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Abstract

Michael reaction of-ketoesters with vinylketones at rootemperature under solnefree condition is investigated with various e
catalysts, including Fegl- 6H,O supported on various supports (Fe—mica, Fe—mont, Fe-%&-AbO3, Fe—NaY) and homogeneous
catalysts, FeGl- 6H,0 and Fe(N@)3 - 9H,0. Fe-exchanged fluorotetrasilicic mica (Fe—mica) shows highest activity. Fe—mica exhibits
almost quantitative yields of Micha@ldducts, high turnover numbers (TGN1000), and a low level of Fe leaching. After simple work-
up procedures, Fe—mica can be recycled without a loss in activity. The relationship between catalytic activity and the catalyst structure
determined by XRD, UV-vis, and Ré-edge XANES/EXAFS is discussed in terms of the effect of clay support on the structure and reactivity
of Fe*t+ species. The Fe cation, highly dispersed in the interlayer of clay (mica or mont) or onpSi©more active than the cluster-like
Fe3t oxide or hydroxide species in Fe—NaY and Fe>@4. UV-vis and XAFS results for the catalysts treated with reactants suggest that,
during the reaction, the FefD), octahedral species in FeCI6H,O or those on Fe—Siare converted to thg-diketonato complexes
with two S-diketonato ligands, whereas in Fe—mjgaliketonato complexes with ong-diketonato ligand are formed. The formation of
B-diketonato complexes results in a slight lowering of the Fe oxidation number frarp®bably as a result of the electron donation from
the B-diketonato ligand to B as a Lewis acid site. The lower numbersfstiiketonato ligand coordinated with £ in Fe—mica should
result in a larger coordination strength ferdiketonato ligand than that in Fe—SiQvhich was confirmed by acetylacetone-TPD. Thus, the
central carbon atom of thé-diketonato ligand in Fe—roa is more reactive toward nucleophilitteck by the coordinated enone, leading to
higher activity for the Michael reaction.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction reaction is commonly known as a very efficient and high-
yielding procesd1], strongly basic conditions are often a
The Michael reaction is among the most useful C-C IImItlng factor since they can lead to a number of side and
bond-forming reactions and is widely used in the synthesis subsequent reactions such as ester solvolysis. Lewis acids,
of fine chemicals. Although base catalysis of the Michael such as transition metal or lanthanide complexes, have been
developed as chemoselective and active catalysts for the
_— _ Michael reaction under newtr and mild reaction condi-
E?;ngggr‘ig éur:m{ifé);gcile?nz.r?ioi?iac@p.-i. Shimizu). tions[2—9]. Christoffers reported that FeS6H,O catalyzes

1 present address: Department gipied Chemistry, Graduate School th.e solventless Michael reaCtion/@fdi(farbonyl comppunds
of Engineering, Nagoya Univeity, Chikusa-ku, Nagoya 464-8603, Japan. ~ With enones at room temperature with excellent yields and
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selectivity[6,7]. Regarding industrial applications, however, In this paper, we demonstrate thatFeexchanged mica
homogeneous catalyst is generally connected with the prob-(Fe—mica)[27] can be a recyclable and highly efficient het-
lems of catalyst-product separation and wasted inorganicserogeneous catalyst for the Michael reactioBeetoesters
that are too difficult to reuse. To overcome these problems, with vinyl ketones. The catalytic behavior and the recycling
immobilization of Lewis acid catalysts on polymg0,11] characteristics of Fe—micaepresented to exemplify the
or inorganic support$l2—14] has been attempted. How- effectiveness of this catalytic system. The structure of var-
ever, the activity of the recycled polymer supported cata- ious F€+-containing catalysts is vleharacterized, and the
lyst for the Michael reaction &as considerably decreased results are discussed to reveal the nature of the Fe species
because of a significant metal leach[dd]. Yb(OTf)3 sup- required for the effective catalysis in the Michael reaction.
ported on silica gel was shown to be a convenient catalyst The local structure of the Bé& cation coordinated by the
for the Michael reaction, although the activity of recovered reactant molecule-ketoesters) is also studied to eluci-
catalyst was considerably deced because of complexa- date the direct interdion of the reactant with F& cation
tion of Yb(OTf)3 during the workup procedufd 3]. Only as a Lewis acid site. Comparison of the structure of the
Sc-exchanged montmorillonite, recently demonstrated by Fe species coordinated by the reactant molecule for mica-
Kawabata et al14], is a successful example of the reusable supported and Si@supported or unsupported (Fe@H,O
heterogeneous catalyst for the Michael reaction. and Fe(NQ)s - 9H,0) catalysts will help to show why the
The use of clays as heteragmus acid catalysts for or-  activity of F&** cation is improved by exchanging it to mica.
ganic reaction has receivedrtsiderable attentiofl14—24]
lon-exchangeable clay can immobilize metal ions in the in-
terlayer by a strong electrostatic interaction. Water mole- 2. Experimental
cules in the interlayer can dissociate under the polarizing
effect of the metal cations to produce acidic protons (Brgn- 2.1. Catalyst preparation and characterization
sted acids). When the coordination of an organic compound
to the metal cation is accompanied by expulsion of the inter-  The following inorganic supports were used: Na—fluoro-
layer water coordinating to the metal cation, the metal cation tetrasilicic mica (Na—-mica) with an ideal formula of
in the interlayer is an electron pair accepter and can poten-NaMgp 5Si4O10F2 (COOP Chemicals Co. Ltd.; Somasif
tially act as a Lewis acid catalyst. Thus the clay exchanged ME-100, surface area 3 m? g~1), synthetic Na—montmori-
by a metal cation with high hydration enthalpy, such aFe  llonite (Na—mont) [Kunimine Co. Ltd.; Kunipia F, (Naz
can be a solid acid exhibiting both Brgnsted and Lewis acid- Mgo.0gCa.01)(Al 1.44Mgo. 37 0.00F€ " 0.02)(Siz.83Al 0.17)-
ity, depending on the target reaction. Conventionally, the role O1o(OH), - nH»0, surface area 4 m?g~1], SiO» (JRC-
of Brgnsted and Lewis acidity of the clay has been discussedSIO-8, a reference catalyst of the Catalysis Society of
in terms of the relationship between the activity and the acid- Japan, surface area 303 nfg~1), Al,03 (JRC-ALO-8,
ity characterized by using basic probe molecules such assurface area: 148 nf g~1), and NaY zeolite (JRC-Z-Y 5.6,
pyridine[19—22]or aming]23], and several studies proposed SiO,/Al 03 = 5.6, surface area 870 nf g~ 1).
Lewis acid catalysis of the cation exchanged d&9,21} Fet catalysts supported on various inorganic supports
However, we believe that the role of Lewis (or Brgnsted) were prepared as follows. We prepared Re@H,O sup-
acidity in each organic reaction should be discussed on theported on silica gel and ADs (Fe-SiG and Fe—A$O3)
basis of the characterizatioresult, with the reactant as a by mixing the supports with an aqueous solution of ReCl
probe molecule. So far, very few studies have been devoted6H,0, followed by complete removal of the solvent at
to elucidating the structure of the metal cation interacting 353 K. We prepared Fe—clay samples andtFexchanged
with the reactant molecule, such as carbonyl compounds. InNaY zeolite (Fe—NaY) by exchanging the supports with an
addition, for the Lewis acid catalysis of cation-exchanged aqueous solution of Fegl 6H,0 at 298 K for 3 h, followed
clay, a fundamental question arises: Why can the activity of by centrifuging and washing with deionized water, and by
metal cations be enhanced by exchanging them to the claydrying in vacuo at 298 K. Fg -exchanged fluorotetrasilicic
though the answer is not clear from the literature. mica from an aqueous solution of Fe(j)@- 9H,O was also
Fluorotetrasilicic micg[16,25], hereafter referred to as prepared and named Fe—mica-N. ICP analysis showed that
mica, used as a host material in this study, has propertiesFe contents of Fe—mica, Fe—mica-N, Fe—mont, Fe>.3t&-
similar to those of swellable clays such as montmorillonite Al>O3, and Fe—NaY are 2.3, 1.6, 1.4, 6.1, 4.8, and 2.1 wt%,
(mont). The interlayer surface of mica, with a kon coor- respectively.
dinated to AP at the octahedral site present at hexagonal ~ XRD patterns were taken by MX Labo (MAC Science)
cavities consisting of corner-linked SiQetrahedra, is less  with Cu-K, radiation (40 kV, 25 mA). Diffuse reflectance
hydrophilic than that omontmorillonite[26], which may be spectra of powder samples were obtained with a UV-vis
beneficial for the development of a moisture-insensitive cat- spectrometer (Jasco; V-550) and were analyzed by the
alytic center. Absence of acidity on the surface of its silicate Kubelka—Munk method. F& -edge XAFS was conducted
sheet[16] should be also effective in preventing unwanted in transmission mode at BL-7C (Photon Factory in High En-
side reactions. ergy Accelerator Research ganization, Tsukuba, Japan)
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Scheme 1.

with a Si(111) double-crystal monochromator. lonization A <
chambers filled with N for Ip (17 cm) and N(50%)—

Ar(50%) for I (31 cm) were used. The energy was defined

by assigning the first inflection point of the Cu foil spectrum A X12 b
to 8980.3 eV. Normalization of XANES and EXAFS analy-
sis were carried out with XAPECA4. The Fourier transforms
of k3-weighted Fek -edge EXAFS spectra were typically
obtained in thek range of 4-13.5 AL, For the curve-fitting
analysis of Fe—O and Fe—Cl shells, respectively, parameters 10 20 30 40
extracted from Fe(Ng)3 - 9H,O [28] and Fed - 6H,0 [29] 2 0 /degree

were used. Temperature-programmed desorption (TPD) of
acetylacetone was carried owith TPD equipment (BEL
Japan). After adsorption of acetylacetone (10 Torr) to the
sample (0.02 g) at 323 K for 1 h, followed by purging
of the gaseous and weakly adsorbed acetylacetone in Heonal holes above and below the central single water sheet in
flow at 373 K for 0.5 h, we performed TPD in the He flow the interlayer spacing$S0]. In this form, three water mole-
(60 c? min~1) by raising the temperature to 823 K atarate cules and three lattice oxygens of the silicate are coordinat-

X172 a

Fig. 1. XRD patterns of (a) anhyous Na—mica, (b) hydrous Na-mica,
(c) Fe—mica, (d) Fe—mica soaked wjghketoesterd.

of 10 Kmin™1. ing to the exchanged catidB0]. Note that no lines due to
FeCk-6H20 or Fe(NQ@)3- 9H,O were observed in the XRD
2.2. Catalytic test pattern of the supported Fe catalysts used in this study.

To characterize the Pé species in the catalysts, UV—
Various Fé* catalysts were tested in the model reac- Vis and XAFS analyses were performédy. 2 shows UV-
tion of B-ketoesterd (ethyl 2-oxocyclopatanecarboxylate)  Vis diffuse reflectance spectod Fe-mica, Fe—-mica-N, Fe—
with methyl vinyl ketone (MVK)2 (Scheme L We carried  SiOz, and Fed - 6H;0. The spectrum of Fe-SjOexhibit-
out the reaction by stirring the reaction mixture containing ing a broad LMCT band around 320-340 nm and a shoulder
B-ketoesterl (5 mmol), MVK (6 mmol), and F&" cata- around 440 nm, is similar to that of FeC6H,O, which con-
lysts (0.05 mmol of Fe) at room temperature in air (in the sists of FeCGl(O)4 distorted octahedron. This suggests that
presence of moisture). Thelgbcatalysts were used with-  the supported F& species are present on the Si€urface
out any pretreatment. After the mixture was stirred for 20 h, without significantly changing their local structure. In con-
ethyl acetate (5 mL) was added to the reaction mixture, andtrast, the position of the LMCT band of Fe-mica is higher
the solid catalyst was removed by centrifugation. In the ki- in energy than that of Fe€l 6H,0, and its spectral feature
netic studies with 0.1 mol% catalysgif. 6), progress of the s different from that of FeGl- 6H,0, indicating that local
reaction was monitored by GC analysis of aliquots with  structure of F&" species in Fe-mica is different from that
dodecane as internal standard. of FeCk - 6H20 (starting material). The spectrum of Fe—
mica-N is very close to that of Fe—mica. The band around
260—280 nm in spectra a and b corresponds to tiie Fe

3. Resultsand discussions FeQs octahedral complef31,32] A weak shoulder around
340 nm suggests the presence of Fe small oligomeric
3.1. Structure of as-prepared catalyst clusterqg31,32]as minor species in Fe—clay samples. In the

spectra of Fe—AlO3 (spectrum e) and Fe—NaY (not shown),

The X-ray diffraction patterns of Fe—micki@. 1) show a broad band around 340 nm due té+& small oligomeric
a typical low-angle reflection (100) djoo= 1.27 nm. The clusters[31,32] and a shoulder at 500 nm due to®Fen
basal spacing of Fe—mica is close to that of the original Na— larger FeOzs-like particles[32] are observed.
mica in a hydrated form (1.21 nm), with Naons and a X-ray absorption near-edge structures (XANES) are
single water sheet in the interlayer spacirig8]. From a known to be sensitive to the local structure and oxidation
comparison with the XRD pattern of Na—mica in anhydrous state of X-ray absorbing atoms. It is established that the po-
form (d100 = 0.91 nm), the interlayer spacing of Fe—mica sition of the absorptioik -edge and that of the pre-edge due
is estimated to be 0.36 nm. These results indicate that theto a dipole forbiddend— 3d transition depend on the iron
Fe—mica retained the hydrated interlayer structure of Na—ion valence state; both of them shift to higher energy with an
mica, and F&" ions should be accommodated in the ditrig- increase in the oxidation number of ir¢83—36] Positions
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Fig. 2. Diffuse reflectance UV-vis spectra of (a) Fe—mica, (b) Fe—mica-N,
(c) Fe-SiQ, (d) FeCk - 6H,0, and (e) Fe—AlO3.
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Fig. 3. Fe K e-edge XANES spectra of (a) FegQ 7H,0,

(b) Fe(NQ)3 - 9HL0, (c) FeCf - 6H,0, (d) Fe-SiQ, (e) Fe—mica,

(f) Fe—mica-N: (A) pre-edge feature, (B) post-edge feature. Dotted lines
denote the spectra for the solid samples soaked gvitetoesterl (d, ) or

0.1 M solution of Fed - 6H,0 in g-ketoesterl (c).

of the pre-edge pealkig. 3A) and absorption edg&ig. 3B)

FT magnitude of k3-weighted EXAFS
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Fig. 4. Fourier transforms ok3-weighted Fek e-edge EXAFS of
(&) Fe(NQ@)3 - 9H0, (b) FeCh - 6HyO, (c) Fe-SiQ, (d) Fe—mica,
(e) Fe—mica-N, (f) Fe—mont, (g) Fe—AD3, and (h) Fe—NaY. Dotted lines
denote the spectra for the solid samples soaked gvitetoesterl (c, d) or
0.1 M solution of FeC] - 6H,0 in B-ketoesterl (b).

The spectral feature for Fe(NJ - 9H,0, in which Fé+

is surrounded by six water molecules, is a fingerprint of
Fe(Q; octahedra. The spectral feature for Fe—-mica and Fe—
mica-N, with a peak at 7132.0 eV, is very close to that for
Fe(NGs)s - 9H20, suggesting that the Fe@ctahedron is
the dominant F&" species in Fe—mica and Fe—mica-N.

Fig. 4 shows the Fourier transforms df-weighted
EXAFS for the catalysts and reference compounds. Note
that Fe(NQ)s - 9H,O consists of the Fegoctahedra with
an Fe—O distance of 0.1986 @8], whereas FeGl- 6H,O
consists of the Fe@{O)s distorted octahedron with an
Fe—ClI distance of 0.230 nm and an Fe-O distance of
0.207 nm[29]. A peak centered around 0.169 nm (phase
shift uncorrected), observed on the spectra of Fe[NO
9H,0, is assigned to the backscattering from the adjacent
O atoms. The EXAFS spectrum of FeCI6H20 has two

for all of the as-prepared catalysts are almost the same; pre-distinct peaks at 0.160 nm and 0.194 nm, which are due to

edge and edge positions are very close to those fét Fe
compounds, Fe(N§)s - 9H,O and Fed - 6H20, but are
different from those of the P& compound, FeS© 7H,0.
This indicates that the oxidation number of Fe in the sup-
ported catalysts is-8. The spectrum of Fe—SOwith two
maxima at 7130.4 eV and 7136.0 eV, is similar to that of
FeCk - 6H,0, suggesting that the local structure offEe
species in Fe-SiPis very close to that of Fegl 6H,0.

the backscattering from thadjacent O and Cl atoms, re-
spectively. Peaks around 0.167 nm observed in the spectra
of Fe—mica, Fe—mica-N, and Fe—mont suggest that Fe atoms
are surrounded by oxygen atoms. For Fe—mica and Fe—mica-
N, the inverse Fourier transform of the peak at 0.167 nm
(R = 0.13-021 nm) in Fig. 4 gives the EXAFS oscilla-
tion due to the Fe—0O, as shownhiig. 5 (spectra b, ¢) with
solid lines. Dotted lines ifrig. 5show the result of a curve-



474 K.-i. Shimizu et al. / Journal of Catalysis 229 (2005) 470479

a most probable model for Be species on Fe-SiOs the
FeCh(O)4 distorted octahedron.
f In the spectra of Fe—NaY and Fe-@k, a large peak
at 0.272 nm assignable to the Fe atom in oxide or hydrox-
ide particles is clearly observed. On the other hand, very
/\/W . small peaks around 0.27—0.30 nm are observed in the spectra
o of Fe—mica, Fe—mica-N, Fe—mont, and Fe—§i@dicating

- that the amount of the cluster-like eoxide or hydroxide

. d species in these samples is quite small.
Summarizing the above charadtation results, we can
provide consistent pictures of the catalyst structure as fol-
/\/\/\/\/\ ¢ lows. XAFS and UV-vis results for Fe—clay samples indicate
that intercalated Fe species are highly dispersed Fe@z-
b tahedron, where O refers to the oxygen atom of interlayer
/\/\/\/\/\ a water or the anionic oxygen di¢ silicate layer (specigsin
Scheme 2 Thedigo value of Fe—mica, suggesting that the
T R R B Fe*t cation in the interlayer is coordinated by the interlayer
4 6 8 10 12 water and the silicate oxygen atof88], supports the above
kAT structural model. In Fe-SiQthe starting salt, Fegl 6H,0,

Fig. 5. Fourier filtered EXAFS function (solid line) and resulting curve fit is highly dispersed on Fe—Sivithout significantly chang-

(dotted line) for the peak around 0.13-0.21 nm in Fk®fweighted EX- ing its structure, and the local structure can be described as

AFS (spectra b—e ifFig. 4): (a) Fe-SiQ, (b) Fe-mica, (c) Fe-mica-N, = FeCb(O)4 octahedron, where O refers to the oxygen atom

(d) Fe-SiQ soaked with ﬂ-ketoesterll, (e) Fe—mica soaked with of H,O or the support oxygen (Speciﬁm Scheme )3 Fe—

p-ketoester, and (f) 0.1 M FeQ - 6H20 in f-ketoesterl. NaY and Fe—AJO3; mainly consist of small B¢ oxide or
hydroxide particles.

Table 1 . . .
Curve-fitting analysis of F& -edge EXAFS for as-prepared samples 3.2 Structure-activity relationship
b 2¢ (A2 d . .

Catalysts _ Shell CR R°(A) o%°(A%) AEg(eV) Ri®(%) The Michael reaction oB-ketoestet. (ethyl 2-oxocyclo-
Fe-mica O £ 200 00003 0 49 pentanecarboxylate) with rtieyl vinyl ketone (MVK) 2 was
Fe-mica-N O B 201 00008 0 97 ; ; =5 . _

. tested with various catalysts (able 3. Fe—clay cata
Fe-Si O 28 197 -0.0321 -7 71 . . . )

al 30 220 00016 _7 lysts (Fe—mica, Fe—mica-N, driFe—mont) gave high yields

2 Coordinat comparable to that of Fegl 6H,O (a homogeneous cata-

oordination number. . N .

b Bond distance. lyst); full conversion ofl and almost quanmatlve ylelq of

¢ Debye-Waller factor. the producB were observed. Although Fe—-SiQave a high

d Residual factor. yield, a large amount of supported Fe (33%) was leached
from the solid. This indicates that the activity of Fe—i®
partially due to homogeneous catalysis of the leachéd Fe

fitting analysis that used Fe—O shell parameters extractedin solution. With Fe—A405 and Fe—NaY, poor yields and

from Fe(NQ)s - 9H20. A simulated spectrum fitted well  sjgnificant F&" leaching were observegig. 6 shows the

with the experimental one. As shownTable 1, the curve- time course of the Michael reien by Fe—mica, Fe—mica-N,

fitting analysis for Fe—mica and Fe—mica-N showed that the Fe—mont, FeSiQ FeCk - 6H,0, and Fe(N@)3 - 9H,0 with

peak at 0.167 nm is assigned to an Fe-O bond with a co-jow catalyst concentration (0.1 mol%). Under these condi-

ordination number of about 4 and a bond distance of abouttions, a clear difference in the activity was observed, and

0.20 nm. This indicates that & species are coordinated the initial rate increased in the order of Fe—mic&e—mica-

with the interlayer water and/or the surface anionic oxygen N = FeCk - 6H,0 > Fe—mont> Fe-SiQ > Fe(NQ)3 -

in the silicate layer. The peak position for the first shell of 9H,0. Fe—mica was the most effective of the catalysts

Fe-SiQ (0.182 nm) is higher than that for the Fe—O shell of tested, and the reaction proceeded smoothly to give a quan-

Fe(NG)3-9H>0 (Fig. 4), suggesting the presence of a larger titative yield after 6 h.

atom, a Cl atom, at a larger distance than Fe—O. For the peak From the above results and the structural information on

at 0.182 nm in Fe-Si@ the analysis was unsuccessful with the catalysts, the nature of the Fe species required for this

a Fe—0 shell, and the optimum fitting result gives 2.8 Fe—O reaction can be described as follows. Highly dispersed Fe

bonds of 0.201 nm and 3.0 Fe—Cl bonds of 0.220 nm. Com- complexes in Fe—clay and Fe—Si€xhibit much higher ac-

bined with the UV-vis and XANES results suggesting that tivity than Fé* oxide or hydroxide species present in Fe—

the local structure of Fe species on Fe—SiOis close to NaY and Fe—-AdO3 as major Fe species. The Fg@)s3

that of FeCj} - 6H20 consisting of FeG[(O)4 octahedron, complex on Fe-Si®is easily dissolved in the liquid phase,
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Table 2
Michael reaction ofg-ketoesterl with MVK 22

Catalysts Fe content (wt%) Yidld%) Fe leaching (%)
Fe—mica 3 97,9¢%, 99,9 0.19
Fe—mica-N 16 91 Q021

Fe—mont 14 93, 9%, 99,9 052

Fe-SiQ 6.1 99 33

Fe-AbOs3 48 1# 16

Fe-NaY 21 24 8.3

FeCh - 6H,0 - 99 -

Fe(NO;)3- 9H,0 — 99 -

& Reaction conditionss-ketoester (5.0 mmol), MVK (6.0 mmol), F&t
catalyst (0.05 mmol, 1 mol%), no solvent, at room temperature for 20 h.

b Isolated yields.

¢ Yields in the first, second, third and fourth repeated reuses of the same
catalyst.

d Yields determined byH NMR using internal standard method.

and leached Fe species act as homogeneous catalysts wit

moderate activity. F& species intercalated to the fluorote-
trasilicic mica have higher activity than correspondingFe
salts and Si@supported one. An explanation of this phe-
nomena will be given later.

3.3. Catalytic performance of Fe—-mica

As shown inTable 2 Fe—mica gave full conversion af
and almost quantitative yield of the prod&tAs reported
by Christoffers for FeGl- 6H20 catalys{6,7], no side prod-
ucts were detected by TLC, GC, 8H NMR analyses. It
should be noted that, for Fe—clay catalysts, evaporation of
supernatant after the centrifugation gave directly a Michael
adduct3. ICP analysis of supernatant after the reactite (
ble 2 shows that metal leaching of clay-supported catalysts
was significantly low. A possible contribution of homoge-
neous catalysis was excluded by the following experiment.

475
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Fig. 6. Plot of GC yield versus time for the Michael reactiorBefketoester
with MVK at room temperature by various catalysts))(Fe—mica,
) Fe-mica-N, f) Fe-mont, [J) Fe-SiQ, (®) FeCk - 6H,0, (®)
Fe(NG3)3 - 9H,0. Conditions:B-ketoesterl (25 mmol), MVK (30 mmaol),
the catalyst amount (0.1 mol%).

Michael adduct was obtained for the reaction of diethyl mal-
onate with MVK by Fe—mica (3 mol%). When acrylonitrile,
ethyl acrylate, 2-cyclopenten-1-one, 2-cyclohexen-1-one, or
4-phenyl-3-buten-2-one was used for the reaction gith
ketoesterl by Fe—mica (3 mol%), the Michael reaction did
not proceed.

3.4. Characterization of the catalyst interacted with
B-ketoester

Homogeneous transition-metal catalysis of the Michael
reaction of 8-dicarbonyl compounds has been studied by
many authors. It was proposed, for homogeneods 4],
Co?* [5], and FéT [6,7] catalysts, that under reaction con-

When the Fe-mica catalyst was removed at an early stageditions g-diketonato species (Scheme Rare first formed,

of the reaction { = 30 min, 40% yield), the reaction did
not proceed further, confirminbat the observed catalysis of
Fe—mica is truly heterogeneous in nat[8€]. After the first

run, reusability of the Fe—mica and Fe—-mont catalysts was

though very few authors have focused on detailed spectro-
scopic evidence for the reaction mechanism. On the basis of
the result that Fe(acagjloes not catalyze the Michael reac-
tion, Christoffers proposed for the FeCI6H,O-catalyzed

tested. The catalyst can easily be separated from the reacMichael reaction that the eno@eoordinates at a vacant co-

tion mixture by a simple centrifugation and can be recycled
at least three times while retaining almost quantitative yield
without any reactivation treatment. As showrFigy. 6, Fe—
mica shows high durability; turnover numbers (TON, moles
of productgmoles of Fe) as high as 1000 are achieved.
Several examples of Fe—mica-catalyzed Michael reac-
tions are summarized iffable 3 Fe—mica was generally
very effective in the reaction of various Michael donors with
methyl vinyl ketone or ethyl vinyl ketone. After the reaction
mixture was stirred for 20 htaoom temperature, Michael
adducts were obtained in high yields with only 1 mol% of

ordination site ob to form specie$, and, subsequently, the
central carbon atom of the-diketonato ligand is alkylated

by the coordinated enone, resulting in the formation of the
Michael adduct$cheme 2[6,7]. On the basis of the IR re-
sult of the 8-diketonato complex, Kawabata et fl4] also
proposed a similar reaction mechanism for the Sc-exchanged
montmorillonite-catalyzed Mihael reaction. In this study, to
investigate the structure of theFespecies interacting with
the reactant, 0.5 g of the catalyst powder (Fe—mica, Fe—mica-
N, or Fe-SiQ) was soaked in 1.0 g of-ketoesterl for

10 min, and the filtered catalyst was washed witho,CH

the catalyst and without solvent. Ester hydrolysis as a side and dried in vacuo at 298 K, and the obtained powder was
reaction was negligible, even for methyl ester (entry 2) in characterized by XRD, UV-vis, and XAFS as shown be-
the presence of moisture. Use of ethyl 3-oxobutanate aslow. In situ UV-vis and XAFS studies for the homogeneous
a Michael donor resulted in a moderate yield (41%). No catalysts (FeGl- 6H,0 and Fe(NQ@)3 - 9H,0) interacting
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Table 3 ]
Fe—mica catalyzed Michael reactiéns
Entry Donor Acceptor Yiel® (%)
1 o o 0 ~ 99(R=Et) 8T
2 \)k 95(R = Me) g
R =
o
2]
o] o 1+
3 \)I\/ 99(R=Et) <
o) o)
o
4 OEt VK 94 -
o 0
O IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIllllIIIII
5 on s 77 300 400 500 600 700 800
Wavelength/ nm
(0] [e) o
6 )J\/U\ QK 41° Fig. 7. UV—vis spectra of 1 mM C§LCl, solution of (a) Fe(N@)3 - 9H,O
OEt \ and (b) FeC - 6H,0 in the presence op-ketoesterl (10 mM) and

— (c) FeCk - 6H,0 in the presence oB-ketoesterl (10 mM) and MVK
@ Conditions are the same asTable 1 (10 mMm).
b |solated yields.

¢ Yields determined byH NMR using internal standard method.

R3
o) o
o | .o O |..~
\F|e3+ +1 >F|e3+ \ Ro
O/ \O » O | \ o
4 % R1 5

F(R)

- » 00—

ETI IR IR ERRRTI FARERIRINI ARRRARERNA AR ARRRRRT] RARARERET]

300 400 500 600 700 800
Wavelength/ nm

Fig. 8. UV-vis spectra of (a) the soaked wihketoesterl: (a) Fe—mica,
(b) Fe—mica-N, (c) Fe-Si©and (d) Fe—mont. Dotted line (e) denotes the

Scheme 2. spectrum for the Fe—mica soaked witkketoesterl and MVK.
cor R Rs o . ; -, :
o o 1 o % o site in the working state on the Lewis acidity will be also
MRt N demonstrated.
N —> R / Fedt Rz ini i ivi
o 5 o— The Fe-containing catalysts with low activity for the
cr CI Michael reaction, Fe—AD3z and Fe—Nay, did not change
Rs R 9 its color (yellow) during the reaction. The color of Fe—clay
catalysts changed from light yellow to blue or green dur-
Scheme 3. ing the Michael reaction and after the sample was soaked in

B-ketoesterl, suggesting a significant change in the’Fe
with the 8-ketoested are also examined. Comparison of the species. A color change was also observed for FexSiO
spectroscopic results for the clay-supported (Fe—mica or Fe—FeCk - 6H20, and Fe(NQ@)3 - 9H,O; the color of the solid
mica-N) and Si@-supported or unsupported catalysts will or solution during the reaction was deep purple. The color
give some explanation of why the Lewis acidity of metal change is reflected in UV-vis spectra. In the UV-vis spec-
cation is improved by their immobilization on the exchange- tra for homogeneous catalyst&g. 7), a new band centered
able clay. A significant effect of the local structure of the Fe around 530-550 nm appeared wheiketoested or a mix-
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ture of B-ketoesterl and MVK was added to a 1 mM so-  sult of the electron donation from thediketonato ligand to
lution of Fe€+ salts in CHCl,. For heterogeneous catalysts Fet as a Lewis acid center. It is known that the pre-edge
(Fig. 8), diffuse reflectance UV-vis spectra showed a new peak is sensitive to a symmetry of metal species; the pre-
band centered around 550-700 nm after Fe—mica, Fe—mica-edge intensity increases with an increase in a distortion from
N, or FeSiQ was soaked i-ketoested. In general, LMCT the perfect octahedral symmei{B6]. In the spectrum of Fe—
bands can be found in the visible region, for complexes with mica, the pre-edge feature of as-prepared catalyst is almost

lone-pair electrons on anianiligands and metal atoms in
high oxidation state$38]. The band around 500-700 nm
in Figs. 7 and 8s mainly due to the charge transfer from
the oxygen atom of-diketonato ligands to Fé typically
observed forg-diketonato F&" complexeg[39], suggest-
ing the formation ofg-diketonato F&" complexes in each
catalyst. The position of the band for Fe—%i(®50 nm)

the same as that @f-diketonato complex, indicating that the
symmetry of Fé" species does not change after the coordi-
nation of thep-diketonato ligand. In contrast, the pre-edge
peak intensity of Fe—Si®and Fed - 6H,0 increased after
the coordination of thgg-diketonato ligand to F&", which
suggests an increase in Jahn—Teller distortion &t Fedter
the formation ofg-diketonato complexes.

was close to those for homogeneous catalysts, whereas the Fe K-edge EXAFS spectra of Fe—Si@nd Fed - 6H,0
band for Fe—mica-N and Fe—mica appeared in a lower en-significantly changed after the formation gfdiketonato
ergy region (650-700 nm). The same band appeared whercomplexes, indicating significant changes in the local struc-

Fe—mica was soaked with a mixture gfketoesterl and
MVK (not shown), indicating that Fe species in the cata-
lyst are present g8-diketonato F&" complex during the re-
action. Previously, Handa et §B9] reported a spectroscopic
study of the formation of acetylacetonatc®F&omplexes in

ture around Fe species. For FegCI6H,O, the peak at
0.160 nm due to the oxygen atom of the coordinatin@H
ligand almost disappearedh@the intensity of the peak at
0.194 nm increased. For Fe—Sithe intensity of the peak
at 0.184 nm increased. In contrast, the Fourier transform

acetonitrile. Using a spectroscopic titration technique, they of EXAFS for Fe—mica did not markedly change after the
assigned the UV~vis bands centered around 590, 500, andormation of 8-diketonato complexes. For the EXAFS spec-

430 nm to Fe(acaéj, Fe(acag,t, and Fe(acag) respec-
tively, indicating that the band shifts to higher energy with
increasing numbers ¢f-diketonato ligands. Taking into ac-
count this result and a simifigy in the nature of acetylace-
tone andpg-ketoesterl, we assign the band around 530-
550 nm (for Fe—Si@ and homogeneous catalysts) and the

tra of the above samples after the samples were treated
with the g-ketoester, the curve-fitting within the range of
R =0.13-021 nm was performed to obtain the structural
parameters listed ifable 4 For Fe-SiQ@ and Fed - 6H,0,

the analysis was unsuccessful with a Fe—O shell. Taking into
account the fact that Clis coordinated to F& ions in the

band around 650-700 nm (for Fe—mica and Fe—mica-N) to as-prepared Fe—-Sj@nd Fed - 6H,0, the curve-fitting was

B-diketonato complexes with two and opfiediketonato lig-

performed with Fe—O and Fe—Cl. The optimum fitting re-

ands, respectively. In the UV-vis spectrum of Fe—mont once sult for Fe-SiQ gives 6.5 Fe—O bonds of 0.197 nm and 1.6

treated ins-ketoestef, a new band around 570 nm appeared
(spectrum d irFig. 8). This could indicate the higher coor-
dination number of3-diketonato ligands to Fé cation in
Fe—mont than that in Fe—mica.

The structural model fof-diketonato complexes derived
from UV-vis is further supported by XAFS. F&-edge
XANES and EXAFS of the above samples are included in
Figs. 3 and 4respectively. The spectra for a 0.1 M solu-
tion of FeC}f - 6H,0 in B-ketoesterl are also included in
the figures. For Fegl 6H,0, Fe-SiQ, and Fe—mica sam-

Fe—Cl bonds of 0.219 nm and 4.0 Fe—O bonds of 0.198 nm
and 2.4 Fe—Cl bonds of 0.222 nm for Fe@H,0 (Table 4.
Summarizing the above charadgtion results, structural
models of theB-diketonato complexes in each catalyst are
illustrated inSchemes 2 and. 3he UV-vis result suggests
that, after the addition of-ketoester to F&", Fe species in
Fe—SiQ and Fe( - 6H,0 are converted to thg-diketonato
complexes with twg3-diketonato ligands. Therefore, Fe—O
bonds with a 0.197-0.198-nm length in these samples can
be assigned to the oxygen atoms of ghdiketonato ligands.

ples, the position of the pre-edge peak did not essentially About two Fe—Cl bonds with longer bond lengths than those

change after the reaction, and their position is higher in en-

ergy than that of & compound, FeS® 7H,0 (Fig. 3A).
This indicates that the Fe speciesfArdiketonato complex
are present as Bé. However, as shown iRig. 3B, the edge
positions of XANES spectra for Feg€I6H,0, Fe—SiQ, and

of Fe—O bondsTable 3 can be assigned to Cl atoms in the
trans position (specie8 in Scheme B The optimum curve-
fitting result for Fe—micaKig. 5) gives 2.3 Fe—O bonds of
0.195 nm and 2.7 Fe—O bonds of 0.199 nm. Combined with
the UV~vis result suggesting that thediketonato com-

Fe—mica decreased by 2.0, 1.8, and 2.0 eV, respectively, af-plex in Fe—mica have ong-diketonato ligand, the structural

ter the samples were treated with tleketoester, though
these edge positions are about 2—3 eV higher that of the Fe
compound, FeS© 7H,0. These results suggest that the ox-

model is proposed as speciBsin Scheme 2 We assign
the Fe—O bond of 0.199 nm to the oxygen atoms ofhe
diketonato ligand, and the Fe—O bonds of 0.195 nm to the

idation number of the Fe species in the catalyst is slightly oxygen atoms of interlayer water and/or the surface anionic

lowered from 3+ after the formation of3-diketonato com-
plex. We propose that Fe speciesdrdiketonato complex
are present as slightly electron-rich3tespecies, as a re-

oxygen in the silicate layer.
The XRD pattern of Fe—mica soaked giketoesterl
is included inFig. 1 The basal spacing of Na—mica did
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Table 4
Curve-fitting analysis of F& -edge EXAFS for the catalysts soaked with =
B-ketoesterl ;
o
Catalysts Shell CR RP(A) o2€(A2) AEg(eV) RiY (%) N
Fe-mica 0O B 195 0015 0 116 e
O 27 199 0030 :
Fe-SiQ e} 65 197 00285 -7 137 =
Cl 16 219 —0.0013 51
FeCk-6H,O O 40 198 —0.0215 0 80 E
Cl 24 222 —0.0011 E
@ Coordination number.
b Bond distance. l,/ N T ,
¢ Debye-Waller factor. 100 200 300 400 500
d Residual factor. Temperature/°C

not change with the addition gf-ketoesterl (result not Fig. 9. TPD curves of the mass signal due to acetylacetane £ 43) for
shown), whereas the basal spacing of Fe—mica was increasefP) Fel—g‘;‘;?s‘gfg(g% ieé?ilo;hfinsoaw”;ﬂis Wﬁieiﬁrﬁ},eﬁfﬁﬁﬂ ;‘i g;gtig?gf
t[O 175+ O..05 nm, corresponding to.th.e expansion of the oo.geh.( ’ ypurging

interlayer distance t0.84+ 0.05 nm. Similar interlayer dis-

tances (B4+0.1 nm) were also observed when the Fe—mica
was soaked with the mixture @f-ketoesterl and MVK or
when Fe—mica-N or Fe—mont was soaked witfketoester A )
1 (results not shown). It is clear that the interlayer space of Vinylketone, most of the Fe are present ag-diketonato
Fe—clay is expanded during the Michael reaction via a for- Complexes. The higher Lewis acidity of e species in
mation of g-diketonato complex, as indicated by the above Fe—mica than those in Fe-Si@r FeC - 6H0 causes
spectroscopic results. Hence 3esites in the interlayer are  Nigher electrophilicity of the central carbon atom of fhe
available as Lewis acid site, although the surface area ofdiketonato ligand, which has higher reactivity toward nu-
Fe—mica is very low (3 fg—1). During the reaction, thg- cleophilic attack by the coordinated enongclieme P

diketonato complex is preseintthe interlayer space, where  1hus, the higher activity of Fe-mica for the formation of
the cationic complex is immobilized by an electrostatic in- the Michael adduct is achieved. From the UV-vis results
teraction with the anionic interlayer surface of the clay. This In Figs. 7 and 8the activity orders Fe—mica Fe-mont
feature is responsible for the low level of¥deaching Ta- and Fe-mica-N- Fe(NGs)s - 9H20 (Fig. 6) can be under-
ble 2), whereas in the case of Fe—Sj@nteraction between stood in the same manner as above: the lower numbers of
the SiQ surface and-diketonato complexes is weak, re- A-diketonato ligand coordinated to ¥ein Fe-mica or Fe—
sulting in a high level of F& leaching Table 2. mica-N res_ult in the hlgher Lewis aC|d|ty. of %spemes. .
Handa et al[39] investigated resonance Raman spectra Interestingly, Fe—mica acts as a Lewis acid catalyst with
for an acetonitrilesolution of Fe(acad), Fe(acag,™, and high TON without removal of adsorbed water before the re-
Fe(acaq) with a 514.5-nm At ion laser. They reported action Fig. 6), though the Lewis acidity of metal cations
that the order ob(Fe—-0) was Fe(acat) > Fe(acag,™ > is believed to be decreased by water molecules. This can
Fe(acag) and that ofv(C—O) was Fe(aca&) < Fe(acag,™ be explained as follows. A drastic change in the UV-vis
< Fe(acag). These results indicate that the coordination SPectrum of Fe—-mica after the introduction @fketoester
strength of acac to Fe becomes weaker, because the Lewis 1 (from Fig. 2 to Fig. 8 indicates that ligands of Fé
acidity of the metal decreases as the number of coordi- cations, including water molecules, were exchanged to the
nated acac increases. From the structural model of species A-diketonato ligand. Hence Fe-mica shows Lewis acid
5 and 9, one speculates that the coordination strength of catalysis during the Michael reaction, even though water was
p-diketonato ligands to Fe changes in the following or- coordinated to the Pé cations before the reaction.
der: Fe—mica> Fe-SiQ = FeCk - 6H20. Strong evidence
to support this hypothesis is obtained with a temperature-
programmed desorption (TH experiment with acetylace- 4. Conclusion
tone. Fig. 9 shows TPD profiles of acetylacetone for Fe—
mica and Fe-Si@ The TPD profile for Fe-Si®shows a We have succeeded in developing'Fexchanged fluo-
peak at 210C, a shoulder at 260C, and a very small shoul-  rotetrasilicic mica as a highly effective heterogeneous cat-
der at 350C. The TPD profile for Fe—mica shows peaks alyst for the Michael reactions g#-ketoester with vinyl
at 183, 306, and 35CC. Clearly, the TPD profile for Fe—  ketones. This novel catalyst provides a clean and convenient
mica has a peak at higher degtion temperature than that alternative for the Michael reaction in view of the following
for Fe=SiQ, indicating the larger coordination strength of advantages. The reaction proceathoothly and selectively
B-diketonato ligands in Fe—mica. This implies the higher in the presence of moisturender solvent-fee conditions,

Lewis acidity (higher electrophilicity) of Feg cation in
Fe—mica. During the Michael reaction gfketoesters with
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producing Michael adducts in high yield at room tempera-

ture. The catalyst is a stable, reusable, and nonpolluting solid

that offers easy handling and ready workup.

From the structure-activity relationship, ¥e cations
highly dispersed in clays (mica or mont) or on Si€how
much higher activity than the cluster-like ¥e oxide or
hydroxide species in Fe—NaY and Fe»®§. During the re-
action, the FeG[(O)4 octahedral complexin Fegl6H>0 or
on Fe—SiQ is converted to thg-diketonato complexes with
two B-diketonato ligands, whereas in Fe—migagdiketonato
complexes with ongg-diketonato ligand are formed in the
interlayer space. The formation of theSeliketonato com-
plexes results in a slight lowering of Fe oxidation number
from 34, as a result of the electron donation from the
B-diketonato ligand to F¥&. The lower numbers of3-
diketonato ligand coordinated to ¥ein Fe—mica results
in the higher Lewis acidity of the Fé site toward s-
diketonato ligand, which should be responsible for the high
activity of Fe—mica. In addition, immobilization of Fe by
an electrostatic interaction with the anionic interlayer sur-
face of the clay is effective for preventing¥eleaching.
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