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ABSTRACT: Encapsulation of two different Mn(ll)salen complexes within the supercavities of zeolite Y was
accomplished by means of two established synthetic routes and they were unequivocally characterized by
spectroscopic techniques [Fourier transform infrared, diffuse reflectance and electron paramagnetic resonance
(EPR)]. In solution it is well established that high-spin Mn(ll)salen complexes react spontaneously with molecular
oxygen to yield various oxidation products. These include Mn(lll) species and several oxy-bridged [Mn(salen)O]
molecules. In the zeolite only the monomeric Mn(lll)salen complex can be expected owing to the steric constraints
imposed by these inorganic solids. This oxidation reaction from Mn(ll) to Mn(lll) was easily followed by EPR
spectroscopy. According to these EPR measurements, the intrazeolitic oxidation of Mn(ll)salen to Mn(lll)salen by
dioxygen proceeds with difficulty by virtue of a speculative lattice coordination stabilizing effect. This situation can
be overcome by using efficient classical oxidants sudkrutyl hydroperoxide or hypochlorite. Copyright2000

John Wiley & Sons, Ltd.
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INTRODUCTION the complex. These materials, often denoted ‘ship-in-a-
bottle’ complexes, have been prepared by different
Alkene epoxidation is a versatile reaction in organic methodologies that in principle circumvent the manipula-
synthesis because the epoxide ring can readily be openedion of highly sensitive Mn(lll) salts and rely on the use of
to produce 1,2 functionalities with almost complete regio- molecular oxygen as oxidant to carry out the stoichio-
and stereocontrol. More recently, the process has gainednetric Mn(ll)salen to Mn(lll)salen conversidh?®
an enormous importance in asymmetric synthesis because In solution, Mn(ll)salen complexes are very prone to
one or two neighboring chiral centers can be created with aundergo oxidation to Mn(lll)salen and also multiple oxy-
high degree of enantioselectivity by means of powerful bridged oligomeric and polymeric [Mn(salen)Jprms.
catalytic methods:* Among them, chiral manganese— In contrast, the Mn(ll)salen complex has been found to be
salen complexes have been found to be the most efficientrather persistent in the interior of zeolite cavities.
enantioselective catalysts> Owing to the practical  Aggregation to form [Mn(salen)Q@Jis also effectively
importance of this type of catalysts, much effort has been impeded within the cage$:*® The use of zeolite Y-
directed towards their immobilization on organic poly- encapsulated Mn—salen complexes as epoxidation cata-
mers and rigid inorganic matrices such as zeofit€s. lysts and their unprecedented stability in the interior of
Incorporation of the manganese—salen catalyst within the zeolites make it necessary to assess the influence that
microporous zeolites not only allows easy separation of different oxidation treatments have on the Mn(l1)/Mn(lll)
the catalyst from the reaction mixture with the possibility oxidation state. For this purpose, two different manga-
of operating in a continuous manner, but more importantly nese Schiff-base complexes énd 2) were synthesized
decreases the tendency of the complex to undergowithin zeolite Y and characterized by a combination of
dimerization or autooxidation. This should lead to spectroscopic techniques [Fourier transform infrared
enhanced thermal stability and catalytic performance of (FTIR), diffuse reflectance UV/Vis (DRS) and electron
*Correspondence toA. Corma, Instituto de Technol&giQumica paramagnetic resonance (EPR)]. Am(_)ng these m-eth-OdS'
UPV-CSIC, Universidad Politmica de Valencia, Apartado 22012, EPR and DRS were found to be SenS|t|V_e to the Ox!dfa_tlon
46071 Valencia, Spain. state of the manganese atom and confirmed the initially
t Dedicated to Professor J. Elguero on the occasion of his 65th predominantt Il state of Mn. This allows us to follow in

birthday. S C
Contract/grant sponsorDGICYT; Contract/grant numberMAT97- a quantitative manner the oxidation of Mn(ll) to Mn(lll)
1016-CO2. by different oxidizing reagents.
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Scheme 1. Preparation of manganese salen complexes in the supercages of zeolite Y

RESULTS AND DISCUSSION

The encapsulatiorof manganes&chiff-basecomplexes
within zeolite Y was achievedaccordingto previously
described methods (Scheme 1).”®% Encapsulated
Mn(l)salchd [salchd= 1,2-bis(salicylidenimio)cyclo-
hexanelcomplex(1) waspreparedn a stepwiseprocess
requiring one diamine molecule (cis- and trans- 1,2-
cyclohexanedianmie) and two moleculesof salicylalde-
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Figure 1. IR spectra of (a) Mn(lll)(salchd)Cl (KBr) and
heterogeneous complexes (b) 1 and (c) 2 incorporated inside
zeolite Y. The IR spectra of the supported complexes were
recorded at room temperature after heating at 200°C while
outgassing at 10~> mbar for 1 h
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hydeto diffuse into the Mn®" pre-exchangedeolite Y
(0.47%Mn?", 1 Mn*" every 5 supercagesio give the
heterogenizedcomplex1 (Schemel). ExhaustiveSox-
hlet extractionwith dichloromethaneemovedheexcess
of ligandandreactantg§rom theinorganicsolid while the
bulky complex remainedimmobilized within the large
supercavities(13 A diameter) and could not diffuse
through the smaller windows (7.4 A). In addition to
analytical measurementghe characterizatiorof 1 was
accomplishedy DRS, IR andEPR spectroscopies.

Analogously freatmenbf theMn?"-exchangedeolite
Y with the previously synthesized salen ligand
[salen=1,2-bis(salicylidenimino)eyflene] led to the
formation of the heterogeneousomplex Mn(ll)salen
(2). The yellow solid was Soxhlet extracted with
dichloromethaneto remove uncomplexedligand. This
flexible ligand, after binding the metal,forms a complex
that is too large and rigid to escapethrough the 12-
memberedring aperturesof the cage and becomes
immobilizedinsidethe zeolite cavities(Schemel). The
encapsulatedomplex2 wascharacterizedy its DR, IR
and EPR spectra,which were very similar to those of
complexl andwerein completeagreementvith the data
reportedin the literature®

As canbeseenin Fig. 1, the IR spectraof anauthentic
sampleof homogeneoudn(lil)(salchd)Cl and hetero-
geneoudvin(ll)salchd(1) andMn(ll)salen(2) complexes
have in common the imine stretch vibration around
1615cm ™t and the typical band of metallosalencom-
plexesat 1540cm ™. Only insignificantminor shifts of
the bandsassociatedvith ligand stretchingmodescould
be measuredbut theseslight deviations(<15cm™?) are
more likely to be causedby ligand distortion due to
encapsulatiorn the solid supercageln fact, datafor the
IR spectrumof Mn(ll)salenreportedin the literaturefor
the mostcharacteristidands(1620and 1525cm™ %) are
alsovery similar to thosecorrespondingo complexesl
and2 (Fig. 1).** Hencevibrationalspectroscopywhichis
probablythemostwidely appliedanalyticaltechniquefor
the characterizatiorof ship-in-a-bottt complexes.can-
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Figure 2. UV Vis spectra of (a) salen (10~*M) in dichloro-
methane; DR spectra plotted as the inverse of the reflectance
(R) of heterogeneous complexes (b) 1 and () 2 and (d)
Mn(lll)(salchd)Cl (104 M) in dichloromethane

not safely distinguishbetweenthe+ Il and+ 11l oxida-
tion statesof the manganese.

By contrast,examinationof the electronicabsorption
spectran Fig. 2 showssomereliabledifferencesetween
the spectraof Mn(ll) andMn(lll) complexesWhile 1, 2
andthe homogeneoudn(lll)(salchd)Clsamplehavein
commonligandtransitionsat 228,255and318nm, they
differ in the characteristioveak d—d transitionat about
500nm typical of the brownish oxidized Mn(lll)(-
salchd)Clthat is absentin both complexesl and 2.
However,the low molar absorptivity of this absorption
banddoesnot allow oneto takeits presenceasa valid
criterionto assesghe oxidationstateof themanganesm
the metallosalencomplex incorporatedin the zeolite.
Moreover, quantification of the Mn(ll)/Mn(lll) ratio
when metallosalencomplexeshaving both oxidation
statesco-exist inside the zeolite voids would not be
possibleby this technique.

In contrastto IR andUV/Vis absorptiorspectroscopy,
divalentandtrivalent statesof manganesean be easily
differentiatedby EPR spectroscopyMn(ll) complexes
show higher paramagnetisnthan that correspondingo
thecomplexef Mn(lll). Theintensespin—spincoupling
of anevennumberof unpairedelectronscombinedwith
an extremely short relaxation time makes Mn(lll)
difficult to observeby EPR spectroscopy.Therefore,
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Figure 3. EPR spectra of heterogeneous complex 2 recorded
att=0

EPR appearsto be a suitable techniqueto determine
quantitatively the Mn(Il)/Mn(lll) ratio of metallosalen
complexesencapsulatethside zeolite Y. IsolatedMn®"
ionsintroducednto the zeoliteshow,uponcomplexation
and formation of 1, typical EPR spectraof high-spin
Mn(ll) (S= 5/2)with hyperfinecouplingscorresponding
to an | = 5/2 nucleusand with negligible zero field
splitting. The EPR signal observedaround3500 G has
one set of six hyperfine lines that can probably be
assignedo uncomplexedvin(ll) basedon the similarity
of the EPR spectrumwith that of the original MnY
withoutanyligand (Fig. 3).*° In additionto the sharpsix-
line patternstructure thereis alsoa muchbroadersignal
lackingfine structureshowingvisible shoulderseparated
more than 100 G underlying the fine structure. We
propose that this broad signal correspondsto the
Mn(ll)salchd complex basedon the comparisonwith
MnY. Doubleintegrationshowsthatthe amountof spins
involved in the sharp six-line signal is negligible in
comparisorwith thatof themainbroadline; sothis sharp
signalwill not be consideredurther (Fig. 3).

WhentheseEPRmeasurementwere carriedout with
the initial ship-in-a-bottlesalencomplexesbefore sub-
mitting them to any oxidation treatment,quantification
showedthat within experimentalerror (£ 10%) all the
manganesw/asin the+ Il oxidationstate asit wasin the
original Mn*"-exchangedeolite Y. This agreeswith the
fact that the ion-exchangeprocedureof the commercial
NaY wascarriedout usingMn(AcO),.
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Table 1. Mn(lll)/Mn(ll) ratio treatment of encapsulated Mn—
salen complexes with different oxidizing agents

Mn(ll) (%)

Complex Oxidant Oh 1h 2h
1 0, 100 89 83
2 t-BuOOH 100 38 26
2 NaClO 100 35 24

& Determinedby doubleintegrationof the EPRspectrgestimatederror
+10%).

Quantificationby EPR allowed us to follow conve-
niently the efficiency of two alternative oxidation
proceduresto transform Mn(ll)salen into Mn(lll)salen
complexes when they are embeddedinside zeolite
microporeslit shouldbe notedthatthis oxidationoccurs
very easilyin solution. Hencethe formation of hetero-
geneoudvin(lll)salchd complexla wasfirst carriedout
by bubblingair througha stirreddichloromethanelurry
of 1 atambienttemperatureThe courseof the oxidation
was followed by recording EPR spectraat different
reactiontimes. Thesespectrawere very similar to the
initial oneshownin Fig. 3, with justa small decreasén
thenumberof spins.A summaryof theresultsis givenin
Tablel.

After 2 h of O, bubbling,the integrationof the EPR
signalshowedhatonly 17% of theinitial Mn(ll) cations
had been oxidized. The difficulty in carrying out the
Mn(ll)salento Mn(lll)salen oxidation inside the zeolite
cavitiessharply contrastswith the easewith which this
procesgakesplacein solution. Preliminaryelectroche-
mical measuremente/ere unableto detectany Mn(1V)
species in the zeolite (a report on the complete
electrochemicaktudy of the sampleswill be published
separately)In contrast,it hasbeenreportedthat the O,
oxidation of unsupportedvin(ll)salen complex gives a
largevariety of oxo dimersandotheroxidizedspecies-®

Mn-salencomplexesencapsulatedvithin Y zeolites
have been used as heterogeneousatalysts for the
epoxidationof alkenesusing NaClO or organic hydro-
peroxidesasoxidants’*°It canbeanticipatedhatin this
process,the first step would be a changein the Mn
oxidation statefrom + Il to + Ill to give rise the active
Mn(lll)salen complex,aswould be the casein solution.
In orderto addressthis possibility and in view of the
stability of 1 whenentrappednsidethe zeolite cavities,
complex2 wastreatedwith a seriesof oxidants.

WhenH,0, (35%)wasslowly addedo ayellow slurry
of 2 in dichloromethanerapid oxidative degradatiorof
the complextook place, as revealedby the immediate
discolorationof the solid, andfurther studiesusingH,0,
were not pursued.Fortunatelytert-butyl hydroperoxide
(t-BuOOH) behaveddifferently to H,O, asoxidantand
discolorationof complex2 did notoccur.Thechangesn
the intensity of the EPR spectrumrecordedafter 1 h of
reactionwith t-BuOOH showeda drastic reductionin
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spin count, in agreementwith the transformationof
Mn(ll) into EPR-silentMn(lll). Doubleintegrationof the
EPR signalshowedthat about60% of the initial Mn(ll)
ions hadbeenoxidized,leavinga residualMn(ll) signal
with well resolved hyperfine structure. After 2h an
additionaldiminutionof theinitial Mn(ll) populationwas
measuredTable 1). Similar resultswere obtainedusing
NaOClasoxidant(seeTable1).

The populationof residualMn(ll) atomsthat do not
undergo oxidation could be those inaccessibleto t-
BuOOH. One possibility would be that the fraction of
non-oxidizable Mn(Il) would correspondto that of
uncomplexedmetal cations located in sodalite cages.
The possibility thatthe residualMn(ll) could be located
in the supercagesnd derive from the oxidative degra-
dation of the salencomplex seemsunlikely given that
thesesalencomplexesencapsulatedvithin zeolitesdo
not undergofast deactivationwhen used as heteroge-
neouscatalystsemployingthe sameoxidizing reagents.

This reluctanceshown by Mn(ll)salen to undergo
oxidationin the intracrystallinevoids of faujasiteY by
molecularoxygencomparedvith the easeof this process
in solutionhasto beadirectconsequencef theinfluence
of the encapsulation.lt could be that some of the
framework oxygens of the zeolite intervene as extra
ligands and stabilize the encapsulatedMn(ll)salen
complex.This possibility hasbeenadvancedreviously
for relatedcomplexeswithin zeolite Y.***?

In contrastjn solutionwhenthe ‘high-spin’ octahedric
complexMn(ll)salenis chelatedo suitableaxial ligands
suchasClI™, perturbationof the d orbitals promotesthe
changein the oxidation statefrom Mn(Il) to Mn(lIl) by
electron transferto molecular oxygen, leading to the
EPR-silentMn(lll)salenCl.If theaxial ligandfield of the
coordinatingligand is not strongenoughto accomplish
thisrequirementdioxygencouldreactin adifferentway,
leadingto anothersetof oxidizedmonomeriavin(lll) and
oligomericMn(lIl)/Mn(1V) structures.

In zeolite Y, tetradentatesalen ligands placed at
equatorial positions and also lattice oxygens and/or
hydrationwaterarethoughtto accountor the octahedral
geometryof zeolite-occludedn(ll) observedy EPR.It
could be expectedthat upon oxidation monomeric
Mn(lll)salen complexeswould be the only possible
productsincethereis insufficient spacefor oligo- and
polymerization. However, the observed difficulty in
undergoing one-electronoxidation to Mn(lll) can be
taken as evidence in favor of an oxygen lattice
coordinationeffect that would stabilizethe dg electronic
configurationof the encapsulatedn(ll)salen complex
overthed; Mn(lll)salencomplex.

This exceptionalcoordinatingrole of zeolite Y has
been invoked in numerousstudies of heterogeneous
transitionmetal complexessuchas zeolite-encapsulated
Mn(I)(bpy),, whereit has also been pointed out that
strongdonoraxial ligandscouldweakerthecoordination
of Mn(ll) to the zeolitelattice*
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Although EPR spectroscopyshowsthe oxidation of
Mn(ll) to silentMn(lll) speciescomplementarystudies
by IR spectroscopyf the final oxidized zeolite samples
are necessaryin order to asses whether or not
Mn(lll)salen has beenformed. It was anticipatedthat
the presenceof adventitiousreagentwould complicate
thelR spectrunof theresultingsamplesbutbasednthe
datareportedn theliterature,the bandat 1538cm™* can
betakenasfirm evidenceof the presencef metallosalen
complexes. This band was actually recorded at
1540cm ! and thereforeit can be concludedthat the
oxidation of Mn(ll)salenled to Mn(lll)salen at leastto
some extent. However, this Mn(lll)salen complex has
beenfoundto be very unstableandthermaltreatmentat
100°C and10 2 Paled to the completedisappearancef
this characteristidand.

CONCLUSIONS

Synthesisof Mn(lll) Schiff-basecomplexesla and 2a
analogougo the original Jacobsertatalystsencagedn
zeolite Y was accomplishedby meansof established
preparationprotocols and their structureswere fully
characterizedby different spectroscopitechniquesThe
key oxidationstepfrom Mn(ll) to Mn(lll) wascarriedout
by oxygen and other traditional oxidants such as
peroxidesand commercial bleach and their efficiency
wasfollowed quantitativelyby EPR spectroscopy.

In solution, the ‘high-spin’ octahedric complex
Mn(ll)salen is well known to undergo spontaneous
oxidation to a complex set of products.Theseinclude
Mn(lll) speciesand oxy-bridgedmoleculesrepresented
by [Mn(salen)O}. In the zeolite there is insufficient
space in the supercagesfor oligomerization; hence
monomericMn(lll)salen complexeswould be the only
productexpected.

According to EPR measurementsthe intrazeolitic
oxidation of Mn(ll)salen to Mn(lll)salen by molecular
oxygen prodeeds rather sluggishly by virtue of a
speculativelattice coordinationstabilizing effect. This
situation can be overcome by employing a stronger
oxidant suchas thosecommonly usedto effect alkene
epoxidation.

EXPERIMENTAL

Compounds and materials. Startingreagentgsalicylal-
dehyde1,2-cyclohexanedraine,etc.)andreagent-grade
solvents were purchasedfrom Aldrich and Scharlau,
respectively andwereusedwithout further purification.
1,2-Bis(salicylideninmo)ethylendigand andthe com-
plex Mn(lll)(salchd)Cl were preparedaccordingto the
proceduresreported by Jacobsenfor the tert-butyl
analogs-’ Their purity wascheckedby comparingtheir
spectrawith the most characteristicspectroscopiadata
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(IR, FAB-MS) reportedn theliteraturefor thetert-butyl-
substitutedigand andthe Jacobseratalyst:’

Zeolite Y was purchasedrom PQ Zeolites (specific
surface area (BET, N,)=685.4412 m?> g & Ap=
2.467nm; Na,O = 13.9wt%,; Si:Al =5.18).

Oxidation procedures. (a) Oxidation by molecular
oxygen was accomplishedby bubbling air through a
stirred suspensiomf 1.2g of heterogeneousomplexin
12ml of dichloromethaneafter oxidation,the solid was
filtered off, washedexhaustivelywith dichloromethane
anddried undera streamof N.

(b) Oxidationwith t-BuOOHwascarriedoutby adding
0.5ml of the hydroperoxideto a stirred suspensiorof
1.2g of heterogeneousomplex in 5ml of dichloro-
methane; after oxidation, the solid was filtered off,
washedwith dichloromethaneand dried undera stream
of No.

(c) Oxidationwith NaClO was carriedout by adding
3 ml of NaClO(4%)to astirredsuspensiownf 1.2g of the
complex embeddedwithin zeolite in 5ml of dichloro-
methane; after oxidation, the solid was filtered off,
washedwith wateranddried undera streamof N..

EPR spectra. Room temperature EPR spectra were
recordedon a Bruker ER200Dspectrometernworking at
the X-band(9.65GHz) andusingDPPH (g =2.0036)as
standardreference.

IR spectra. FTIR spectraof the complexesin zeolites
were recordedat room temperatureusing a greaseless
Cak, cell in a Nicolet 710 FT spectrophotometefSelf-
supportedwafers(~10mg) were preparedby compres-
sing the zeolite powder at 1 cm 2. The sampleswere
outgasse@t 100°C and10 2 Pafor 1 h beforerecording
the IR spectra.

UWVis spectra. RoomtemperaturéransmissioruV/Vis
spectravererecordedvith a ShimadzuJV/Vis scanning
spectrophotometeDR spectraof the opaguepowders,
plotted as the inverseof the reflectancewere recorded
with a Varian Cary 5G UV/Vis NIR spectrophotometer.
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