Available online at www.sciencedirect.com
scmuce(dnlnsc'n G

oo &‘;
ELSEVIER Journal of Molecular Catalysis A: Chemical 231 (2005) 35-45

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

www.elsevier.com/locate/molcata

Association of Keggin-type anions with catiomeesesubstituted
porphyrins: synthesis, characterization and oxidative catalytic studies

Isabel C.M.S. Sant8®, Susana L.H. RebeloM. Salete S. BaluRP, Rosalia R.L. Marting,
M. Manuela M.S. PereifaMario M.Q. Sinbes, M. Gra@ P.M.S. Neves
Jo® A.S. Cavaleird, Ana M.V. Cavaleir@?*

@ Chemistry Department, University of Aveiro, 3810-193 Aveiro, Portugal
b CICECO, University of Aveiro, 3810-193 Aveiro, Portugal

Received 16 October 2004, received in revised form 15 December 2004; accepted 18 December 2004
Available online 26 January 2005

Abstract

New compounds based on the association of polyoxometalates and cationic porphyrins or metalloporphyrins were prepared with the aim
of obtaining new bi-functional catalysts. A combined study on the syntheses, characterization and catalytic activity of these compounds
was performed. The new compounds have the general formula (porghfdM 1,040]-z solv, x=0.75 or 1, X=P or Si and M=W or
Mo. The porphyrins used were 5,10,15,20-tetrakis(4-pyridyl)porphyrin, 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin, 5,1@,65-tris
dichorophenyl)-20-(4-pyridyl)porphyrin, and 5,10,15-tris(2,6-dichlorophenyl)-20-(1-methyl-4-pyridinio)porphyrin, either as fre@bases
complexed with MH' (one case with Zh). A few compounds with metal substituted Keggin anions (jP¥¥H,0)Os0]"~, Y =Mn, Fe, Ni,

Zn) were also prepared. All compounds were characterized by spectroscopic and analytical techniques. The oxiistipdadctene,

geraniol and (+)-3-carene by hydrogen peroxide catalysed by the polyoxometal8ssdyrin associations and co-catalysed by ammonium
acetate was examined. Some of the associations significantly increased the percentage of conversion of the substrates relatively to the respectiv
metalloporphyrin alone. However, the regio-, chemo- and stereoselectivity of the oxidation reactions catalysed by metalloporphyrins were
globally preserved:is-cyclooctene was selectively epoxidised to epoxycyclooctane; geraniol gave 6,7-epoxygeraniol as the major product
and (+)-3-carene was preferably oxidised to éi8,4-epoxycarane. In the conditions studied, the polyoxoanions seem to contribute mainly

to stabilise the metalloporphyrin against deactivation during catalytic cycles.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction triazole [3], 2,2-biquinoline [4], 8-hidroxyquinoline[5,6],
urea[7], glycine [8], and otherN-containing molecules.

The interest on possible developments of mixed or- Compounds with Keggin-type polyoxometalates and met-
ganic/inorganic materials with diverse properties that may alloporphyrins have been rarely consideff¢l0]. Never-
lead to new applications has been continuously increasing.theless, these compounds can be envisaged as potential new
In particular, polyoxometalates have been recently associ-bi-functional catalysts, as they may be expected to originate
ated with a variety of organic molecules in order to prepare systems in which the catalytic abilities of the two species
new compounds with interesting optical, magnetic or elec- reinforce each other. Also, these associations may provide
tric propertieg1,2]. Keggin-type heteropolyanions have been ways of stabilising the metalloporphyrins against deactiva-
frequently referred, associated with, among others, benzo-tion during the catalytic cycles.

The search for new catalysts for the selective and effi-
* Corresponding author. Tel.: +351 234 370 734; fax: +351 234 370 0g4, Ci€nt oxidation of organic compounds under clean mild con-
E-mail addressana@dg.ua.pt (A.M.V. Cavaleiro). ditions still remains a challendé1,12] In this context both
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metalloporphyrins and polyoxometalates have been exten-[39-42] the preparation of compounds with the tetracationic
sively investigated. A wide variety of oxidative reactions 5,10,15,20-tetrakis(1-benzyl-4-pyridinio)porphyrin and the
catalysed by metalloporphyrins have been studi€d-17] anion [SiW12040]*~ was reportelL0]. Also, modified glassy
Several strategies have been devised to overcome the diffi-carbon electrodes with metalloporphyrins and Keggin anions
culties arising from the frequently encountered destruction have been devised and studied to be used in the electrocat-
of the porphyrin ring during the course of reaction, namely alytic reduction of dioxygeifil0,43-45]

the use of selected electron-withdrawing substituents on the A combined study on the preparation, characterization and
porphyrin ring. Thus, metal complexes based on 5,10,15,20-catalytic application in homogeneous oxidation of organic
tetra-arylporphyrins with electron-withdrawing groups on substrates of new polyoxometalate/porphyrin and polyox-
the aryl substituents and on tiepyrrolic positions were  ometalate/metalloporphyrin associations is described in this
described as robust catalysts in oxidation reactjig An- paper. New compounds were prepared by reaction of the het-
other approach involved the immobilization of metallopor- eropolyacids H[PM12040]-zH20 and H[SiM12040]-zH20
phyrins on solid supports. These systems could prevent the(M =Mo, W) or salts of [PW1Y(H20)Oz90]"~, Y =Mn, Fe,
self-oxidation of the catalyst, allowing better selectivity due Ni, Zn, with porphyrins carrying one or four 4-pyridyl or 1-

to the local environment of the support and facilitating the methyl-4-pyridinio groups in themesepositions Scheme 1
recovery and re-use of the cataly$B8—20] Cationic met- The polyoxometalate/Mhporphyrin associations were used
alloporphyrins with methylpyridinio groups on theese as catalysts in the oxidation of terpenes, following our recent
positions have been electrostatically adsorbed on silica sup-studies on the catalytic functionalization of these naturally
ports, showing a catalytic performance superior to their ho- occurring compounds with other Miporphyrins[46—48]

mogeneous analogufal—24] and with Keggin-type anior{83,49,50] in search of efficient
The use of polyoxometalates in homogeneous oxidative transformations of cheap and readily available compounds
catalysis has been extensively reviewf@®—30] In par- into more valuable ones. The catalytic conversion of terpenes

ticular, the Keggin-type polyoxotungstates have been usedinto fine chemicals was recently reviewed,52]. In the work

as homogeneous catalysts for several epoxidation reactiondiere described, the catalytic performance of the new asso-
[27,29,31,32]including the oxidation of naturally occurring  ciations was tested in the oxidation cib-cyclooctene §),
alkenes with hydrogen peroxifi@3—34] geraniol ) and (+)-3-carene?] in acetonitrile with hydro-

A few studies can be found involving polyoxometa- gen peroxide$chemes 2-)4The same substrates were oxi-
lates and porphyrins simultaneously. Attanasio and Bachechi
referred the preparation and properties of charge trans-
fer compounds with the Zhcomplex of 5,10,15,20-tetra-
phenylporphyrin and Keggin heteropolyanioj$§. Others
described homogeneous photocatalytic oxidations in the
presence of an irdhporphyrin and [PW-040]3~ [35-37] ®) (5a)

4— i i
or [W1pO32] [38]. During the course of our studies Scheme 2.

Ar Ar
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(1) M'TPyP Ar= —CN
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Scheme 1.
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Allylic Associations typelXM: [(M'TPyP)Hy]n[XM 12040]-z
N y N 0;(;3322“ solv, M =2H, zr', Mn'"CI, M=Mo, W, X=P (n=0.75)
' } or Si (h=1). Solutions of porphyrinsla, 1b or 1c
(2ml, 0.02moldnT3) in CHyCl,/CH30OH (5:1) and of
H3[PM12040] -ZH,0 or H4[SI|\/| 1204()] -ZH,0 in absolute
) (Ta) (7b) (70) ethanol (2 ml, 0.04 mol dm?) were prepared and mixed with
stirring. The formation of a dark precipitate was immediately
Scheme 4. observed. The reaction was stirred overnight and the precipi-

dised in the presence of the non-associated'lorphyrins

for comparison. Compounds with the polyoxometalates and

tate was filtered, washed with ethanol and dried in a vacuum
desiccator.
Associations type IPWY.  [(M'TPyP)HJHm[PW11Y

the porphyrins in the free base form or complexed with zinc (H,0)Ozg]-z solv, M =2H, Mn'"CI, Y =Mn"", Fe"', Ni",
were synthesised for comparison, in order to contribute to Zn''. Solutions of porphyrinsla or 1c (10 ml, 0.008
the characterization of these new type of organic—inorganic moldm3) in CH3CN were acidified with trifluoroacetic

materials.

2. Experimental

2.1. Reagents and synthetic procedures

Table 1
Molecular formula and abbreviations for the compounds resulting from the
association of polyoxometalates and porphyrins or metalloporpRyrins

[(H2TPyP)Hy]o.75[PW12040]-6H20-C2HsOH 1aPW
. . [(H2TPYP)H][PW11Fe(H0)Osq]-CH3CN laPWFe
All chemicals were used as received from the sup- [H,TPyP)H,JH[PW1:Ni(H20)Osq] 1aPWNi
pliers. Solvents were used as received or distilled and [(H,TPyP)H]H[PW11Zn(H20)Osq] 1aPWzn
dried using standard procedures. Hydrogen peroxide [((MnCITPyP)Hi][PW11MNn(H20)030]-2CH;CN 1cPWMn
(30 wt.% aqueous solution) was purchased from Riedel-de [(MNCITPYP)H:]o.75PW12040]-10H,0-CHzCl lepw
Haén. Geraniol, (+)-3-carenegis-cyclooctene, n-octane {Eﬁgggtﬂg';ji\,(/lvfl(;éi]l_g:zg 125\,\//'\/0
and undecane were purchased from Aldrich. Other [(vnciTPyP)H,]o 75PM012040]-8H,0 1cPMo
commercial reagents used were 3[PW12040]-zH20, [(H2TPyP)Hy][SiW12040] - 10H,O-CH,Cl, 1aSiw
H3[PM012040]-ZH20, Ha[SiW12040]-ZH20, Hy[SiMo12 [((MNCITPYP)H][SiW12040]- 10H,0-2C;HsOH 1cSiW
O40]-zH20 and ammonium acetate. (TBAPW120a40] and [(H2TPYP)H4][SiM012040]- 10H0-C2HsOH 1aSiMo
TBAHy[PWi1Y(H20)0z0]-2H,0, TBA=tetrabutylamm-  (MNCITPYPIFIISIMO12040] 88,0 1cSiMo
oniu;(n yY_MlIiLI"I Fé",Ni" orzn',y=0o0r 1, were prepared [ﬂzlﬁ”fgyﬁbgdpv‘ﬁjf‘%mgﬂ o ii\,"g
’ - ’ ’ LI S ’ n e .
as reported previously[53-55] 5,10,15,20-Tetrakis(4- {HZTMePyPi,i[;sl\[/lolzl(io‘]‘i]SHzé 2aPMo
pyridyl)porphyrin (&), 5,10,15,20-tetrakis(1-methyl-4-  [MnCITMePyPh 75/PM012040]-8H20 2cPMo
pyridinio)porphyrin @a), 5,10,15-tris(2,6-dichlorophenyl)- [uzTc’\I"Te;Vs][g'Vg@\zl%ggHicl’ o gg'vv‘v’
20-(4-pyridyl)porphyrin  8a), 5,10, 15-tris(2,6-dichlorop- {H:TM epflpi/[S:IiE\ﬂllzg4oi‘?]l 4H2|_(|§ aeiMo
henyl)-20-(1-methyl-4-pyridinio)porphyrind@), the corre- [MNCITMePyP][SiMo12040]- 10H,0 2cSiMo
sponding MH' complexes {c4c) and the zinc complex  [(H,TDCPPyP)H]H[PW12040]-4H,O-2CHsOH 3aPW
1b were prepared according to known procedyfss-58] [(MnCITDCPPYP)H]H[PW12040]-4H20-3CH;OH 3cPW
All the synthetic procedures were performed protected from [(GZTC?TCDPCP;’E)';]*&[&V!%GVO‘% ‘5H(233‘%H§(?H on g?ss_ivv‘\;
light. I(Rz(g) was bubbled for ca. 30min through solutions {&ZQDCPMeP;/P])H%EV[VJZOz]-g?-]|.20~éci-|30|-'l-3| W
of Mn™ porphyrins prior to their use in the synthesis of the ynciTDcPMePyPIH[PW;2040]-3H,0-CH;OH 4PW
new compounds. Consistent analyses (see supplementaryH,TDCPMePyP]H[SiW12040]-7H,0-3CH;OH 4aSiwW
material) were obtained for all prepared polyoxomet- [MnCITDCPMePyP]H[SiW12040]-4H,0-CH30H 4cSIW

alate/porphyrin  and polyoxometalate/metalloporphyrin
associationsTable 1.

2 Porphyrin and metalloporphyrin abbreviations are presented in
Scheme 1
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acid (TFA) (26ul). Solid TBAKHy[PW11Y (H20)039]-2H20 tial temperature, 80C (2 min); temperature rate, 2&/min;
(0.14 mmol) was added with stirring. The formation of a final temperature, 158C; temperature rate, “®&/min; final
dark precipitate was immediately observed. The reaction wastemperature, 200C; injector temperature, 22C; detector
stirred overnight and the precipitate was centrifuged, washedtemperature, 220C, for geraniol and (+)-3-carene oxidation
with acetonitrile and dried under vacuum. reactions. The values of conversion and selectivity are based
Associations type2XM: [M’TMePyPL[XM 12040]-z on the chromatographic peak areas, usirggtane or unde-
solv, M=2H, Mn''Cl, M=Mo, W, X=P (n=0.75) cane as internal standards.
or Si (n=1). Aqueous solutions (0.02moldr) of
the cationic porphyrin2a (iodide salt) or2c (chloride 2.3. Catalytic procedures
salt) and of H[PM12040]-ZH20 or Hy[SiM12040]-zH20
(0.04 mol dnv3) were prepared and mixed in equal volumes In a typical experiment, the substrate (0.3 mmol), the cat-
with stirring. The formation of a precipitate was immediately alyst (according to the chosen substrate/catalyst ratio), am-
observed. The reaction was stirred overnight and the precip-monium acetate (15 mg) and the internal standard (0.3 mmol)
itate was filtered, washed with water and ethanol and dried (n-octane forcis-cyclooctene and undecane for (+)-3-carene
under vacuum. and geraniol oxidations) were dissolved in acetonitrile (2 ml)
Associations type3XW [(M'TDCPPyP)H]H[XW 12 and the reaction was stirred at 22 or°@Q Aqueous hy-
Oaq]-z solv, M=2H, Mn"'CI, X=P (n=2) or Si f=3). drogen peroxide (30 wt.%) diluted in acetonitrile (1:10) was
Solutions of porphyringa or 3c (5ml, 0.02 moldnT3) in gradually added to the reaction mixture in 1HdGaliquots
1,2-GH4Cl2/CH30H (5:2) and of H[PM12040]-z2H20 every 15min. The course of the reactions was followed by
or Hy[SiM12040]-ZH20O in absolute ethanol (5ml, GC. The products had been previously isolated and charac-
0.04 mol dnv3) were prepared and mixed with stirring. The terized in our laboratorj48]. GC—-MS was used to confirm
formation of a dark precipitate was immediately observed. the identity of the reaction products.
The reaction was stirred overnight and the precipitate was  During the oxidation reactions, the absorbance ofthe Soret
separated by centrifugation, washed with ethanol and driedband on the visible spectra of the solution (1830f the
under vacuum. reaction medium diluted with DMSO up to 5 ml) decreased
Associations typedXW. [M’'TDCPMePyP]H[XW 1 progressively. The metalloporphyrin stability was determined
Oaq]-zsolv, M =2H, Mn"' CI, X=P (n=2) or Si h=3). The by the ratio between the intensities of the Soret band at a
method used for associations 3XW was applied, using por- certain time and at the beginning of the reaction.

phyrins4a (iodide salt) odc (chloride salt) in place ddaor The reuse of 4cPW was done in two successive reac-
3c. tions. The reaction was carried outin the conditions described

above, using a substrate/catalyst ratio (S/C) of 60. After 1 h of
2.2. Analysis reaction the catalyst was filtered from the reaction medium,

washed with CHCN and reused.

Elemental analyses for P, W, Mo, Mn and Zn were per-
formed by ICP spectrometry (JY 70 plus) at the Central Lab- 2.4. Physical measurements
oratory of Analysis of the University of Aveiro. Solutions
for analysis were prepared on a closed microwave system by  Electronic absorption spectra were recorded on a Jasco
heating the compounds during 30 min in a mixture of HCI V-560 spectrophotometer or on an Uvikom 922, Kontrom
(2 ml), HNO3 (2 ml) and HF (1 ml), followed by further heat-  Instruments!H and3!P NMR spectra were recorded on a
ing after addition of 2 ml of HCl and 0.1 mI HCIOC, H, N Bruker AMX 300, using tetramethylsilane (TMS) as internal
elemental analyses were performed on a Leco CHNS-932 ap+eference or 85% aqueousgPlO, as external reference, re-
paratus. Thermogravimetric analyses were carried out in air spectively. Diffuse reflectance and infrared absorption spec-
at 5°Cmin~! on a TGA-50 Shimadzu thermobalance. The tra, powder X-ray diffraction patterns and magnetic moments
values of the total weight loss (TG) were calculated from ther- were obtained as described previoudy.
mogravimetric analysis performed up to 7@ assuming
decomposition to a mixture of oxides. GC-FID analyses were
performed using a Varian Star 3400CX chromatograph and 3. Results and discussion
hydrogen as the carrier gas (55 cm/s). GC-MS analyses were
performed using a Finnigan Trace GC/MS (Thermo Quest 3.1. Synthesis and characterization of the associations
CE Instruments) using helium as the carrier gas (35cm/s).
In both cases fused silica Supelco capillary columns SPB-5 The association of the Keggin anions [XpDso]™™
(30mx 0.25 mm i.d.; 25um film thickness) were used. The (M=Mo, W; X=P, Si) with large cations leads frequently
chromatographic conditions were as follows: initial temper- to the precipitation of insoluble compounds. This behaviour
ature, 80 C (2 min); temperature rate, 2@/min; final tem- was explored in this work in order to obtain the desired associ-
perature, 200C; injector temperature, 22@; detector tem-  ations of cationic porphyrins or metalloporphyrins with poly-
perature, 220C, forcis-cyclooctene oxidation reactions;ini- oxometalatesTable 1. The solvent or mixture of solvents
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used were chosen in such a way that the precipitation of
the compounds occurred by simple mixing. In the pres- ©
ence of the strong heteropolyacidg[PM12040]-zH20 or
H4[SiM12040]-zH20 (M =Mo, W) the porphyrins with 4-
pyridyl substituentsiaand3a) and the corresponding metal
complexes were expected to protonate at the pyridyl residues,
thus providing the necessary cations for salt formation. The
results of the elemental analysis confirmed this supposition
in many cases. Trifluoracetic acid (TFA) was added to en-
sure protonation of the pyridyl residues in synthesis starting
with TBA salts of the metal substituted heteropolyanions.
The obtained compounds were soluble in dimethylsulphox-
ide (DMSO) andN,N'-dimethylformamide (DMF), slightly
soluble in water and C§CN and insoluble in other common
organic solvents. They were generally dark green or dark
brown-green solids, amorphous or with low crystallinity. , .
The formulas presented ifable 1were determined by 2000 1500 1000 500
elemental and thermal analyses. The stoichiometric por-
phyrin/polyoxometalate ratio was never larger than 1. Mag-
netic moments were determined for some Mn-containing Fig. 1. Infrared spectra of: (2&; (b) 2aPW: (c) 2cPW.
solids ( = 4.0 for 1cPW and 4.6.g for 2cPW). The value
w=4.3ug, obtained for the MW complex of 5,10,15,20- o o .
tetrakis(2,6-dichorophenyl)porphyrin, was used compara- Q|m|n|shed. S|m|lar patterns were observed for the associa-
tively in this work as indication of the presence of MirMag-  tions of porphyrind a-4awith the polyoxometalate$(g. 2).
netic moments of M porphyrins usually fall in the range Similarly, the diffuse reflectance spectra of the metallopor-
4.2-4.9ug [59,60] Thus, the obtained values suggested the phyrins 1c4c and 1b were identical to the corresponding
presence of MH in the prepared associations. spectra i.n squFion and were not significantly altered by the
Several spectroscopic techniques were used to character@ssociations with polyoxometalates.
ize the new compounds. All the results seem to indicate that ~ 1hese results indicate that both the Keggin anions and the
they are salts of heteropolyanions with the porphyrins or met- cationic porphyrins and metalloporphyrins used are present

Transmittance

(a)

Wavenumbers (cm'l)

alloporphyrins as the cations. in the solid compounds obtained without noticeable changes.

The fact that the spectroscopic properties described for the
3.1.1. Spectroscopic characterization of the solids (IR, anions and the cations have not been substantially altered
DRS) seems to point out simple ionic interactions between them.

Keggin-type polyoxometalates originate characteristic in- The_ protonation of the pyridyl residues needed for the for-
frared bands in the 700-1000ct region of the spec-  Mmation of some of these compounds could not be observed
tra, assigned to MO and M-O—-M stretching vibrations By any of these techniques.

[54,61,62] These bands were observed in the spectra of the
prepared compounds without significant changes. Frequency
values for compounds with [XMQO40]"~ differed slightly

from those of the original acids, as described for other salts (a)
of large counter-cation$4]. Bands obtained for solids with
[PW11Y(H20)O030]" are identical to those of analogous
TBA salts[63]. The bands with lower intensities observed ®)
at 1100-1600 cm® and near 3000 cm confirmed the pres-
ence of the organic moieties in the compourtfg(1).
Diffuse reflectance spectra of the prepared solids showed
the bands corresponding to the porphyrins and to the poly-
oxometalates in the visible and UV region, respectively. The
visible spectrain solution (CHgICH3CN, DMSO, DMF) of

the non-metallated porphyriie—4a were characterized by
a strong Soret band at about 420-426 nm and four Q-bands - '

of decreasing intensities between 500 and 65(64n65] 400 500
Diffuse reflectance spectra of these free bases were similar, Wavelength

showing the same five bands observed in solution spectra but

with the relative intensity of the Soret band comparatively Fig. 2. Diffuse reflectance spectra of: (&; (b) 1aSiMo.

Absorbance

T
600 700
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3.1.2. Spectroscopic characterization of the compounds  not as well resolved as in CDgltwo doublets were observed
in solution (UV-vis, NMR) instead). Aggregation was thus destroyed by the protonation
The electronic spectra of the new compounds in DMSO of the pyridyl residues. The positions of the peaks changed
presented the bands characteristic of the porphyrinic moietieswith the amount of acid used. When this porphyrin was dis-
in the visible region64,65] Comparison of these spectra solved in pure TFA (no DMSO added) the singlet observed at
with those of the corresponding free porphyrins or metallo- negative values (around3 ppm) shifted to near 1 ppm (entry
porphyrins in the same solvent provided evidence for the fol- b, Table 2. This shift corresponded to the protonation of the
lowing facts: (a) the protonation of the inner nitrogen atoms inner nitrogen atoms of the porphyrin ring, only observed in
of the porphyrinic ring of porphyringa—4a did not occur; this highly acidic media.
(b) the central metals of the metalloporphyribs-4c and The same type of spectra was obtained for the compounds
1b were still present. These conclusions were based on thelaPW, 1aPMo, 1aSiW and1aSiMo (Table 2. In all cases
absence of modification of the visible speci$&,66] The the signal of the protons bonded to pyrrole nitrogen atoms
protonation of the pyridyl residues did not change the visible was observed near3 ppm, suggesting that protonation only
spectra of the porphyrin. The UV spectra presented a bandoccurred at the pyridyl groups. The addition of acid to the
near 250 nm characteristic of the polyoxometalates [6G8d DMSO solutions of the compounds shifted slightly the po-
1H NMR spectra were obtained for all diamagnetic com- sition of the peaks (entries e andlgble 9. This may indi-
pounds in DMSO-g, unless when other solvents are indi- cate thatan equilibrium between protonated and deprotonated
cated Table 2. The spectrum ofain CDCl; presented four  pyridyl groups was probably established in solution.
signals: one singlet, corresponding to ggyrrolic protons, The zinc complex of porphyritia was synthesised to al-
two multiplets, due to the protons of the pyridyl residues and low the study by NMR spectroscopy of the association of
one singlet at negative values ®flue to the NH protons of  polyoxotungstates with metalloporphyrins. Except for the
the porphyrin rind68]. The spectrum of the same compound peak near3 ppm (absent for the zinc complex), the spec-
in DMSO showed a complicate pattern that could not be as- tra of the zinc porphyrinib) and of the associatiohbPW
signed. This behaviour was probably due to the aggregation(entries k—-mTable 2 were identical to the spectrum bé
of the porphyrin molecules in this media. Addition of TFA to Results for other polyoxometalate/porphyrin associations
the DMSO solutions restored the expected four signal spectra,were similar Table 9. For2ain DMSO, thelH NMR spec-
but the multiplets corresponding to the pyridyl protons were tra showed the signals of pyrrole and pyridyl protons at 9.19,

Table 2

1H and31P NMR chemical shifts

Entry Compount Hg® Ho,6 Ha,s NH CHz P

a 1a(CDCl3) 8.87s 9.06 m 8.17m —292s - -

b 1a(TFA) 9.00s 9.41d 9.10d a5s - -

c la+TFA® 9.06 s 9.23d 8.83d —-3.03s — —

d 1aPW 9.01s 9.19d 8.51d -3.06s - —145s
e 1aPW + TFA 9.16 s 9.44d 8.86d -3.00s - —145s
f 1aPWZn 9.04 ¢ 9.23d 8.60d —-3.08s —110s
g 1laPMo 9.09s 9.31d 8.72d -3.07s - -30s
h 1aSiw 9.09s 9.30d 8.73d —-3.08s - -

i 1aSiW + TFAf 9.12s 9.40d 8.89d —3.02s - -

j 1aSiMo 9.04s 9.21d 8.59d -3.07s - -

k 1b 8.82s 9.01d 8.21d - - -
| 1b+ TFAf 9.00s 9.32d 8.86 d - - -
m 1bPW 8.87s 9.05d 8.29d - - —145s
n 2a 9.19s 9.48d 8.99d -311s 4.72s -

o] 2aPW 9.19s 9.48d 8.99d —-3.11s 4.74s —145s
p 2aSiw 9.20s 9.47d 9.01d —-3.10s 4.75s -

q 3a 8.75s;8.81d;8.89d 9.36d 9.01d —284s - -

r 3aPW 8.77 s;8.80d;8.89d 9.39d 9.04d —285s - —145s
s 3aSiw 8.77s;8.82d;8.90d 9.40d 9.07d —-2.84s - -

t 4a 8.815s;8.90d;9.01d 9.46d 9.08d —2.83s 4.70s -

u 4aPW 8.78s;8.86d;9.00d 9.41d 9.04d -2.83s 4.70s —145s
% 4aSiw 8.78s;8.87d;9.05d 9.42d 9.05d -2.86s 4.69s -

2 ppm relatively to TMS or conc. §PQy, s: singlet, d: doublet, m: multiplet.

b DMSO-d solutions, except when indicated (solvent in brackets).

¢ Pyrrole protons.
d Pyridyl ring protons.
€ TFA/porf=4.

f Addition of 3—4 drops of TFA to the DMSO solutions in the NMR tube.
9 Low intensity peaks at 9.02 are also observed.
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Fig. 3. IH NMR spectra in DMSO of: (ada; (b) 4aPW.

9.48 and 8.99 ppm (§ Ho sand K 5, respectively64]). Two
other singlets, witls equal to—3.12 and 4.72 ppm, were as-
signed to the NH and methyl protons. The compounds with
this cation aPW and2aSiW) gave the same type of spectra
almost without changes in the position of the peaks.3Jeor
and4aand their associatior3aXW and4aXW in DMSO, the
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Table 3
Oxidation ofcis-cyclooctene with HO; in the presence of catalysts based
on metalloporphyrinc)?

Entry Catalyst Conversion (%)
22°C 60°C

1 1cPW 19 21

2 1cPMo 8 -

3 1cSiW 3 6

4 1cSiMo 2 3

5 1c 14 17

6 [PW12040]3~¢ 0 0

7 No catalyst 0 0

2 Reaction conditions: substrate:catalyst:co-catalyst=100:1:65, in ace-
tonitrile (2 ml) and progressive addition of 0.5 equiv. of®} every 15 min,
during 1 h. At the end of reaction, pD,]/[substrate] = 2.

b Determined by GC analyses usingctane as the internal standard.

¢ TBA3[PW;2040] and H3[PW;204¢]-zH20.

The epoxidation o€is-cyclooctene in the presence of the
tetramethylated porphyridc proceeded with quite low con-
version (<5%) and this result was not altered in the pres-
ence of compound2cPW and 2cSiW. Also in the case
of 1cPWMn, where the Ml is present in both the por-
phyrin and the polyoxometalate, very low conversion (<1%)
was obtained. The polyoxometalate PWMn (and also PWNi
and PWZzn) was found to catalyse the epoxidatiorcisf

1H NMR spectra also showed, apart from the signals referred cyclooctene with HO; in acetonitrile with significant con-

in Table 2 the signals of the 2,6-dichlorophenyl residues be-
tween 7.93 and 8.06 ppriig. 3).

31p NMR spectra of the associations with P-containing an-

ions in DMSO presented one singlet-at4.5 or—3.0 ppm
characteristic of the [PWO40]3~ and [PMa2040]3~ an-
ions, respectively4]. These studies confirmed that the vari-

version at higher temperature (ca.“®) [50]. At this tem-
perature, reactions performed in the presence of PWMn or
1cPWMn yielded similar results.

The poor efficiency of the metalloporphyrids and 2c
can be attributed to the highly deprotected macrocycle that
contributes to their low stability in the catalytic conditions.

ous cations or anions were present in solution without major Other factors can be implicated in the superior reactivity of
alterations, as expected for solids with ionic bonding between POrPhyrinlcwhen compared witlc, as the possible forma-

the organic cationic moieties and the heteropolyanions.

3.2. Catalytic studies

3.2.1. Oxidation of cis-cyclooctene

The MA' metalloporphyrind.c, 2¢, 3¢, 4c and the com-
pounds resulting from their association with the polyoxomet-
alates {cPW, 1cPMo, 1cSiW, 1cSiMo, 1cPWMn, 2cPW,
2¢SiW, 3cPW and4cPW) were used as catalysts in the oxi-
dation ofcis-cyclooctene with HO,, in CH3CN at different
temperatures up to 6. In all cases the epoxycyclooctane
was obtained as the only produ@cheme P

The results obtained in the oxidation cf-cyclooctene
in the presence of the metalloporphyriic) or of the corre-
sponding associatiodisPW,1cPMo, 1cSiW and1cSiMo are
summarized iffable 3 With these catalysts comparatively

low conversions were found and quite similar results were ob-

tained at 22 and 6TC. The best results were obtained with
the associatiodcPW. The stability of the metalloporphyrin

tion of N-oxides on pyridyl residues of the porphydn[69]
or the fact that the presence of positive charges on porphyrin
substituents may result in stable oxoKfspecie$70,71]and,
consequently, less reactivity. This effect may be more impor-
tant in the case of the tetracationic metalloporphenThe
electrostatic association with the polyoxometalates did not
generally improve the efficiency of these metalloporphyrins.
Some results seem to indicate that this interaction may even
prevent the catalytic action of the metalloporphyrin Mn cen-
tre.

Metalloporphyrins3c and 4c and the corresponding as-
sociations with [PW-040]3~ (3cPW and4cPW) gave rise
to good catalytic performancddble 4andFig. 4). A clear
positive effect of the association could be observed when the
catalytic studies were performed at8D. At this tempera-
ture, after 1 h, the conversion ois-cyclooctene wheBcPW
was used was almost twice than that due to metalloporphyrin
3c. A similar behaviour was observed with the pa@and
4cPW, where the conversion increased from 25 to 41%. The
polyoxoanion seems to have a protective effect on the met-

was controlled by visible spectroscopy. Total bleaching had alloporphyrin against its deactivation during catalytic cycles,

occurred after 1 h of reaction.

since an improvement on the porphyrin stability was also
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Table 4 100 4
Oxidation ofcis-cyclooctene with HO; in the presence of catalysts based
on metalloporphyrin8c and4c® i
Entry  Catalyst Conversion (%) Porphyrin (%§
7 ~
22°C 60°C 15 mirf S 601
1 3 37 30 29 =
2 3cPW 32 61 53 2 409
3 4c 22 25 0 3
4 4cPW 17 41 8 2
5 4cPW - 100 100 o
6 First reuse - 100 100 0 10 20 30 40 50 60 70
7 Second reude - 82 0 - )
ime (min)
8 TBA3[PW12040] 0 0
9 Ha[PW12040]-23H,0 0 0 - Fig. 5. Stability of MA!' porphyrins during the oxidation @is-cyclooctene
10 3c+ TBA3[PW12040] 32 29 - with H,0, at 60°C, using the catalysts: (d); (b) 3c; (c) 4cPW; (d) 3cPW.
11 No catalyst 0 0 - The metalloporphyrin stability was determined by the ratio between the
a Reaction conditions: substrate:catalyst:co-catalyst = 600:1:390, in ace- intensities of the Soret band at a certain time and at the beginning of the
reaction.

tonitrile (2 ml) and progressive addition of 0.5 equiv. of®} every 15 min,
during 1 h. At the end of reaction, pD,]/[substrate] = 2.

b . ) . :
Determined by GC analysis, usimgoctane as the internal standard. .
¢ Percentage of metalloporphyrin remaining in solution, determined by the performance from 22 to 6. This may be due to several

ratio between the intensities of the Soret band at 15 min and at the beginningf€asons, including higher solubility of the catalyst at higher
of the reaction. temperature, higher stability of the associated metallopor-
‘: Molar ratio [H2O]/[substrate] =0.5. phyrin (allowing its use at 60C for a longer period without
, Substrate:catalyst.co-catalyst=60:1:39. decomposition) and possible influence of the temperature on
See Sectio. . .
the reaction medium.
Porphyrins3c and4c were devised to combine the high

observedTable 4andFig. 5). This is possibly due to a stereo
vedT '9. 9. This is possibly du protection due to the bulky electron-withdrawing groups with

effect resulting from the electrostatic interaction between the ively ch d lowina th ibility of el
porphyrin cation and the heteropolyanion. a positively charged group, allowing the possibility of elec-

When the catalysts were replaced by T&#RW;204q] trostatic bonding to_a polyoxoanion. They were expect.ed to
or Ha[PW12040]-23H,0, no reaction occurred at either 22 afford better catalytic performances when compared hith

or 60°C. Fast reactions at room temperature are generally_andzc’ as it was expt_erimentally found. Thg relative reactiv-
characteristic of metalloporphyrin catalysed reactions, while 'gy of tk|1e_ nodn-;\ssEc[atedl metallopbc_)lr_phér_lr&:é4c) mﬁy
catalysis by polyoxometalates may require more time and/or ?hexﬁ alfne hy thelr_re_anvE stabilitieig. 5 j[t())get erd
higher temperature. These results seem to indicate that, ip¥ith the fact that the lonic charges may contribute 1o de-

this case, the metalloporphyrin is the active catalyst, which activate the ﬁ”%' oxigant spdecti1es Mr O, as referred be;ore
is protected against oxidation by the polyoxometalate. [70,71} It can be observed th&PW is more active than

The performance of the non-associated metalloporphyrins4CPW’ reflecting the behaviour of the respective metallopor-

3cand4cwas not affected by the change in reaction temper- p_hyrins. It may a'39 happen th"%‘ the polyoxoanioﬁd:ﬁw
ature (22—60C), as typically occurs with homogeneous cat- displays a more efficient protective effect thada®W, what

alysts based on heme chemistry. This was not the case withmay be related to the different type of interactions expected:
N*—H). - -(PW)3~ versus £N*—CHs)- - -(PW)~, respec-

the associated metalloporphyrins, which almost doubled theirEi;ely
i When the associatioBcPW was replaced byc and
60 () TBA3[PW;12040] in identical molar quantities, the catalytic
performance of this mixture was identical to that of metal-
(© loporphyrin3c alone {Table 4 entries 1 and 10). Thus, the
40 1 prepared associations were found to have better catalytic per-
30 1 (b) formances than the equivalent mixtures of the used metallo-
20 4 porphyrin and heteropolyanion. This is probably due to the
10 factthatthese mixtures have other species in solution that may
0 ; [ | . . . . interfere with any interaction between the porphyrin and the
R e anion (for instance, ion pair formation in acetonitrile). If this
happens, the protective effect of the polyoxometalate may be
absent or diminished.
Fig. 4. Oxidation otis-cyclooctene using some associationsand porphyrins AN important feature in catalysis is to develop methods
alone at 60C: (a)4c; (b) 3¢, (c) 4cPW; (d)3cPW. for the recovery and the reuse of the catalyst. Some exper-

50 -

Conversion (%)

Time (min)
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Table 5 In the case of (+)-3-carene, higher values of conversion
Oxidation of geraniol with HO, catalysed by3cPW and3c? were also obtained with cataly8tPW (49%) when com-
Entry  Catalyst Conversion (%)  Selectivity (% pared with the catalysBc (26%). A better percentage of
6a 6b 60 conversion was obtained witBcPW at a lower S/C ratio

1 3PW ” 68 19 13 (Tgple 9. In gll cases the product stereo-.and chemoselgc—
5 3c 16 63 37 0O tivities were similar. These results agree with the assumption
3 [PWi2040)3 ¢ 0 - - - that in this case the metalloporphyrin is the active catalyst,
4 No catalyst 0 - - - which is protected from degradation by the polyoxoanions.

a Reaction conditions: temperature 8D, substrate:catalystco-  The oxidation of (+)-3-carene with D, catalysed by other

catalyst=600:1:390 in acetonitrile (2ml) and progressive addition of Mn' metalloporphyrins leaded also to theepoxide {a) in
0.5equiv. of BO, every 15min, during 1 h. At the end of the reaction, high selectivity[48].
[H202]/[substrate] = 2.

b Determined by GC analysis using undecane as the internal standard.

¢ TBA3[PW12040] and Hg[PW12040]~ZH20.

. . . _ 4. Conclusions
iments were performed with the associatitPW using a

substrate/catalyst ratio (S/C) equal to 60. In this condition,  New compounds were prepared by reaction of Keggin-
complete conversion of the substrate was observed and itwaqype polyoxometalates with porphyrins and metallopor-

pqssble to pe.rform two other reut.lllzatlons of the catalyst phyrins bearing appropriate positively charged substituents
with high efficiency Table 4. In spite of the best conver- 5 {hemesepositions. The porphyrins used had one or four
sion obtained, the lower S/C ratio leaded to lower turnover positive groups (1-methyl-4-pyridinio or pyridyl residues
numbers and to the use of a larger amount of catalyst. that could protonate in the reaction conditions). Prepara-
tive methods were devised for the different polyoxometa-
late/porphyrin combinations. The obtained salts, with a por-
phyrin/polyoxometalate stoichiometric ratio of 0.75 or 1,

3.2.2. Oxidation of geraniol and (+)-3-carene

In view of the results described above, the catalyst that
afforded the best result8¢PW) were tested in the oxida- | are characterized by different techniques.
tion of geraniol Gcheme Band (+)-3-careneScheme % In The oxidation ofcis-cyclooctene, geraniol and (+)-3-
the OXIdatIQH of geraniol no other products but the _epOX|des carene with hydrogen peroxide was examined in the presence
presented irscheme 3v_ere found Table 5. A_much higher of the compounds incorporating Mrporphyrins, using am-
percentage of conversion was observed with catagBiv monium acetate as the co-catalyst. In the conditions studied,
(54%) thanwith porphyriBc(16%). Geraniol was preferably  he ass0ciatioBcPW showed the best performance, afford-
epoxidised at the 6,7-position, as was previously reported g (ot 60°C) conversions significantly higher than those ob-
with other metalloporphyrin$48]. It is noteworthy thatin (5ineq with the corresponding porphyrin alone, without sig-
the reactions catalysed by polyoxometalates alone, the epoxyificant change in the region-, chemo- and stereoselectivity
idation of geraniol occurred preferably at the 2,3-position, g the oxidation reactions. The polyoxoanions contributed
at room temperatur33,49,50] In the particular conditions ¢, the stabilisation of the metalloporphyrin against deactiva-
used in this work, TBA[PW12040] 0r H3[PW12040] did N0t tjon quring the catalytic cycles, and their effect as catalysts
catalyse the epoxidation of geraniol. However, the large in- \yas not clearly observed. For all substrates studied, no re-
crease on conversion observed when the heteropolyanion iso\ction was observed in the presence of FB2W;204g] OF
present suggests that the participation of the heteropolyanionH3[PW12040], possibly as consequence of the reaction con-
cannot be completely ruled out. ditions (slow addition of the oxidant, presence of co-catalyst,
Table 6 comparatively low temperature) noticeably different from
Oxidation of (+)-3-carene with D, catalysed bBcPW and3c those normally used in polyoxometalate catalysis. Due to t_he
useful protective effect of the polyoxometalate on the stabil-

Entry  Catalyst Conversion (%) - Selectivity (%) ity of the porphyrin, the associated metalloporphyrins could
7a_ 7b  7c  7d7b be used at a higher temperature than those usually described

1 3cPW 49 42 16 42 26 and the polyoxometalate/metalloporphyrin associations were

2 3c 26 42 15 43 28 more efficient catalysts than the correspondent metallopor-

i ?;';V\’I\SOM]H Gg 4 16 a4 26 phyrins alone.

5 No catalyst 0 - - - -

2 Reaction conditions: temperature @D, substrate:catalyst:co-
catalyst=600:1:390, in acetonitrile (2ml) and progressive addition of Acknowledgements
0.5 equiv. of HO, every 15min, during 1.5h. At the end of the reaction,

[H202]/[substrate] = 3. . . .
b Determined by GC analysis using undecane as the internal standard. Thanks are due to FCT, University of Aveiro and CICECO

¢ Substrate:catalyst:co-catalyst = 300:1:195. for funding. I.C.M.S. Santos, S.L.H._ Rebelo and M.S.S.
4 TBA3[PW;2040] and Hs[PW12040]-zH20. Balula are also grateful to FCT for their Ph.D. grants.
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Appendix A. Supplementary data

Supplementary data associated with this article can 33!

be found, in the online version, at 10.1016/].molcata.
2004.12.021.
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