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Abstract

In this work the iron(ll)tris(4N-methylpyridyl)-mono(pentafluorophenyl)-porphyrin, [A€¢4-N-MePy)MFPR]CI,, was impregnated
(FeP-NaYny,) and encapsulated (FeP-NaY) in the NaY zeolite and had been used as catalyst in the hydrocarbon oxidation by iodosylben-
zene (PhlO) in 1,2-dichloroethane. Cyclohexa#®;dyclooctene and adamantane were used as substrate. In the case of cyclohexane, both
homogeneous (FePgland heterogeneous (FeP-Ngyand FeP-NaY) systems are 100% selective towards the formation of cyclohexanol,
indicating thatoxygen rebound mechanigmoperating. The same systems were able to epoXideyclooctene with yields of 92% dafis-
epoxycyclooctane for heterogeneous catalysts. For the Fslpsiém the yield ofis-epoxycyclooctane obtained was 40%. Probably, this fact
is due the low solubility of the FeP in this organic media (1,2-dichloroethane) because when tteu@ter-ions were exchanged fordPF
and the solvent used was a mixture consisting of 1,2-dichloroethane/acetonitrile (1:1) the gisldmixycyclooctane increased from 40 to
95%. Hydroxylation of adamantane shows a preferable alkane oxidation at the tereldyaBding as expected for a P-450 model system.

The total adamantanol yields were 58, 66 and 81% fo{ Tk4¢-N-MePy)MFPR]CI, in solution, [F{T(4-N-MePy)MFPB]Cl,-NaYim, and
[Fe{T(4-N-MePy)MFPR]CIl4-NaY, respectively. Concerning selectivity, the 1-adamantanol (Ad-1-ol)/2-adamantanol (Ad-2-ol) ratio of 19:1
for [Fe{T(4-N-MePy)MFPR]CI, in solution, 19:1 for [F¢T(4-N-MePy)MFPR]Cl,-NaYim, and 17:1 for [F¢T(4-N-MePy)MFPR]Cl,-

NaY were obtained (after statistic correction). These data indicate a free radical activation ef{h®@ds of adamantane, as is expected
for a P-450 model. 2-Adamantanone was not obtained in any of the cases.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction systems take us to conclude that the selectivity is originated
from steric and electronic effec8—6]. This is the main rea-
The biomimetic systems using synthetic metallopor- son of research on mimicking the protein cavity of natural
phyrins (MeP) have offered a great contribution to illustrate enzymes. Inthis sense zeolites are very convenientas an enzy-

the structure of monoxygenases and peroxidfde#\ pos- matic model due to the molecular-size channels and pores in
sible strategy to turn alkanes more reactive is to find new three-dimensional network of well defined crystalline struc-
catalysts able to carry out selective oxidati¢2ls Compar- tures, conferring shape and size selectiyityy Zeolites are

ative studies of selectivity and stability in the biomimetic formed through a self-assembly mechanism of aluminate and
oxidations of hydrocarbons in synthetic models and in natural silicate ions around the structure-directing ad&it
Cationic porphyrins have been extensively studied as tem-

* Corresponding author. Tel.: +55 16 2608051; fax: +55 16 2608208.  Plate in the synthesis of molecular sieves, such as alumi-
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Adler et al.[18]. The compound was isolated by column
chromatography on silica gel using dichloromethane/acetone
1:1 as eluent. T(N-Py)MFPPH obtained was characterized
by TLC on silica gel R =0.17 in dichloromethane/acetone
1:1), UV—vis spectroscopy (dichloromethang)ax, Nm (e,
mol~tdm3cm™1), 418 (1.7x 10°), 512, 544 (sh), 586, 642
(w). FAB MS (m/z 708, calc. avm/z 708) andH NMR
(B-pyrrole: 3=8.87 s (4H),5=8.93 d (2H), chemical shift
undetermined d (2H), pyridyld=8.17 d (6H),5=9.07 d
(2H), N—H pyrrole: §=-2.91 s (2H)), which confirmed
the structure and the purity of the porphyrin. Yield: 6.4%.
Iron insertion into T(4N-Py)MFPPH was achieved by
heating the free-base porphyrin and Fe@H,O at reflux
in acetonitrile for 26 h. At the end of the reaction, the
solvent was removed under vacuum. The Fe(lll)porphyrin
was dissolved in water and NaCjOwvas added to the
Fig. 1. Iron(llltris(4N-methylpyridyl)-mono(pentafiuorophenyl)porphy- golution, producing a precipitate. The mixture was cooled
e P e e oo @ overnight and the-sold Fe(I)porphyin was islaed by
The compound was methylated by reaction with large
porphyrins also have the ideal solubility and are stable under excess (360 equivalents) of GHn N,N-dimethylformamide
the conditions of both molecular and hydrothermal synthesis at room temperature under argﬁrg]_ The excess of Cgl
[9]. One of the methods that attracted a lot of attention con- and N,N-dimethylformamide was removed under vacuum.
sists on the hydrothermal synthesis of faujasite type zeolitesThe iodide anion was exchanged by chloride using an
in the presence of MeP, referred to as “build-bottle-around- jon exchange resin Dowex>12-200 1-chloride (Aldrich).
ship” approact{10-12] This model is proposed as a com- The product gave one spot by TLC on silica using
plete mimic enzymatic of the inorganic matf3,14] where 159 (v/v) methanol in dichloromethane as eludRt=0);

the substrate is activated by the porphyrin catalytic centes. Uv-vis: (methanol}may, Nm (¢, mol~1 dm3 cm~1) 350, 418
Adamantane is a non-volatile substrate suitable to inves- (1.4 x 10%), 580. Yield: 95%.

tigate alkane activatiofi5]. It has 12 equivalent secondary

carbons and four equivalent tertiary carbons and it constitutes 2. FeP-NaY synthesis

a potential probe for regioselectivity, although the interpreta-

tion of that selectivity is a matter of continuous controversy Y Zeolite was synthesized in the presence of{[F@-N-

[16,17] MePy)MFPR]Cl4 (FeP-NaY), according to the procedure
In this work it was studied the oxidation of cyclohexane, described in referencgg0,21]for the inclusion of cationic

(2)-cyclooctene and adamantane with iodosylbenzene metalloporphyrins inside nanocages of faujasites X and Y

(PhIO) catalyzed by the FeRX(FeP=iron(lll)tris(4-  during hydrothermal synthesis. The aluminosilicate gel was

N-methylpyridyl)-mono(pentafluorophenyl)-porphyrin), prepared by stirring coloidal silica (0.46 g), sodium hydrox-

presented irFig. 1, in solution, impregnated (FeP-Ngy) ide (0.62g), sodium aluminate (0.32g) and@ (8 ml)

and encapsulated in Y zeolite (FeP-NaY). The characteriza-and finally FePX% (0.024 g) was added. The crystallization

tion of the precursor ligand, T(#Py)MFPPH, was carried  occurred at 95C during 48 h. The complexes adsorbed on

out by UV-vis spectroscopy, thin layer chromatography the external surface of the zeolite were removed through

(TLC), FAB MS and'H NMR. FePX, was characterized by  Soxhlet extractions with distilled water, methanol and 1,2
TLC and UV-vis. The FeP-NaY systems were characterized dichloroethane. The final product was dried at°60for

by powder X-ray diffraction, scanning electron microscopy 24h.

and energy dispersive X-ray spectrometry, thermogravi- FeP-NaYmp was prepared by impregnation of propor-

metric and DSC analyses, UV-vis, FT Raman, and IR tional amounts of FePX(0.1g) on NaY (1.0g), followed

spectroscopy. by filtration of the solid. The sample was submitted to
Soxhlet extractions with distilled water, methanol and 1,2-
dichloroethane and dried at 6Q for 24 h.

2. Experimental
2.3. Catalyst characterization
2.1. Metalloporphyrin synthesis
Powder X-ray diffraction (XRD) of the samples was car-
The synthesis of the T(8-Py)MPFPH, precursor lig- ried out on a Siemens D 5005 diffractometer using Gu K
and, was carried out according to the method described byX-radiation. The thermogravimetric (TGA) and DSC curves
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were measured using TA Instruments STD 2690 and DSC
Shimadzu analyzers, respectively. The samples were heated
at 5/min until 500°C under air and kept at this tempera-

ture for 10 min. Scanning electron microscopy (SEM) and J ©
energy dispersive X-ray spectrometry (EDS) were carried ®)
out on a Hitachi S-4100 microscope. UV-vis spectroscopy J

was performed on a HP 8452 A- diode array instrument. The j (A)
FeP-NaY sample was treated with the concentrated nitric

acid to destroy the inorganic framework before recording 5 10 14 9 23 23 32 37
the UV-vis spectra. No demetallation was observed for the 20/°

organic macrocycle. The complex loading was estimated
using a calibration curve measured with the FgPRaman Fig. 3. Powder XRD patterns of NaY (A), [f&(4-N-MePy)MFPR]Cls-
spectra were recorded on a Bruker RFS 100/S FT RamanNaY (B) and ([FeT(4-N-MePy)MFPR]Cls-NaYimp (C).
spectrometer using 1064 excitation of the Nd/YAG laser. The
IR spectra were measured on a Unicam Mattson Mod 70003. Results and discussion
FTIR spectrometer using KBr pellets.
3.1. Catalysts characterization
2.4. Catalytic reactions
The SEM image and powder XRD pattern of FeP-NaY

The reactions were carried out in a 8ml vial sealed with presented irFigs. 2 and 3respectively, are similar to those
teflon-coated silicone septum. A total of 2.020~2mol observed for NaY, indicating that they possess the same mor-
of 1,2-dichloroethane, the substrate (1:460 2mol of phology and crystalline structures, i.e., the framework around
cyclohexane or 8.22 10-'mol of (2)-cyclooctene or  the guest molecule FeRXs the faujasite-Y one. The same is
8.90x 10~*mol of adamantane) and internal standamd (  gbserved for FeP-Nay,, (Fig. 3C), suggesting that the solid
octanol-7ul or cyclohexanone-gl or benzophenone-30l support is structurally unchanged and the iron(lll)porphyrin
was used in the case of cyclohexang)-¢yclooctene and  should be dispersed on the external surface. The Si/Al ratio
adamantane oxidation, respectively) were added to theof the three samples is ca. 1.8, ascertained by EDS.
vial containing the catalyst (2:610~'mol of FeP) and DSC curves of FeP-NaY and FeP-NaY show two
5.0x 10-®mol PhIO under argon. The mixture was stirred small exothermic bands in the temperature range 3002@00
at room temperature (ca. 26) After the reaction the FeP- which do not appear for zeolite Y, Suggesting that they
NaY catalyst was separated from the reaction solution by arise from the decomposition of the Fe(lll) porphyrin com-
filtration. The products were analyzed by gas chromatogra- plex (Fig. 4). Indeed, the DSC analysis of FePXjives a
phy using a Varian Star GC, Model 3400 CX equipped with proad exothermic band with an onset at ca. 3D0The zeo-
a FID detector and a megabore column (3&®.548 mm),  |ite samples show a broad endothermic band at 502200
and nitrogen as carrier gas. The yield was based on the conwhich may be assigned to water 10€2]. The water and
centration of the PhIO used. The products were identified by organic mass loss of FeP-NaY may be estimated from the
Comparison of their retention times with those of authentic TGA curve (for the Corresponding temperature interva|s) as
samples. 23 and 1.1% of the initial mass, respectively. The UV-vis

IMATB1 25.8kV X4@.8K
(A) ®)

Fig. 2. SEM images of NaY (A) and [K&(4-N-MePy)MFPR]Cl4 (B).
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Fig. 4. DSC spectra of [RE(4-N-MePy)MFPRICIs-NaYimp (A),
[Fe{T(4-N-MePy)MFPR]Cls- NaY (B) and NaY (C).

spectrum of FeP-NaY is similar to its homogeneous coun-
terpart and from the calibration curve it was possible to
estimate a Fe loading of ca. 0.03wt.%, which is similar
to that estimated by atomic absorption, i.e., ca. 0.05wt.%
Fe. These results are in quite good agreement with the

organic mass loss, which corresponds to a Fe loading of ca.

0.08 wt.%. Assuming that the sample is only composed of
framework silicate and aluminate (with Si/Al ratio of 1.8),
sodium cations, water and tetracationic porphyrin, the ca
culated average unit cell composition isdya(Fe{T(4-N-
MePy)MFPF}])o_g[(A|O2)69(Si02)123]-218H20. This gives
an estimated occupation of approximately one porphyrin
per 40 supercages. The complex loading level is similar
to that reported in literature for faujasite-Y encapsulated
metallotetrakid{,N,Ntrimethylanilinium) preparedin a sim-
ilar fashion[23]. The FT Raman spectra (not shown) of NaY,
FeP-NaY and FeP-Na¥p are similar since the zeolite bands
mask the spectrum of FeP, present in the low concentration.
The FTIR spectrum of FeP-NaYrig. 5C) presents some
differences in the region 420-820ch compared to the
FeP-NaYmnp and NaY Fig. 5B). This fact probably results
from slight changes in the overall structure upon the synthesis
of the anionic aluminosilicate framework around the FgPX

100
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t40 £
C |30 g
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: : ¢ 0

4000 3000 2000 1000 0
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Fig. 5. FTIR spectra of [ReT(4-N-MePy)MFPRICI4 (A), NaY

(B), [Fe{T(4-N-MePy)MFPR]CI4s-NaY (C),
MePy)MFPR]Cls-NaYin, traces are the same.

NaY and ([F¢T(4-N-
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Fig. 6. Influence of temperature on the lattice constant of NaY (C}, Tt
N-MePy)MFPRICIs-NaY (A), and [F§T(4-N-MePy)MFPRICls-NaYimp
(B).

(Fig. 5A). The diffraction peaks of these molecular sieves
were indexed on cubic unit cells and the Rietveld refined lat-
tice constants (error was always <0f&))1as a function of
temperature are shown Fig. 6. The influence of the tem-
perature on the inorganic lattice is similar for FeP-NaY and
NaY, showing a slight contraction of the framework at @0
most likely due the dehydration of the molecular sieves. The
fact that the lattice constant of FeP-NaY is higher than that
of NaY suggests that the framework of the former is slightly
more expanded due to the nanoinclusion of the Fe(lll) por-
phyrin complex. Above 15€C the lattice constant of the
impregnated sample is roughly the same as that of NaY. How-
ever, contrary to what is observed for other molecular sieves,
the lattice constant of FeP-Nay, increased upon heating

to 100°C, suggesting that the impregnated porphyrin some-
how “disturbed” the framework structure, which is surprising
since the complex, is adsorbed on the external surface of the
zeolite. Itis possible that a significant amount of water (vapor)
desorbed upon dehydration becomes trapped inside the alu-
minosilicate support by the impregnated complexes, which
block the pore openings on the external surface, leading to a
slight expansion of the framework. It is worthy of mention-
ing that no significant loss of cristallinity was observed for
NaY and FeP-Naj,, upon heating to 400C, whereas the
FeP-NaY sample showed significant loss of cristallinity upon
heating above 300C, the temperature at which the porphyrin
moiety is decomposed.

3.2. FeP-NaY-catalyzed cyclohexane oxidation

One of the most interesting properties of cytochrome P-
450 is its ability to hydroxylate unactivated—8& bonds
of alkanes and cycloalkanes. Cytochrome P-450 catalyzed
hydroxilation of hydrocarbons is considered to occur by a
mechanism involving hydrogen atom abstraction from the
substrate (RH) by the active intermediate F§O)P** (1)
followed by rapid transfer of the metal-bound hydroxi rad-
ical to an intermediate alkyl radical (R Scheme 1This
mechanism is so-calleakygen reboungR4].

PhlO was chosen as oxygen source because it has been
successfully used with P-450 to demonstrate the possibility
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j W
Fellp + PhIO ——» FeVP~ + R-H ——» (Fel'P  R"
(1 l
C
Felllp + R-OH
Scheme 1.
Table 1

Catalytic activity of FePGl, FeP-NaYnyp, and Fe-NaY in the oxidation of
the cyclohexane by PhlO in 1,2-dichloroethane

Catalyst Cyclohexanol (%) Cyclohexanone (%8)
FeP(PF)4 solution 30 15°

FePC]J, solution 15 -

FeP-NaYmp 25 -

Fe-NaY 38 -

2 Based on PhlO, calculated at 360 min reaction.
b Solvent is 1,2-dichloroethane:acetonitrile (1:1).

of having a “short” cycle (peroxide shunt) and to support the
proposed F¥ (O)P** as an active species in P-450 enzymes
[25].

In the case of the homogeneous phase oxidation of cyclo-

hexane Table J in the presence of cationic FeRCand
FeP(Pk)s in 1,2-dichloroethane and 1,2-dichloroethane/
acetonitrile (1:1) respectively, the conversion rate is lower
than that observed when the substrate Axdjyclooctene
(Table 2, which is expected since, besides the low sol-
ubility limitation, cyclohexane is much more inert than
cyclooctene. With the homogeneous catalyst FeRC1,2-

F.C. Skrobot et al. / Journal of Molecular Catalysis A: Chemical 237 (2005) 86—92

in our group with the system FeTMPyP/PhlO/cyclohexane in
acetonitrile (selectivity to cyclohexanol/cyclohexanone ratio
of 1) [12].

The heterogeneous systems (impregnated and encap-
sulated) in 1,2-dichloroethane are also 100% selective
towards the formation of cyclohexanol, indicating tloat-
gen rebound mechanisim operating. The yields obtained
with these systems were better than for the homogeneous
analogous. This is an outstanding performance compared to
that previously reported for FeTMPyP, in which case zeo-
lite encapsulation enhanced catalytic activity for cyclohex-
ane oxidation and selectivity to the corresponding alcohol
giving a cyclohexanol/cyclohexanone ratio of [I2]. In
this study the presence of one electron-withdrawing fluoro-
phenyl group was effective to promote selective oxidation.

3.3. Oxidation of (Z)-cyclooctene

The catalytic performance of FeRCFeP-NaY and FeP-
NaYimp was studied for the epoxidation af)tcyclooctene
with PhIO in order to compare the efficiency of these
encapsulated catalysts with each other and with analogous
homogeneous systems. This substrate was used because it
usually gives a clean conversion ints-epoxycyclooctane
and it has been extensively used in earlier metalloporphyrin-
catalysed oxidation reactiofis2,26,27]

In homogeneous system, the epoxidation af)-(
cyclooctene by PhIO in the presence of FePfelads to
40% of cis-epoxycyclooctane yield, obtained as the only
reaction product Table 3. The relatively low yield may

dichloroethane, the yield of the cyclohexanol is 15% and the pe explained by the fact that this cationic FeP is not solu-

system is 100% selective towards the formation of alcohol.
In this case the hydroxylation occurs, accordin§theme 1
where the F¥ (O)P** species abstract hydrogen from the

substrate, forming a solvent cage, followed by the rapid trans-

fer of the hydroxyl group from F¥(OH)P to the cyclohexil
radical (R), the so-calledxygen rebound mechanishiow-
ever, with the homogeneous catalyst FeR{PFR cyclohex-

ble in 1,2-dichloroethane. In order to dissolve the cationic
FeP** the CI- counter-ions were exchanged for hexafluo-
rophosfate P§~ and the solvent mixture consisting of 1,2-
dichloroethane/acetonitrile (1:1) was used. Under these con-
ditions the epoxide yield increased from 40 to 95%. Besides
the solubility effect, this anion enhances catalytic activity,
most likely by favouring the formation of B§O)P** active

anolyield of 30% and a cyclohexanol/cyclohexanone ratio of gpecies. Recently Nam etf8] reported for a larger counter-

2 is obtainedTable 1), showing that the solvent mixture (1,2-

dichloroethane/acetonitrile) can be influencing on the selec-

tivity of this system. Probably the solvent acetonitrile favours
the cyclohexil radicals (R escape from the solvent cage, pro-

iontriflate (CRRSO;™) inthe FeP thatthe complex reacts with
PhlO generating the BO)P** active catalytic species and
Phl.

FeP-NaY efficiently catalyses the epoxidation &f

moting in this way the absence of selectivity with formation cyclooctene by PhiOin 1,2-dichloroethane, giving riseito
of cyclohexanone besides the alcohol. This fact was Observedepoxycyclooctane yields of 929%4ble 2. The encapsulation

Table 2
Catalytic activity of FePGJ, FeP-NaYnyp, and Fe-NaY in the oxidation of
the £)-cyclooctene by PhlO

Catalyst cis-Epoxycyclooctane (98)
FeP(PF)4 solution 9%
FePC}, solution 40
FeP-NaYimp 88
Fe-NaY 92

2 Based on PhIO, calculated at 360 min reaction.
b Solvent is 1,2-dichloroethane:acetonitrile (1:1).

of FeP renders it more resistant to oxidative self-destruction.
The synthesis of zeolite NaY around the cationic water sol-
uble FeP is therefore very important because it seems to
produce the heterogeneized encapsulated catalyst, enabling
the use of this FeP as catalysts for the oxidation of hydropho-
bic organic substrates in organic medium.

3.4. Oxidation of adamantane

The catalytic properties of FePLIFeP-NaY and FeP-
NaYimp, were further studied for adamantane activation
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Table 3 4. Conclusions
Catalytic activity of FePGJ, FeP-NaYnp, and Fe-NaY in the oxidation of
the adamantane by PhiO

Based on the characterization of the catalysts using several
Catalyst Ad-1-ol  Ad-2-ol  Total Ad-Lol/ techniques, it may be suggested that the preparation of FeP-

(e (o {;Z;d Ad-2-0P NaY led to the successful inclusion of the iron(lll)porphyrin
FePC} solution 50 8 =8 1o insid_e the aluminosilicate frame_zwork. The approach gdopted
FeP-Na¥mp 58 9 67 19 herein for the obte_nt|0n of zeolite encapsulated and impreg-
FeP-NaY 69 12 81 17 nated ironporphyrins leads to the clean syntheses of the
2 Based on PhIO, calculated at 360 min reaction. desired catalysts, avoiding the formation of unchelated iron
b Statistically corrected. ions. In the oxidation of cyclohexane, both bulk Fejp&id

supported FeP-Nay,, and FeP-NaY catalytic systems are
100% selective towards the formation of cyclohexanol, indi-
cating thabxygen rebound mechanissoperating. The same
systems were able to epoxidg){cyclooctene with yields
of 92% of cis-epoxycyclooctane for encapsulated catalysts.

and the only reaction products observed were 1- adaman-
tanol (Ad-1-ol) and 2- adamantanol (Ad-2-ol) (2- adaman-
tanone is not obtained in any of these cases), indicating

that in all caseshe oxygen rebound mechanisrad begn For the FePCl system the yield otis-epoxycyclooctane
favoured. Control ex'penmentfs shgwed that PhlO W'th(,)Ut obtained was 40%. Probably, this fact is due the low solu-
cataly_st or l_\la\_( ze_ollte were mactwe,_under th_e operating bility of the FeP in this organic media (1,2-dichloroethane).
conditions, indicating that the catalytically active SPECIES Al of the systems studied presented relatively high catalytic
are formed from F_e P. All catalysts used Ied_ o .relat|vely activity for adamantane oxidation. The regioselectivity was
h|gh total aIcc.)hoI y|eld§ (based_ on Phl?)’ which increased observedinall of the cases since 2- adamantanone (Ad-2-one)
n Ehe order: FePQIOm solution (58%) < FeP—Nat was not obtained and 1-adamantanol (Ad-1-ol) was always
.(67 %) < FeP-NaY (81 /0) These_ results_ may be due to thethe main product. Therefore, the zeolite NaY is a good mimic
|_ncreaseq catalyst sta_b lity upon |mmobll|zat|on on the zeo- of cytochrome P-450 enzyme protein cavity, showed by the
lite matrix and the high dispersion of FeP compared of preference of the adamantane hydroxylation at the tertiary
bulk FeP. . - C—H bond, protecting the iron(lll)porphyrin from degrada-
A.‘" catalysts possess regloselectlwg( towards the hydrox- tion. The encapsulation of FeRGh NaY zeolite minimizes
ylation of adamantane at the C2 positidfable 3 and the self-destruction of the porphyrin. The activity of the FeP-NaY

dependence of products selectivity on reaction time is shown ; : ; -
L and FeP-Nayy, is considerably higher than its homogeneous
in Fig. 7. FePC} and FeP-Na¥,p gave a Ad-1-ol/Ad-2-ol counterpart FePG

molar ratio of 19:1 (calculated at 360 min), whereas FgPClI

NaY, gave a Ad-1-ol/Ad-2-ol ratio of 17:1 (after statistical

correction), showing a preferable alkane oxidation at the

tertiary G-H bond. These results indicate a free radical acti- Acknowledgements

vation of the G-H bonds of adamantane, in all of the systems,

as is expected for a P-450 mod25]. The authors thank FAPESP, CAPES and CNPq for finan-
All of the catalysts presented similar kinetic profiles. The cial support.

product yield increases with time until 5 h of reaction, after

which it remains unchanged until 24 h.
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