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A mixture of sodium vanadate and pyrazine-2-  formic acid) at temperatures below 1800 remains
carboxylic acid (pcaH) efficiently catalyses the a challenging task for homogeneous catalysis.
reaction of methane with molecular oxygen Recently, we have shown that a catalytic system
(from air) and hydrogen peroxide to give methyl composed of vanadate ([\P) and pyrazine-2-
hydroperoxide and, as consecutive products, carboxylic acid (pcaH) efficiently catalyses the
methanol and formaldehyde. The reaction takes oxidative functionalization of methane with air and
place under mild conditions (25-75C) either in hydrogen peroxide to give, as consecutive products,
aqueous or in acetonitrile solution. The com- mainly methanol and formaldehydé*°we have
plexes formed from the catalyst precursor and also demonstrated that the catalyst precursor and
the co-catalyst (under the reaction conditions) the co-catalyst react, under catalytic conditions, to
have been isolated and characterized as the give the anionic complexes [V{{pca)]™ (1) and
derivatives [VOy(pca)]~ (1) and [VO(O,) [VO(O,)(pca)y] ™ (3).3'In this paper we report the
(pca)] ™ (3). The implications of these species catalytic implications of these complexes in the
in the catalytic process are discussed. Copyright catalytic functionalization of methane and other
© 2000 John Wiley & Sons, Ltd. hydrocarbons.
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oxo complexes 2 RESULTS AND DISCUSSION

The oxidative functionalization of methane with air
and hydrogen peroxide is catalysed by a combina-
tion of metavanadate ([V§) ) with pyrazine-2-

carboxylic acid (pcaH). The primary oxidation
1 INTRODUCTION product is methyl hydroperoxide, which slowly

Methane, the major component of natural gas, idecomposes to give methanol and formaldehyde

one of the most important feedstocks for the
chemical industry, although it is the least reactive
organic compound? It is extremely inert, even in CHOH 4 HCHO
comparison with other aliphatic hydrocarbchS.

Almost all transformations of methane require high

temperatures above 50Q, and only in recent disproportionation
years have new methods of C—H activation been

reported for it 2°The partial oxidation of methane

into valuable oxygenates (methanol, formaldehyde, cu, . o, + HO;

CHZO0H + H,0
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(Schemel). After prolongedreaction,especiallyat
highertemperatureformic andaceticacid arealso
formed.Methyl hydroperoxideeactgquantitatively
with triphenylphosphinein acetonitrile to give
triphenylphosphineoxide and methanol, which
allows the GC detectionof CH;OO0H?2"° After
24h, the yield of CH;OOH had attained 24%
(basedon H,0.), the catalytic turnover number
being4802°

The incorporationof molecularoxygenfrom air
into the oxygenatedproducts has been demon-
stratedusingthe analogouseactionwith cyclohex-
ane(whichis liquid andallows a betterdosage)in
the absenceof air (N, atmosphere, CHsCN,
[NBug[VO3] 10 *M, pcaH 4 x 10 %™, 40°C,
2 h) no reactiontakesplace betweencyclohexane
andH,0,. However if thereactionvesseis opened
to air, thereactionstartsimmediatelywith thesame
rate as observedn the presenceof air. Moreover,
the cyclohexaneoxidation under an %0, atmo-
spheraunambiguouslyeadsto a high degreeof 120
incorporationinto the oxygenatedroducts?’

The catalytic reaction doesnot work with the
vanadatealone, but requiresa co-catalyst.Pyra-
zine-2-carboxylic acid is one of the best co-
catalysts pyrazine-2,3-dicarboxyli@cid and pico-
linic acid having a comparableactivity. These
compounds have in common a six-membered
aromaticcycle containingat leastonenitrogenring
atom and one carboxylato substituentin the o-
position with respectto the nitrogenatom3! The
highestcatalyticactivity is observedor a catalyst/
co-catalystatio of 1:4.2°

In orderto understandhe role of the co-catalyst
in the oxidative functionalization of alkanes
catalysedby vanadatewe studiedthe reactionof
variousco-catalystsvith [NBuy][VO 3] in acetoni-
trile solution. The reactionwith pcaH and anthra-
nilic acid (anaH) (Egns[1] and[2]) leadsto the
disubstitutedranadatelerivative§VO ,(pca)] ~ (1)
and[VOy,(ana)] ™ (2), which canbeisolatedasthe
tetrabutylammoniunsalts.

VO3]~ + 2pcaH—[VO;(pca),|” + H.0 [1]
(1)
[VO3]™ + 2anaH—[VO;(ana,]” + H,O (2]
(2)
The single-crystalX-ray structure analysesof
thesecompoundsshow both anionsto be pseudo-
octahedralwith the two oxo ligands in a cis-

position.Thereis, howeveranimportantdifference
in the coordinationof the two chelating ligands

Copyright© 2000JohnWiley & Sons,Ltd.

anion 2

Figure 1 Molecularstructuresof anionsl and2.

which might explain the different activities of the
two co-catalysts:whereasthe two pca ligands
(derived from the efficient co-catalystpcaH) are
coordinated through a nitrogen atom of the
aromatic cycle and an oxygen atom of the o-
carboxylatofunction (N,O-coordination),the two
ana ligands (derived from the less efficient co-
catalyst anaH) are coordinatedthrough the two
oxygen atomsof the carboxylatofunction (0,0
coordination)(Fig. 1).3*

As hydrogenperoxideis presentin the reaction
solutionof the oxidativemethandunctionalization
catalysedy [VO3 ]/pcaH, we studiedthe reaction
of complex1 with H,O, which givesrise to the
formation  of the  peroxo  derivative

[VO(O2)(pcay] ~ (3) (Eqn(3]).

[VO2(pca),]” + H202—

1)
[VO(Og)(pea),]” +H0 (3]
(3)

With thetetrabutylammoniuneation,the double
salt [NBuy][VO z(pcaé_l[vo o(pca)] crystallizes
from acetonitrile. The >V NMR spectrumof this
salt in CDsCN shows signals at 6 = —537ppm
(anion 1) and —558me (anion 3). They are
identical with the two >V NMR signalsobserved
in the reactionmixture of the oxidative functiona-
lization of cyclohexanewith air and hydrogen

Appl. Organometal Chem.14, 623-628(2000)
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peroxidecatalysedby [NBu,][VOs]/pcaH (1:4) in
CHsCN aftera catalyticrun.

In order to characterizethe peroxo complex
[VO(Oy)(pca)] ™ (3) unambiguouslyandto sepa-
rate it from anion 1, with which it tends to
crystallizeasthe tetrabutylammoniundoublesalt,
we decidedto synthesize in agueousolutionand
to crystallizeit astheammoniumsalt.NH,VO3; was
foundto reactin H,O with pcaHandH,0O- to give
[NH4][VO(Oy)(pca)], which crystallizes directly
from water upon addition of ethanol.The single-
crystal X-ray structureanalysisof [NH4][VO(O,)
(pca)] revealedthe presenceof two water mol-
eculesof crystallizationper moleculeof complex.
As found for complex1, the vanadiumatomis at
the centreof anirregularoctahedronandboth pca
ligands are N,O-coordinated. Surprisingly, the
orientationof the two N,O-pcaligandsis different
from thatin 1 andalsofrom thatfoundfor thesame
anion 3 in the double salt [NBug],[VO,(pca)]
[VO(Oy)(pca)]. Whereador anion3 in thedouble
saltbothpcaligands(asin 1) arefoundto be N,O
coordinatedwith the two nitrogenatomscis with
respecto eachother(isomer3a), anion3in thesalt
[NH4][VO(O,)(pca)] containsthe two pcaligands
N,O-coordinatedvith the nitrogenatomstranswith
respecto eachother(isomer3b), aswasalsofound
by X-ray crystallography? for the picolinato
analogue[VO(Oz)(plc)ﬂ (picH = picolinic acid)
(Fig. 2).>*

The electrochemicatharacteristic®f the vana-
date complexesusedfor catalytic methanefunc-
tionalization are not easyto understandWhereas

isomer 3b

Figure 2 Molecularstructureof anion3 (isomersa andb).

Copyright© 2000JohnWiley & Sons,Ltd.

the cyclovoltammogramof [NBuy][VO3] in acet-
onitrile solutionshowsno signalin theareaof —0.5
to —1.5V (with respectto a saturatedsilver
electrode), three reduction and oxidation peaks
are observedfor [NBug[VO,(pca)] (anion 1)

(Eyp=-1.11V, cathodic Epc=—1.22V,
loc=1.80pA  and  anodic  E,;=-0.99V,
Ipa= 0.30uA; E1,2= —-1.30V, cathodic
Epc=—1.36V, pc— 0.28uA and anodic
Epa=—1.24V, =0.20uA;  Eip=-1.43V,

cathodicEpc= —1 48V lpc=0.48 LA and anodic
Epa=—1.38V, 1pa=0. ZOMA for 2.6 x 1072 Mm). In
the case of anion 3, employed as double salt
[NBu4]o[VO(O5)(pca)][VO »(pca] (anion 3@) in
acetonitrile solution, only one Wave is observed
(El,z— —-0.61V, cathodic Epc=—0.67V,
p <=0.05¢A and anodlc Epa=—0.55V,
lpa=0.044pA for 1.74 x 1072 2 quasi-reversible
for a scanningrate of 50mV s *; thesepeaksare
tentatively assignedto the vanadium(V)/vana-
dium(lV) transitions. In addition, complex 3a
showsan oxidationwaveat 1.15V (I,,=0.33uA)
which is supposedo representhe oxidationof the
peroxoligandto the O, molecule while nosignalis
foundin the positive domainfor anionl.

Both complexesl and3 canbe usedascatalysts
in the oxidative functionalizationof cyclohexane
and, evenif they arelessactivethanthe precursor
system[VO3] /pcaH (1:4), activity and selectivity
become comparablewith that of the precursor
systemwhen2 equiv.of pcaHareadded(Tablel).
Theseobservationssuggestthe dioxo complex 1
andtheoxoperoxacomplex3 to becatalyticspecies
in the oxidative functionalizationprocess.

Onthebasisof theseexperimentsve believethat
our vanadiumsystemintervenesin the catalytic
functionalizationof methaneasa catalyticpumpof
hydroxyl radicals implying neutral vanadium(V)
and vanadium(lV) complexes(Scheme2). The
additional2 equiv.of pcaH(which canbereplaced
by 2 equiv.of perchloricacid) requiredfor efficient
catalysisare presumablyusedto protonateanion3
at the peroxo ligand to give the neutral vana-
dium(V) complex 4 containing a hydroperoxyl
ligand. An OOH Ilgand hasbeendiscussedn the
caseof iron complexes** Complex4 couldsplit off
an OH radicalto give the vanadium(lV)complex5
which couldreactwith hydrogenperoxideto give 4
and another OH radical. In such a way, the
reversible interconversionof 4 and 5 would
catalytically transform hydrogen peroxide into
two OH radicals.

For the oxidative functionalizationof methane
(andotheralkanes)wve proposethe generalscheme

Appl. Organometal Chem.14, 623-628(2000)



626 G. SUSS-FINK,S. STANISLAS, G. B. SHUL'PIN AND G. V. NIZOVA

Table 1 Oxidativefunctionalizationof cyclohexan&

Catalyst(10™* m) Co-catalyst Total TON?
[NBu,][VO 5] pcaH (4 x 10* m) 1100
[NBuy][VO 4] pcaH (2 x 10%m) 330
[NBug][VO 4] None 0
[NBug][VO x(pca)] (anionl) None 215
[NBu,][VO »(pca)] (anion1) pcaH(2 x 10 % m) 924
[NBug][VO (pca)] (anionl) HCIO, (2 x 10 *M) 892
[NH4][VO(Oy)(pca)] (anion3b) pcaH(2 x 10 % m) 1120

& Reactionconditions:CH;CN; catalyst,1 x 1074 wm; cyclohexane.464m; H,0,, 0.5Mm; 40°C; 24h.
Total turnovernumber:(mol cyclohexanok mol cyclohexanone)/(matatalyst).

acceptedfor radical reactions (Scheme3). The
reactionis initiated by the attackof the OH radical
onthemethanemoleculeto give waterandamethyl
radical. The radical chain is propagatedby the
reactionof the methylradicalwith the diradical O,
to give the CH;OO radical,which canattacka CH,
moleculeto give the productCH;OOH andanother
methylradical. Theradicalchaincanbeterminated
by combinationof two radicals.The implication of
OH radicalsin the oxidative functionalizationof
methaneis supportedby the fact that the reaction
with methanevorksbestin aqueousolution,water
being known to be an excellent solvent for OH
radicals®®

The oxidative functionalization of methane,
catalysed by a vanadium system in aqueous
solution, takesplaceundermilder conditions(25—
75°C) thanthoseusedin the methanefunctiona-
lization catalysedy mercurysalts® or by platinum

2 pcaH HO Ho0p H,O
{VO5 A—L’ [VOz(pca),] ’LA’ [VO(Oz)(pca),]
6] 3)
pcaH
FK pca’
"OH
HO.
N
AN g
O\ (+a) l\i o% (+5) Nj\[i
V. V.
o
oo Do o
N O N\/YO
i Hs0, “OH y
(5) )

Scheme2 Suggestedole of the vanadiumcomplexesfunc-
tioning as a catalytic pump for the generationof hydroxyl
radicals.

Copyright© 2000JohnWiley & Sons,Ltd.

complexes(Catalytica process}’ both requiring
fuming sulfuric acid (100%) as reaction medium
andtemperaturedetweenl 60 and 220°C 2637

3 EXPERIMENTAL

All reactionsverecarriedoutin air. Acetonitrilefor
synthesiseactiongFluka)wasdistilled overCaH,,
all other solvents(puriss) were usedwithout any
purification. Tetrabutylammoniumvanadatewas
preparedaccordingto the literature method®® Al
organic acids (Fluka) were usedwithout purifica-
tion. Hydrogen peroxide (30%) in water (Fluka)
wasstoredin therefrigerator(maximum4 °C) after
eachuse NMR spectravererecordedvith aVarian
Gemini 200 BB instrumentor a Bruker AMX 400
spectrometewith tetramethylsilangTMS) for *H
and VOCI; for ®V as external references.IR
spectrawere recordedwith a Perkin-Elmerl1720x
FT-IR spectrometerMass spectra(electrospray)
were measuredisinga LCQ Finniganinstrument.
Microanalyseswere carried out by the Mikroele-
mentaranalytischesLaboratorium of the ETH

Initiation

CH, + HO' ” CHy '
Propagation

CHg " + O CH300 *
CHz00 " + CHy CH3;O0H + CHy~

Termination

CHs00  + CHy CH3O0CH;

Scheme3 Radicalmechanisnproposedfor the functionali-
zationof methanecatalyzedby the VO3~ /4 pcaHsystem.

Appl. Organometal Chem.14, 623-628(2000)
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Zirrich, Switzerland Gaschromatographianalyses
were recordedwith a Dani 86.10 Doppler instru-
ment (with CH3NO, asinternal reference)usinga
capillaryCp-wax52-CB(25m x 0.32mm)column
from Chrompack,and a Chrom Jet integrator
(Spectra-Physics)Cyclic voltammetry was per-
formed with a Metrohm VA-ScannerE612 and a
MetrohmPolarecorde506usinga Hewlett-Packard
7040AX-Y recorderA three-electrodsystenwas
employed with a platinum disc as the working
electrode,an Ag/AgCI referenceelectrodeand a
platinum sheet auxiliary electrode, CHsCN as
solventandNBu4PFs (0.1 M) assupportingelectro-
lyte. Under the conditionsused,the one-electron
oxidation of ferrocene occurs at +0.52V in
acetonitrilesolution.

3.1 Synthesis of [NBu,l[VO.(pca),l]
(anion 1)

NBu,VO3; (681mg, 2mmol) was dissolved in

20ml of CHzCN. After complete dissolution,
pyrazine-2-carboxyliacid (492mg, 4 mmol) was
added andthe solutionwasstirredunderreflux for

5 h. After filtration of the greensolution,evapora-
tion of the solventgave a yellow—greenpowder,
which was dissolvedin a minimum quantity of

CHJCl,. Addition of the samevolumeof cyclohex-
aneled, after a few days,to the formation of light

yellow crystals.Yield 61%. Found: C, 54.64; H,

7.32;N, 12.33.C26H42N506V requirei‘,, 54.63;H,

7.41:N, 12.25%IR (cm ™ 1): 862s,873s,1668vsH

NMR (acetonedg): 6 =0.9406(12H,t, J=7.5Hz

CH,), 1.4227(8H,m,J = 7.3Hz, CH,), 1.8298(8H,

m, J=7.5Hz, CH,), 3.4976(8H, m, J=8.1Hz,

CH,) NBu,"; 8.521(2H, dd, J(H5-H3)=1.46Hz

and J(H5-H6)=2.64Hz, H5), 8.8547 (2H, d,

J(H6-H5)=2.68Hz, H6), 9.1828 (2H, d, J(H3—
H5) = 1.48Hz, H3) pcaligand.*V NMR (acetone-
ds): 6=-525. MS (electrospray, negative):
m/z=329.

3.2 Synthesis of [NBu,l[VO,(ana),]
(anion 2)

NBusVOs; (681mg, 2mmol) was dissolved in
20ml of CHsCN. After complete dissolution,
anthranilicacid (547mg, 4 mmol) wasadded,and
the solutionwas stirred underreflux for 4 h. After
filtration, evaporatiorof the solventgavea yellow—
greenpowder,which wasdissolvedin a minimum
quantityof CH,Cl,. Addition of thesamevolumeof
cyclohexanded, aftera few days,to the formation
of light violet crystals.Yield 78%.Found:C, 60.17;

Copyright© 2000JohnWiley & Sons,Ltd.

H, 8.06; N, 7.08.C30H48N306V requireSC, 60.29;
H, 8.09;N, 7.03%.IR (cm™-): 825s,875s,1623vs.
'H NMR (acetonedg): § =0.9410(12H,t, J=7 Hz,
CH,), 1.4045(8H, m, J=6.6Hz, CH,), 1.774(8H,
m, CH,), 3.421(8H, m, CH,) NBu,"; 6.507 (2H,
ddd, J(H4-H3)=8Hz, J(H4-H5)=6.8Hz and
J(H4-H6)=1Hz, H4), 6.7065 (2H, dd, J(H3-
H4)=8Hz and J(H3-H5)=0.6Hz, H3), 7.154
(2H, ddd, J(H5-H6)=8.4Hz, J(H5-H4)=7Hz
and J(H5-H3)=1.8Hz, H5), 7.867 (2H, dd,
J(H6-H5)=7.2Hz and J(H6-H4)= 1 Hz, H6) ana
ligand. *>*V. NMR (acetoneds): §=—503. MS
(electrospraynegative).m/z= 354.7.

3.3 Synthesis of
[NH,I[VO(O.)(pca)2] (anion 3b)

NH,VO3; (100mg, 0.855mmol) was dissolvedin

20ml of water and pyrazine-2-carboxyt acid
(212mg, 1.7mmol) in 20ml of water. Both
solutions were mixed, and H,O, (30%) (87 ul,

0.9mmol) was added.The resulting solution was
stirredat roomtemperaturdor 1 h. Slow evapora-
tion of the solventat roomtemperaturdo ca 2/3 of

its volume and addition of the samevolume of

ethanol led after a few days at —18°C to the
formationof light red crystals.Yield 64%. Found:
C, 33.14; H, 2.71; N, 19.03; O, 30.96.
ClOHlON507V requires C, 33.07.; H, 2.78; N,

19.28; Oi 30.84%.IR (cm 7): 533s,553s, 939s,
1668vs."H NMR (CDsOD): §=9.2275 (1H, d,

J=3Hz), 9.3815(2H, d, J=3Hz), 9.410(1H, d,

J=1.2Hz),9.4925(1H,d, J=1Hz),9.922(1H, m)

pca ligand. v NMR (D,0): §=-600. MS

(electrospraynegative).m/z= 344.9.

3.4 [NBu,l>[VOx(pca):]
[VO(O,)(pca),] (double salt
containing anions 1 and 3a)

The salt[NBu4][VO »(pca)] (500mg, 0.875mmol)
was dissolved in 5ml of CH;CN and, after
complete dissolution, H,O, (30%) (90ul,
0.88mmol) wasadded.The solutionwasstirred at
0°C for 4h. After filtration of the red solution,
evaporationof the solvent gave a red powder,
which was dissolvedin a minimum amount of
acetone.Addition of the samevolume of diethyl
etherled, after a few daysat room temperatureto
crystallizationof light red crystals.Yield 56%.

3.5 Catalytic runs
The oxidation of methanewas carried out in

Appl. Organometal Chem.14, 623-628(2000)
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cylindrical glassvesselsplacedin stainlesssteel
autoclavesith intensivestirring at 50 °C (volume
of the reactionsolution,30ml; total volume of the
autoclave 100ml). Gaseousir and methanewere
introduced in the autoclave (10 and 75bar,
respectively) containing the solution of H,O,
(0.193m) and the catalyst (NaVO; in water or
NBu,VO; in acetonitrile, 10 *m; pcaH,
4 x 107*M). CAUTION: mixtures of air and
H,O, with organic compounds are potentially
explosive at elevated temperatures and pres-
sures! The reactionswere stoppedby cooling the
autoclavewith ice, the concentratiorof methanol
was analysedby GLC, and methyl hydroperoxide
was determinedin the form of methanol after
reductionof the reactionsolution with NaBH, in
water® or PPh; in acetonitrile?’*° Formaldehyde
was determined spectrophotometricall after its
conversion into 3,5-diacetyl-2,6-tnethyl-1,4-di-
hydropyridine®®

The oxidationof cyclohexanevascarriedoutin
thermostatedcylindrical glass vessels equipped
with reflux condenserswith intensive stirring in
air. Thereagentgcatalyst,co-catalysandCHsNO,
as internal standard)were dissolvedseparatelyin
acetonitrile, and these solutions were added to
cyclohexaneAfter additionof H,O, (30%aqueous
solution),thereactionsolution(total volume10 ml)
wasstirredat 40 °C for 24 hours.The reactionwas
monitored by withdrawing aliquots (0.5ml) and,
after addition of triphenylphosphindo saturation,
the samplesvereanalysedy GLC.

Acknowledgements The authors are indebtedto Professor
Klaus Bernauerfor valuable discusgons and to the Swiss
National ScienceFoundation(grantno. 21-50430.97)and the

RussianBasic Research-oundation(grant no. 98-03-32015a)
for financial support.

REFERENCES

1. Mimoun H. Nouv.J. Chim.1987;11: 513.

. CrabteeRH. Chem.Rev.1995;95; 987.

3. PataiS, RappoportZ (eds).The Chemistryof Alkanesand
Cycloalkana. Wiley: New York, 1992.

4. Shilov AE, Shul'pin GB. Activation and Catalytic Reac-
tions of Hydrocarbons Nauka:Moscow,1995.

5. Olah GA, Molnar A. HydrocarbonChemistry Wiley: New
York, 1995.

6. Shilov AE, Shul’pin GB. Chem.Rev.1997;97: 2879.

7. Gol'dshlegerNF, Tyabin MB, Shilov AE, ShteinmanAA.
Zh.Fiz. Khim. 1969;43: 2174.

8. KushchLA, LavrushkoVV, Misharin YuS, MoravskyAP,
Shilov AE. Nouv.J. Chim.1983;7: 729.

N

Copyright© 2000JohnWiley & Sons,Ltd.

9.

10.

11
12

15.

16.

17.

18.
19.

20.

21.

22

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

GoldsteinAS, DragoRS. J. Chem.Soc.,Chem.Commun.
1991;21.

KaoL-C, HutsonAC, SenA. J. Am.Chem.S0c.1991;113
700.

.Lin M, SenA. J. Am.Chem.So0c.1992;114 7307.

.Lin M, SenA. J. Chem.Soc.,Chem.Commun1992;892.
13.
14.

SenA, Lin M. J. Chem.Soc.,Chem.Commun1992;508.
SenA, Lin M, Kao L-C, HutsonAC. J. Am. Chem.Soc.
1992;114 6385.

PerianaRA, TaubeDJ, Ervitt ER, Lé6ffler DG, Wentrcek
PR,VossG, MasudaT. Sciencel993;259 340.

SenA, BenvenutaMA, Lin M, HutsonAC, BasickesN. J.
Am.Chem.So0c.1994;116 998.

NakataK, YamaokaY, Miyata T, TaniguchiY, TakakiK,
FujiwaraY. J. OrganometChem.1994;473 329.

Lin M, SenA. Nature(London)1994;368 613.

Kurioka M, NakataK, Jintoku T, TaniguchiY, TakakiK,
FujiwaraY. Chem.Lett. 1995;244.

Yamanakd, NakagakiK, OtsukaK. J. Chem.Soc.,Chem.
Communl1995;1185.

Yamanakal, SomaM, OtsukaK. J. Chem.Soc.,Chem.
Communl1995;2235.

. Fujiwaray, TakakiK, TaniguchiY. Synlett1996;591.
23.

Lin M, HoganTE, SenA. J. Am.Chem.Soc.1996; 118
4574.

Yamanakd, NakagakiK, Akimoto T, OtsukaK. J. Chem.
Soc.,Perkin Trans.1996;2: 2511.

Yamanakal, Akimoto T, NakagakiK, OtsukaK. J. Mol.
Catal. A 1996;110. 119.

Yamanakal, Morimoto K, SomaM, OtsukaK. J. Mol.
Catal. A 1998;133 251.

Nizova GV, Siss-Fink G, Shul’pin GB. J. Chem. Soc.,
Chem.Communl1997;397.

Siss-FinkG, HongYan'’, NizovaGV, StanislasS, Shul’pin
GB. Russ.Chem.Bull. 1997;46: 1801.

Sies-FinkG, NizovaGV, StanislasS, Shul'pin GB. J. Mol.
Catal. A. 1998;130 163.

Nizova GV, Siss-FinkG, Shul’pin GB. Tetrahedronl997;
53: 3603.

Siss-Fink G, Stanislas S, Shul'pin GB, Nizova GV,
Stoeckli-Evand, NeelsA, Bobillier C, ClaudeS.J. Chem.
Soc.,Dalton Trans.1999;3169.

SergienkoVS, Porai-KoshitsMA, BorzunovVK, llyukhin
AB. Koord. Khim. 1993;19: 767; Russ.J. Coord. Chem.
1993;19: 714 (Engl. Transl.).

MimounH, Saussinel, DaireE, PostelM, Fischerd, Weiss
R.J. Am.Chem.So0c.1983;105 3101.

Simaan AJ, BanseF, Mialane P, BoussacA, Sun Un,
Kargar-GriselT, BouchouxG, Girerd J-J. Eur. J. Inorg.
Chem.1998;6: 993.

Stumm W, Morgan JJ. Aquatic Chemistry Wiley—Inter-
science:New York, 1981;474.

BasickesN, HoganTE, SenA. J. Am. Chem.Soc.1996;
118 13111.

PerianaRA, TaubeDJ, GambleS, TaubeH, SatohT, Fuijii
H. Sciencel998;280 560.

Day VW, KlemperetWG, YagasakiA. ChemLett.1990;8:
1267.

NashT. Biochem.J. 1953;55: 416.

Appl. Organometal Chem.14, 623-628(2000)



