determinedoy GC usingUnisole 10T-HsPOy (5 + 0.5%).
b Basedon Yb(OAC)s.
¢ Basedon methane.

usingthe variousratiosof Mn(OAc), to Yb(OACc)s
and (2) using the various ratios of Yb(OAc)s to
Mn(OAc),; the resultsare listed in Table 3, from
which it can be seen that methane was best
carboxylated when the ratio of Yb(OAc)s to
Mn(OAc), was10:1(entry3). Theyieldsdecreased
steadilywith anincreasingproportionof Mn(OAc),
andfinally it becamezero (entries3-8).

Using 0.005mmol of Mn(OAc),, the yield of
acetic acid increasedsharply with an increaseof

¥}

4

Yield (%, based on methane)

T T
0 50 100 150

Temperature (°C)
Figure 1 Effect of temperatureon the yield of aceticacid.
Conditions: 25-ml autoclave, CH, (20atm), CO (10atm),

Yb(OAc); (0.05mmol), Mn(OAc), (0.005mmol), NaClO
(9 ml, 8.5%solution+ 1 ml H,O), 20h.

© 1998JohnWiley & Sons,Ltd.

Yb(OAC); (entries9-14). Thesestrangephenom-
enaraisethequestionof why andhowavery small
amount (0.005mmol) of Mn(OAc), activatesthe
Yb(OACc); in the carboxylationof methane.The
large amount of Mn®*" ‘may act as a radical
scavenger and the reaction becomes slower.
Furthermore the large amountof Mn®" ion may
causethe formation of manganesearbonylcom-
plexes>! resultingin a lack of CO in the reaction
systemlt shouldbenotedthatahigh TON (69.1)is
obtainedwhenthe Yb/Mn ratiois 1:10althoughthe
yield of aceticacidis low (0.5%) (entry 9).

The effect of temperatureon the carboxylation
reaction of methanewas investigatedfrom room
temperaturgo 120°C. Carefulexaminatiorof Fig.
1 revealsthat the yield of acetic acid increases
initially andreacheghe maximumvalue at 40°C
and then slowly decreasesvith temperatureOne
explanation for this trend would be that the
decompositionof acetic acid increasesor a side-
reaction may be increasingly promotedwith the
increasingtemperature At room temperaturethe
yield of aceticacid waslow, andthe color of the
final reaction mixture was pink, whereascom-
pletely colorlesssolutionsresultedwhenthe reac-
tions were performedabove40°C.

The time courseof the reactionof methaneis
shownin Fig. 2; it may be seenthat the yield of
aceticacid increasegapidly up to 20h, andthen
increasesslowly to attain the maximum value at
60h.

Theyield of aceticacid wasalsoaffectedby the
pressureof methaneand CO. Figure 3 showsthat

Appl. OrganometalChem.12, 277-284(1998)
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Yield (%, based on methane)
N
|

0 T T T T T T T
0 20 40 60 80 100 120 140

Time (h)

Figure 2 Effect of time on the yield of acetic acid.
Conditions: 25-ml autoclave, CH; (20atm), CO (10atm),
Yb(OAc); (0.05mmol), Mn(OAc), (0.005mmol), NaClO
(9 ml, 8.5%solution+ 1 ml H,O), 40°C.

the yield of acetic acid increasesrapidly up to
10atm and then slowly increasesuntil there is
20atm of methanepressureNo furtherincreasdn
acetic acid was observedabove 20atm methane
pressure.

In Fig. 4 the effectof CO pressurés shown.The
yield of aceticacid reachegdhe maximumvalue at
5atm and decreaseslowly with increasingCO
pressureThis maybeexplainedasfollows. At high
pressure, CO reacts with Mn®" ion to form
manganesearbonylcomplexes! As a result, the

Yield (%, based on methane)
1\
1

Y T T T T T
0 10 20 30 40 50 60

Pressure of methane (atm)

Figure 3 Effect of pressuref methaneon theyield of acetic
acid. Conditions: 25-ml autoclave,CO (10atm), Yb(OAc)s
(0.05mmol), Mn(OAc), (0.005mmol), NaCIO (9ml, 8.5%
solution+ 1 ml H;0), 40°, 20h.

© 1998JohnWiley & Sons,Ltd.
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Figure 4 Effect of pressue of CO ontheyield of aceticacid.
Conditions: 25-ml autoclave, methane (20atm), Yb(OAc);
(0.05mmol), Mn(OAc), (0.005mmol), NaCIO (9ml, 8.5%
solution+ 1 ml H,0), 40°C, 20h.

catalyst system loses the Mn®* ion and hence
catalytic activity decreaseswith increasing CO
pressure.

The possible mechanismof this Yb(OACc)s/
Mn(OAc),/NaCIO/H,O-catalyzed carboxylation
reactionof methaneis shownin Schemel. First
Yb*" isreducedby Mn?" to Yb?" (stepl), whichis
oxidized by NaClO to form an oxo Yb radical
(Yb*"-0-) and NaCl (step 2). The oxo radical
abstracts hydrogenatomfrom methaneo form a
methyl radical which reactswith CO to yield an
acetylradical (steps3 and4). The acetgl radicalis
thenconvertedo anacetylcationby Mn*" (step5).
The acetyl cation reactswith OH™ to give acetic
acid (step6). The formation of NaCl arising from
step2 wasactually observedn this reaction.

CONCLUSION

The Yb(OACc)s/Mn(OAc),/NaCIO/H,O catalytic
systemhasbeenfound to causethe carboxylation
reaction of methanewith CO under very mild
conditions such as 40°C for 20h with 20atm
methaneand 5atm CO pressure.The roles of
Mn(OAc), and NaClO would be reduction and
oxidationof Yb ion, respectively A 2.8%yield of
acetic acid basedon methane(TON =5.54) was
attainedby this method.Sincethereactionemploys
cheapwateras solventandmild conditions,it has
the potentialto be industrializedin the future.

Appl. OrganometalChem.12, 277-284(1998)
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CH3'
HO-Yb* = Yb** + OH
3
1
CH;-H
Yb2+
3
«0-Yb** 2
NaClO

NaCl

CH,CO»
} CH;COOH
Mn3+
5 6
2+
Mn CH,CO*
OH'

Schemel Possiblemechanisnof the ytterbium-catalyzeatarboxylationof methaneo aceticacid.

Acknowledgment This research was supported part by
Grants-in-Aid (No. 09355031 and 08651013)for Scientific
Researctrom the Ministry of Education,Sportsand Culture.
YT gratefully acknowledgedMitsubishi PetrochemCo. Ltd.,
andArai Scienceand TechnologyFoundationfor grants.

REFERENCES

1. R. H. CrabtreeChem.Rev.95, 987 (1995).
2. P.S. Yarlagaddal. A. Morton, N. R. Hunterand H. D.
Gesser]nd. Eng. Chem.Res.27, 252 (1988).
3. R.Lgdeng,0. A. Lindvag, P.SgrakerP.T. RoterudandO.
T. Onsager)nd. Eng. Chem.Res.34, 1044(1995).
4. A. S.ChellappaandD. S.Viswanath,Ind. Eng.Chem.Res.
34, 1933(1995).
5. P.S. Casey,T. McAllister andK. Foger,Ind. Eng. Chem.
Res.33, 1120(1994).
6. K. Omata,N. FukuokaandK. Fujimoto, Ind. Eng. Chem.
Res.33, 784 (1994).
7.V. S.Arutyunov,V. Y. BasevichandV. |. Vedeneev|nd.
Eng.Chem.Res.34, 4238(1995).
8. A. S. Chellappa,S. Fuangfooand D. S. Viswanath,Ind.
Eng.Chem.Res.36, 1401(1997).
9. J.-W. ChunandR. G. Anthony, Ind. Eng. Chem.Res.32,
259(1993).
10. R. H. CrabtreeChem.Rev.85, 245 (1985).
11.R. G. Bergman,Science223 902 (1984).
12. T. Sakakura,T. Hayashiand M. Tanaka,Chem.Lett. 859
(1987).
13. W. D. JonesandF. J. Feher Acc.ChemRes.22, 91 (1989).

© 1998JohnWiley & Sons,Ltd.

14.J.K. Hoyano A. D. McMasterandW. A. G. Graham,J. Am.
Chem.Soc.105, 7190(1983).

15. M. HackettandG. M. WhitesidesJ. Am.Chem.Soc.110,
1449(1988).

16.J.L. GernettandR. J. HodgesJ. Am.Chem.Soc.89, 4546
(1967).

17.G. A. Luinstra,J. A. Labingerand J. E. Bercaw,J. Am.
Chem.Soc.115 3004 (1993).

18. A. SenandM. Lin, J. Chem.Soc.,Chem.Comnun. 508,
(1992).

19. C. M. FendrickandT. J.Marks,J. Am.Chem.Soc.108 425
(1986).

20. M. E. ThompsonS. M. Baxter,A. R. Bulls, B. J.Burger,M.
C. Nolan, B. D. SantarsieroW. P. Schaeferand J. E.
Bercaw,J. Am.Chem.Soc.109, 203 (1987).

21.D. H. R.Barton,S.D. Béviére, W. ChavasiriE. CsuhaiD.
DollerandW.-G. Liu, J. Am.Chem.Soc.114, 2147(1992).

22.N. Kitajima, M. Ito, H. Fukui andY. Moro-oka,J. Chem.
Soc.,Chem.Comnun. 102 (1991).

23. S.-I. Murahashi,Y. OdaandT. Naota,J. Am. Chem.Soc.
114, 7913(1992).

24. H. Ohtake,T. Higuchi and M. Hirobe, J. Am. Chem.Soc.
114, 10660(1992).

25.T.-C. Lau andC.-K. Mak, J. Chem.Soc.,Chem.Commun.
766 (1993).

26. |. YamanakaandK. Otsuka,J. Mol. Catal. 83, L15 (1993).

27. K. NomuraandS. Uemura,J. Chem.Soc.,Chem.Commun.
129 (1994).

28.D. Sattariand C. L. Hill, J. Am. Chem.Soc. 115 4649
(1993).

29. L.-C.Kao,A. C.HutsonandA. Sen,J. Am.Chem.Soc.113
700(1991).

Appl. OrganometalChem.12, 277-284(1998)



284

M. ASADULLAH ETAL.

30. M. N. Vargaftik, I. P. Stolarovandl. |. Moiseev,J. Chem,

Soc.,Chem.Commun1049(1990).

31.R. A. PerianaD. J. Taube,E. R. Evitt, D. G. Léffler, P.R.
Wentrcek, G. Voss and T. Masuda, Science259 340

(1993).
32.D. Forster,Adv. OrganometalChem.17, 255(1979).

33.T. Nishiguchi, K. Nakata, K. Takaki and Y. Fujiwara,

Chem.Lett. 1141(1992).

34.M. Lin andA. Sen,J. Chem.Soc.,Chem.Commun.892

(1992).
35. M. Lin andA. Sen,Nature(Londm) 368 613 (1994).

36.P. L. Watsonand G. W. Parshall, Acc. Chem.Res.18, 51

(1985).

37. H. H. Cornehl,C. HeinemannD. SchraerandH. Schwarz,

Orgarometallics14, 992 (1995).

38. K. Otsuka,Y. ShimizuandT. Komatsu,Chem.Lett. 1835

(1987).

39.A. T. Ashcroft, A. K. CheethamJ. S. Foord, M. L. H.
GreenC.P.Grey,A. J.Murrell andP.D. F. Vernon,Nature

(Londan) 344, 319 (1990).

40. M. J.Capitan, P. Malet, M. A. CentenoA. Mufioz-Paz,|.
Carrizosaand J. A. Odriozola,J. Phys. Chem.97, 9233

(1993).

41.G. Jeske,H. Lauke, H. Mauermann,P. N. SwepstonH.

© 1998JohnWiley & Sons,Ltd.

42.

43.

44,

45,

46.

47

49.

50.

51.

SchumanmandT. J. Marks, J. Am. Chem.Soc.107, 8091
(1985).

G. Jeskel.. E. Schock,P.N. Swepson, H. Schumanrand
T. J.Marks,J. Am.Chem.Soc.107, 8103(1985).

G. JeskeH. Lauke,H. MauermannH. SchumanrandT. J.
Marks,J. Am.Chem.Soc.107, 8111(1985).

W. A. Herrmann,R. Anwanderand M. Denk, Chem.Ber.
125 2399(1992).

D. M. Barnhart,D. L. Clark, J. C. Huffman,R. L. Vincent
andJ. G. Watkin, Inorg. Chem.32, 4077(1993).

D. C. Bradley, H. Chudzynska,M. B. Hursthouse,M.
Motevalli andR. Wu, Polyhedronl3, 1 (1994).

.G. A. Molander,Chem.Rev.92, 29 (1992).
. 1. Yamanaka M. Somaand K. Otsuka,Chem.Lett. 565

(1996).

M. Asadullah,Y. Taniguchi,T. KitamuraandY. Fujiwara
SekiyuGakkaishi(J. JapanPetroleuminstitute),in press.
K. Takaki, K. NagaseF. BeppuandY. Fujiwara, Chem.
Lett. 1665(1991).

C. M. Lukehart, Fundamentatransition metal organome-
tallic chemistry.In: OrganometallicCompounds;Transi-
tion Metal CompoundsNeedham M. (ed), Brooks/Cole,
Monterey,CA, 1985,p. 22.

Appl. OrganometalChem.12, 277-284(1998)



