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Highlights
* A new catalytic system based on an immobilized analyl manganese porphyrin.
» Merrifield resin MR) and functionalized silica geS() as supports.
* MR system shows high reaction rates, high efficiearay good recyclability.

* Very high selectivity for cyclooctene, styrene, lojexene and geraniol epoxides.



Abstract

A new catalytic system based on an immobilized amalyl manganese porphyrin for the
oxidation of olefins is presented. Merrifield re¢MR) and functionalized silica geBG) were
chosen as supports. The results indicate thatviResystem shows high reaction rates, high
efficiency with hydrogen peroxide as oxidant an@djoecyclability up to four times, without a
dramatic loss in the catalytic efficiency. The ¢gta behavior seems to be strongly influenced
by the immobilization reaction conditions. The @didn reactions performed focis-
cyclooctene, styrene, cyclohexene and geraniol tiigecorresponding epoxides, with very high
selectivity, when théMR system is used. Some considerations concerningigieefficiency of

theMR system are put forward.

KEYWORDS: manganese(lll)porphyrin; tert-butylnydroperoxide; hydrogen peroxide;

Merrifield resin; functionalized silica; oxidation.



1. INTRODUCTION

Metalloporphyrins are widely used as catalystsxiation reactions,[1-3] mimicking the natural
functions performed by cytochrome P450 monooxygerasymes.[4-7] The natural system is
constituted by an iron porphyrin surrounded by g@iret which is capable of selectively catalyze
the oxidation and, in particular, the epoxidatidraovide range of substrates.[8-10] Iron is the
“workhorse” in many biological processes and, comicg themonooxygenases, iron drives the
oxidation of many substrates by mechanistic routeslving a hypervalent oxo-species.[9,11-
18] Like iron, manganese also forms a high-valexd intermediate that can promote the
oxidation of many substrates,[19-21] and manganesmplexes are often preferred for
biomimeticin vitro catalysis, due to their higher activity.[9,10]

There are a lot of reports concerning metalloporiplsycatalyzed oxidation under homogeneous
conditions.[9,10,21-34] However, the synthesis @tatioporphyrins is a challenging task and
usually a low yielding process. Also the known atslity of these catalysts towards oxidative
degradation and the difficulty in their recoveryndanit the putative practical applications of
metalloporphyrins as catalysts in both laboratgmtisetic chemistry and industrial processes.
On the other hand, immobilization of metalloporphytomplexes on solid supports can provide
catalysts easier to handle, that may exhibit impdoselectivity and activity due to the support
environment.[35-40] To date, different approachesehbeen developed for the design of
heterogeneous metalloporphyrin catalysts, includiq electrostatic binding of charged
porphyrins to counter-charged supports; (ii) indation or entrapment of porphyrins between
the layers of clays or within the pores or matricesolids; (iii) axial anchoring to surface-bound

ligands; and (iv) covalent binding to appropriateorts. Recently, our group was able to



develop two immobilized systems, one using a maegsgrcomplex of 5,10,15,20-tetrakis(2,6-
dichlorophenyl)porphyrin[41] and the other basedt@corresponding chlorin.[42]

Differently from the well-studiedmeso-phenyl substituted porphyrins, we have recently
published the use of an imidazolium-based tetrasatimanganese porphyrin as catalyst under
homogeneous conditions.[12,24] The neutral paréthat catalyst, the manganese complex of
5,10,15,20-tetrakis(1-methylimidazol-2-y)2R23H-porphyrin Mn(Porph)] did not exhibit a
great catalytic activity in homogeneous media; haavewhen linked to a solid support, a great
improvement is observed. This paper deals with ¢kperimental results obtained for the
imidazolyl-based manganese porphyrin covalentlyndoto two distinct solid supports, the
3-bromopropylfunctionalized silica gel and the Miggld resin (Figure 1) in the epoxidation of
cis-cyclooctene. This support selection was based erfatt that the 3-bromopropylsilica and
the Merrifield resin allow, by a simple nucleopbikubstitution reaction, to covalently anchor
the metalloporphyrin, instead of other systems whbe immobilization lies on support/metal
interactions or through support/macrocycle eletatosinteractions.

The most promisingMn(Porph)-MR heterogeneous catalyst was also tested for styrene

cyclohexene and geraniol oxidation and the resuisalso presented here.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization

Some previous results showed that the neutral nmesgglll) complex of 5,10,15,20-tetrakis(1-
methylimidazol-2-yl)-2H,23H-porphyrin has extremely low catalytic activity.][1However,
once positively charged, its activity changes dr@gally reaching high conversion and high

selectivity to epoxide for many olefins.[24] In shway, we have decided to attach the



metalloporphyrin into a solid support, in orderdiotain a positively charged and immobilized
material, simultaneously. The different experiménpaocedures used to immobilize the
Mn(Porph) in the two supports selected, the Merrifield resfMR) and the 3-
bromopropylfunctionalized silica geS(), are summarized in Scheme 1; these conditions wer

adapted from a procedure reported by Tangestadieeah..[36,43]

SG porl) = —(CH2)3

MR@:—CH2 O w

Figure 1. Structure of the immobilized manganese porphysin(Porph)). The supports are a

Mn(Porph)

functionalized silica (3-bromopropylfunctionalizesilica gel) and a Merrifield resinSG and
MR, respectively).

For the Merrifield resin based heterogeneous csitaliin-(Porph)-MR ], two different

conditions were used being the principal differeti@etemperature of the immobilization. In the
first procedure, designed biR-Batch-1, the MR was added to a DMF solution of
Mn(TMImP)CI and the reaction was left at 80 °C undi&ong stirring for 2 days in an inert
atmosphere (B, plus 24 hours at r.t. before filtration. Undkese conditions, the experimental

loading obtained was 0.75% far from the maximumeexgd one, 4.78% (w/w) if all the



metalloporphyrin added was incorporated into tHelst the second procedur®IR-Batch-2),
aiming to improve the load of catalyst, the rataiatystMR was slightly increased to 6.6%
(w/w) and the immobilization was performed at 1%D After 4 hours under N\ a control
showed that almost no free porphyrin was presemd, the reaction was terminated as in the
previous procedure. Under these conditions thelpomp loading was really improved to 4.8%.
MR-Batch 3 with the same loading of 4.8 % was obtained undailax conditions ofMR-
Batch-2 which confirmed the reproducibility of the immakation conditions.

The immobilization in the 3-bromopropylfunctionat silica gel $G) was also performed in
DMF at 150 °C for 4 hours under,Nand the work-up was exactly the same as forMke
heterogeneous materials. F8G-materials, the two batches were prepared usingdifferent
theoretical porphyrin/support ratios — 5.2 % (w/and 3.6% (w/w). Interestingly, the best
loading (4.2%SG-Batch-2 was obtained with the more diluted proportion.

The materials obtained have a light brown colow thuthe presence of the metalloporphyrin.
Several spectroscopic techniques were used to atbare the new compounds. All the results
seem to indicate that the porphyrin was incorpaoratéo the new material. For the immobilized
systems, diffuse reflectance (Figure 2-A), FT-IRy(ife 2-B) and SEM (Figure 3) were used to
characterize the materials. The diffuse reflectesyectra show the usual electronic profile for
this kind of materials (Figure 2A). The visible spra in solution of theMn(Porph) is
characterized by a strong Soret band at about £5br#h and one Q-band between 550 and 650
nm (Figure 2A). The diffuse reflectance spectrahelse materials were similar, showing the Q-
band observed in solution spectra but with thetikedantensity of the Soret band comparatively
diminished, as it is possible to observe in theacdMn(Porph)-SG (Figure 2A). In the case of

Mn(Porph)-MR the Soret band is not seen in the spectra, howin®ns a characteristic of



some porphyrins, probably due to the very dark neadter to some aggregation. In the same
figure, the UV-Vis spectra of thdn(Porph) in CH;CN solution, of theMn(Porph) powder and

of the supportsMiR andSG) are also shown for comparison.

The infrared spectra are shown in Figure 2B, whéerean be seen the spectra BIR,
Mn(Porph)-MR , Mn(Porph) and its charged complex (the cationic manganegghgon, a N-
methylated catalyst). Unfortunately, the infrarpeécra forMn(Porph)-SG was not useful, due
to the O-H stretch band of silica, which overlaps dther bands.

Scanning electronic microscopy (SEM) images werkertabefore (A) and after (B-I)
incorporation of the metalloporphyrin (Figure 3howiing some differences on the materials
surface. All the characterization results indicdiat the metalloporphyrin used is present in the

solid compounds obtained without noticeable changes

T Mn(Porph) powder —— Mn(Porph) in CHCN
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Figure 2. (A) Electronic profile for the Merrifield resirMR), the 3-bromopropylsilicaJG), the
Mn(Porph) powder, the immobilized materials (digugflectance) and the metalloporphyrin in
CH3CN solution (UV-Vis); (B) FT-IR for Merrifield resi (MR), Mn(Porph)-MR , Mn(Porph)
and [Mn(Porph)i" (N-methylatedMin(Porph)).



Scheme 1Routes for the preparation of the heterogeneouadysss; 3-bromopropylfunctionalized silica gel (S@Glerrifield resin (MR).

SG-BATCH 1

¢

3-bromopropyl-

Mn(Porph)-SG

SG-BATCH 2

functionalised silica gel

Mn(Porph)

BATCH 1: 16.5 mg (2.29x18 mol) of Mn(Porph), 295.5 mg

of SG, 153 °C, DMF, Ny 4 hours.

BATCH 2: 15,1 mg (2,10x1® mol) of Mn(Porph), 405.5 mg

of SG, 153 °C, DMF, Ny 4 hours.

MR-BATCH 1
Merrifield ¢
Mn(Porph)-MR
Resin ?

MR-BATCH 2and 3

BATCH 1: (1) 25.2 mg (3.50xI®mol) of Mn(Porph), 502.6 mg
of MR, 80 °C, DMF, I\Ll(g), 48 hours; (2) 24 hours under stirring.

BATCH 2: 39.7 mg (5.52x1® mol) of Mn(Porph), 563.1 mg
of MR 150 °C, DMF, N, 4 hours. (BATCH 2)

BATCH 3: 16.3 mg (2.27x1®mol) of Mn(Porph), 227.8 mg
of MR 150 °C, DMF, N, 4 hours. (BATCH 3)
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Figure 3. SEM images taken fronA) MR; (B-I) Mn(Porph)-MR (Batch 3) before an(B-

II) after the catalytic reactiofC) a zoom or(B-I) image.

2.2. Catalytic activity for cis-cyclooctene epoxidation reactions

To assess the catalytic properties of the new bgéereous materials, the oxidation ans-
cyclooctene was carried out using@4 and t-BuOOH as the oxidants. In Table 1 are
summarized the results obtained with the diffeMn{Porph)-SG batches and in Table 2 the
ones obtained with th&n(Porph)-MR batches. In general thdn(Porph)-MR systems
shows higher activity thaNn(Porph)-SG counterpart. Although silica containing materials
are frequently used as supports in catalysis, seperts highlight the efficiency d¥IR in
biomimetic oxidation with metalloporphyrins.[44]

Regarding the catalytic activity and recyclabiliggistered with théin(Porph)-SG systems
the results summarized in Table 1 show that thé bimnversion observed in the first cycle

suffers a drastic drop with the reuse, indepengeftithe oxidant used, 40, or t-BuOOH.
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The results obtained favin(Porph)-SG allow us to conclude that after the addition o6 5-
equivalents of KO;, the batch 2 (4.19 % loading) material gives ttsa higher conversion in
the first (99.2 %) and in the second cycles (52)7 &jainst 79.4 % and 2.2 %, respectively,
for batch 1 (1.08 % loading). This can be relatethe amount oMn(Porph) anchored into
the silica materials, since batch 2 presents alyhdatimes higher loading than batch 1.
Unfortunately, the efficiency of batch 2 in the ggace of HO, drops drastically in the third
cycle (entry 7). It is worth to refer that the reans were stopped when, after two successive
oxidant additions, the substrate conversion rendhic@nstant (see experimental section).
Moreover, under homogeneous conditions, the siméorph) gives rise to 100 % of
conversion after 75-90 min and 2.5-3.0 equivaleotsH,O,, under similar reaction
conditions, so the somewhat longer reaction tintesnat surprising under heterogeneous

conditions.

Table 1. Experimental results obtained fatis-cyclooctene oxidation catalyzed by
heterogeneous cataly$ts (Porph)-SG with t-BUOOH or HO,.®

Entry | Batch Oxidant | Oxidant addition | Oxidant Time of Conversior® | Cycles
frequency (min) (equiv.) | reaction (min) (%)
1 Batch 1 | t-BuOOH 30 6 360 81.2 1
2 Batch 1 | t-BuOOH 30 6 360 12.8 2
3 Batch 1 HO, 30 6 360 79.4 1
4 Batch 1 HO, 30 5 300 2.2 2
5 Batch 2 HO, 15 5 150 99.2 1
6 Batch 2 HO, 15 6 180 52.7 2
7 Batch 2 HO, 15 3 90 4.9 3
8© H,0, 15 6 180 0

®@substrate (0.3 mmol), catalyst (50 mg) and co-gstgB.3 mmol). Each oxidant addition correspormla half
of the initial substrate concentraticine( 0.15 mmol). All reactions were carried out in £ (0.5 mL);®the
corresponding epoxide was obtained as the onlyysto®blank reaction, using just the support with co-lyata
(acetic acid).

12



Table 2. Experimental results obtained fotis-cyclooctene oxidation catalyzed by
heterogeneous cataly$s (Porph)-MR with t-BUOOH or HO,.®

Entry | Batch Oxidant | Oxidant addition | Oxidant Time of Conversior® | Cycles
frequency (min) (equiv.) | reaction (min) (%)

1 | Batch1| tBuOOH 30 6 360 89.5 1
> | Batch1| t-BuOOH 30 6 360 53.2 2
3 | Batch1| t-BuOOH 15 35 210 70.4 1
4 | Batch1l| t-BuOOH 15 35 210 60.0 2
5 | Batchl| HO, 30 6 360 96.7 1
6 | Bacch1| HO, 30 6 360 57.0 2
7 | Bach2| HO, 15 5 150 100 1
8 | Bach2| HO, 15 6 180 96.4 2
9 | Bacch2| HO, 15 6 180 91.4 3
10 | Batch2| HO, 15 6 180 68.7 4
11 | Batch3| HO, 15 5 150 100 1
12 | Batch3| HO, 15 6 180 100 2
13 | Batch3| HO, 15 6 180 85.8 3

14© H,0, 15 6 180 0

@substrate (0.3 mmol), catalyst (50 mg) and co-gstgB.3 mmol). Each oxidant addition corresporma half

of the initial substrate concentratione( 0.15 mmol). All reactions were carried out in £ (0.5 mL); ®the
corresponding epoxide was obtained as the onlyymto®blank reaction, using just the support with co-lysta
(acetic acid).

The first experiments performed wiMn(Porph)-MR batch 1 (Table 2) in the presence of
H.O, (entries 5,6) anttBuOOH (entries 1-4) show that the best convergiaime first cycle
was obtained with the first oxygen donor (96.¥%089.5%). However, in both cases the
conversions obtained drop significantly ¢ca. 50% with the catalyst recycle (entries 2,6).
With this batch no improvement on the recycle waseoved when the addition of the oxidant

was performed at each 15 min instead of 30 mirriean8,4 fot-BuOOH; data not shown for

H.O,). The differences in the procedures employed @ dfinthesis of the heterogeneous
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catalysts and consequently in the amount of porphynmobilized are reflected in the
catalytic efficiency observed during the epoxidatieactions witivin(Porph)-MR batches 2
and 3.

The results obtained fdvin(Porph)-MR after the addition of 5-6 equivalents of®3 are
always higher than those registered kn(Porph)-SG. Conversions between 96.7-100%
were obtained in the first cycle, tn(Porph) catalyst loading representing the major factor
of differentiation. Batch 1 (0.75% loading) givesly 57.0% of conversion in the second
cycle, whereas batches 2 (4.83% loading) and 3% .Bading) give rise to 96.4 and 100%,
respectively. So,Mn(Porph)-MR batch 2 exhibits high catalytic efficiency, that i
maintained after being recycled three times; eventhe fourth recycle an agreeable
conversion of near 70% was attained (entries 7-I®)ascertain if the reproducibility of that
feature is not related specially with batch 2, txédation experiments were repeated with
Mn(Porph)-MR batch 3 with the same metalloporphyrin contenteRgected, the efficiency
of the system is maintained when tia(Porph)-MR batch 3 was used as catalyst (entries
11-13). These results show that, under the saméditamms, Mn(Porph)-SG presents lower
performance when compared with tfa(Porph)-MR materials. These can be attributed to a
higher stability of the covalent linkage establghaetween thevin(Porph) and theMR
support, since several cycles are viable for M@gPorph)-MR material, and no catalyst
leaching seems to occur, as can be seen on Figure 4

The control experiments (entries 8 in table 1 afdnltable 2) confirm that, in the absence of
the Mn-porphyrin, no conversion is observed, eveimgiacetic acid (the co-catalyst) in the
reaction medium. Hence, the possibility of formperoxyacetic acidn situ as the putative
epoxidation reagent can be disregarded.

Using the conditions described in entry 7 (Table &)ditional experiments were run to

evaluate the possibility of bleaching during catayreactions. Figure 4 illustrates the

14



bleaching and the recycling assays. Apparently,dberease in catalytic activity observed
from the first to the fourth cycles usingn(Porph)-MR (Figure 4) was not due to the
bleaching of the catalyst. Thus, a possible expianaan be attributed to the degradation or
the inactivation of the catalyst, along the catalytycles. Scanning electronic microscopy
(SEM) images were taken before and after the ¢yste (Figure 3 B-I and 3 B-Il), showing
some differences on the materials surface, whichbeathe reason for the registered decrease

in the catalytic activity.

[H 2OZ]/[OIefin] 0
0 1 2 3 4 5 6
1 1 1 1 1 1 1
1004
|
,..gj‘jlﬁi A
X 751
S LD
.
4
o 504
= K X
o A
@) 7 cis-cyclooctene oxidation with 30,

catalyzed bn(Porph)-MR
—X— bleaching
—@— cycle 1--H- cycle 2

0 30 60 90 120 150 180
Time of reaction, min
Figure 4. Catalyst recycling and bleaching experiments wNm(Porph)-MR for

cis-cyclooctene oxidation with ¥D,. The results shown for cycles 1-4 are relatechtdes 7-
10 (Table 2).

2.3. Styrene, cyclohexene and geraniol oxidation
Additional reactions were performed to check th&lgdc efficiency of the best material
Mn(Porph)-MR towards other olefins such as styrene, cyclohea@adegeraniolThe results

obtained in those studies are summarized in Tabkes

It is known that styrene epoxidation is not a cleaaction, since side-products like

15



phenylacetaldehyde and benzaldehyde can be obserbéaimimetic oxidations catalyzed by
metalloporphyrins[45,46] and cytochrome P450 enzyfé&] In this work, high substrate
conversion was registered for the first four cycléscreasing in the"5cycle, while high
selectivity to the styrene epoxidea(90%) was observed up to 5 cycles (Table 3, entH&f
The selectivity for the phenylacetaldehyde (7%) &eshzaldehyde (3%) was not altered
during the recycles. Under homogeneous conditithestetracationic metalloporphyrin gives
the same products, although the selectivity forgpexide can be improved by decreasing the
substrate/catalyst ratio (Table 3, entries 6,7).

Regarding cyclohexene oxidation, the high converg®7-100%) accompanied by high
selectivity for the cyclohexene oxidea(90%) were kept almost constant in all the catalyst
recycles. The selectivity for cyclohex-2-en-1-oldanyclohex-2-en-1-one, resulting from
allylic oxidation (global yield ~9%) did not suffeiso great fluctuations during the catalyst
reuse (Table 4, entries 1-4), although the seliégtie higher than that observed under
homogeneous conditions (Table 4, entries 5,6).tAgas already mentioned, for this olefin,
the efficiency was kept almost constant in all daalyst recycles, while in homogeneous
conditions the catalyst stability was lower tha®b@t the end of the reaction (from UV/Vis
spectrum; not shown). It is known that cyclohexamgo-oxidation can involve molecular
oxygen participation through a radical pathway,[#8)s more than a single active catalytic
species being present.[49]

As expected, the 6,7-epoxide was the main prodotztimed for geraniol oxidation, followed
by the 2,3-epoxide isomer and the correspondingsZ2liepoxide (Table 5, entries 1-4).
Homogeneous conditions yielded a slightly higheledavity for 6,7-epoxide than the
heterogeneous conditions (Table 5, entry 5). Cghownder heterogeneous conditions a
little bit more 2,3-epoxide was obtained, a typwifllation found in reactions where the metal

centre undergoes attraction to the hydroxyl grogsent in the geraniol structure.[50] Such

16



an observation indicates that, under some circurostg the somewhat analogous protein
matrix microenvironment created by the support h@me enzymes this is the role of the
protein matrix which surrounds the prosthetic grougan drive some changes on the
selectivity of the reaction.[51] The efficiency epged with this kind of metalloporphyrins
can be due to some structural features which do &fbécts, the electron withdrawing effect
and the protection of the porphyrin ring. The cosian obtained in the first cycleq 70%),
after a fall in the second run into ~50%, maint#irs last value almost constant in the

posterior reuses.

17



Table 3. Styrene oxidation with 0, catalyzed byMn(Porph)-MR following the conditions described in Table 2 (Emtch 3, entry 11§

In the homogeneous conditions ta(Porph) used was [Mn(TDMImP)CI}I (cationic metalloporphyrin).

Time of
Entry Olefin Cycle Selectivity (%) Conversion (%) reaction
(min)
Styrene oxide Phenylacetaldehyde Benzaldehyde
1 1 909+21 7.2+3.0 23+04 92.1 180
2 2 90.6+1.4 74+22 24+0.3 89.8 180
3 3 88.6+23 6.9+1.8 45+0.8 84.4 180
4 4 89.4+58 7.7+4.6 29+15 78.8 180
5 A 5 88.1+1.7 6.6+25 53x0.8 57.9 180
Olefin/Catalyst ratio
— homogeneou®
6© Styrene 75 > 95 traces traces 100 60
79 300 81 18 <1 57 60

@reaction conditions (batch 3, Table 2, entry 1lipstrate/catalyst/co-catalyst = 0.3 mmol/0.5280l1/3.325 mmol; CHCN, 0.5 mL. Each oxidant addition
corresponds to a half of the initial substrate emmition {.e., 0.15 mmol)®homogeneous conditions: solvent: acetonitrile (2aftotal volume); concentration
of the catalyst employed was 2.5 x*Iidol.dmi® co-catalyst: acetic acid (0.42 mmol); the oxidased was 30% (w/w) aqueous@ diluted in acetonitrile
(1:10) and its addition was made gradually eacmit5of reaction. Each #D, addition corresponds to a half-substrate amd&dfinam reference [24]%similar to
reference [24], except for the Olefin/Catalystaati

18



Table 4. Cyclohexene oxidation with 4, catalyzed byMn(Porph)-MR following the conditions described in Table 2 (kmtch 3, entry
11) @ In the homogeneous conditions ta(Porph) used was [Mn(TDMImP)CI} (cationic metalloporphyrin).

Time of reaction

Entry Olefin Cycle Selectivity (%) Conversion (%) (min)
Cyclohexene oxide Cyclohex-2-en-1-ol Cyclohex-2-érene
1 1 90.8+1.9 39+24 54+37 100 150
2 2 90.7+25 33x21 59+37 98.9 150
3 3 91.0+2.0 34+22 5.6+3.7 98.5 150
4 4 91.3+2.0 35+23 52+37 97.4 150
Olefin/Catalyst ratio
— homogeneou®
(c)
5 Cyclohexene 75 100 0 0 100 60
6 300 95 3 2 57 60

@reaction conditions (batch 3, Table 2, entry 1lijpsérate/catalyst/co-catalyst = 0.3 mmol/0.5@a01/3.325 mmol; CHCN, 0.5 mL Each oxidant addition corresponds
to a half of the initial substrate concentratide.(0.15 mmol).®homogeneous conditions: solvent: acetonitrile (2 ofiltotal volume); concentration of the catalyst
employed was 2.5 x T0mol.dm?; co-catalyst: acetic acid (0.42 mmol); the oxidased was 30% (w/w) aqueous® diluted in acetonitrile (1:10) and its additionsva
made gradually each 15 min of reaction. Eagttaddition corresponds to a half-substrate amdtitom reference [24]@similar to reference [24], except for the

Olefin/Catalyst ratio.
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Table 5. Geraniol oxidation with kD, catalyzed byMn(Porph)-MR following the conditions described in Table 2 (batch 3, entry 11§

In the homogeneous conditions ta(Porph) used was [Mn(TDMImP)CI}l (cationic metalloporphyrin).

Time of reaction

Entry Olefin Cycle Selectivity (%) Conversion (%) (min)
2,3-epoxy 6,7-epoxy 2,3,6,7-diepoxy
geraniol geraniol geraniol
1 1 36.2+1.8 49.2+1.9 146+3.2 72.7 180
2 N 2 41.2+1.0 48.9+1.7 99+26 53.4 180
OH
3 3 398+1.1 50.5+1.1 9.7x21 54.0 180
4 4 39.3+47 465+1.6 14.2+5.6 51.2 180
Olefin/Catalyst ratio
o — homogeneous
50 Geranio 300 30 58 12 67 60

@reaction conditions (batch 3, Table 2, entry 1lipsérate/catalyst/co-catalyst = 0.3 mmol/0.5@201/3.325 mmol; CHCN, 0.5 mL Each oxidant addition

corresponds to a half of the initial substrate emt@tion {.e., 0.15 mmol) ®from reference [52].

20



2.4. Efficiency rationale

It is know that the manganese(lll) complexes of 03,%,20-tetrakis(2,6-
dichlorophenyl)porphyrin [Mn(TDCPP)CI] and 5,10,28;tetrakis(pentafluorophenyl)
porphyrin [Mn(TPFPP)CI] are two of the most impattacompounds in porphyrins’
catalytic biomimetic oxidation. Their efficiency islated to the strong electron-
withdrawing character and the protection effectguFé 5 illustrates the putative
structural similarities among [Mn(TDCPP)CI], [Mn(FPP)CI], [Mn(4-TDMImP)CIf*
as well as the immobilized analogue of the lattdrere the highlights show the bulky

substituents near the macrocycle.

( \\| [support]
Hj\/ﬁ‘ \N+\
N_
T \NJ
WA e

N

Mn"' (TDCPP)CI Mn"' (TPFPP)CI

Figure 5. Structural similarities amongst some manganefegy@tphyrin derivatives.

The highlight shows the bulky substituents neamtiagrocycle.
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One way to assess the robustness of metalloporghisi reached by comparing the
UV/Visible spectrum in neutral and in acidic mekay., with and without hydrochloric

acid).[53] The differences observed point out thigital cross susceptibility, which is
due to the substituent effect. From the practicahtpof view, such spectral differences

are given by intensity, profile and number of Q-t&mainly Q (0,0)).

R

N
Hy-TPP R=@ HyTMIMP R = —</j

N

/

HaC
H,-TDCPP R= /@
N
/N
HyTTz2PP R= ]
—N
HyTPFPP  R= F HQ
\ 4

N
F F HyTDMImP.l;, R = —</]

N

/

R= / \N H3C

Hy-4TPyP

N \ I_
R= / \ Hy4TPYP., R = / N—CH,

Hp-2TPyP

Figure 6. Structures and acronyms of the porphyrin deriestistudied

The results summarized in Table 6 (please refeFigure 6 for the structures and

acronyms of the porphyrin derivatives) indicate t tleectron-withdrawing groups
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attached to the porphyrin ring turn the metalliotee highly electrophilic. Nonetheless,
ionic substituents avoid the reaction once theynghahe oxidation state of manganese
hindering the oxygen atom transfer from the agi@ghyrin species to the substrate.
The results show that HIPP was stabilized in acidic media, once its cgajed acid
[H4-TPPF" exhibited a batochromic shifh§= +16 nm), thus indicating an extension in
conjugation between the phenyl rings and the mgctedentries 1,2).

On the other hand, the phenyl derivatives T®CPP (entries 3,4) and ;HPFPP
(entries 5,6), which are precursors of high stadole efficient catalysts, originated
hypsochromic shifts indicating that the substitgergxhibit a strong electron-
withdrawing effect on the macrocycle and, due @risteffects, no conjugation can be
thought. Dealing with porphyrins bearing heteroyalnits in the meso-positions
(entries 7-18)entries 7-8 show the pair,MTPyP/[H-4TPyP}" and entries 9,10 show
the isomeric pair H2TPyP/[H-2TPyPf*. By comparing the results obtained for these
systems, it can be seen that in the first casalalightion gave a shift diA= +24 nm,
whereas in the latter case the shift wds +17 nm, indicating that steric hindering is
the limiting feature to explain such differences.the same way, when the analysis is
carried out to FTMIMP (entry 11), the hindering effect due to atihyégroup attached
to one imidazolyl nitrogen is responsible by a tsbff+6 nm (entry 12). The behavior
observed among M TPyP, H-2TPyP and B TMImP reflects the differences in steric
and electronic properties due to thmeso-substituent. The imidazolyl group is more
electronegative than the pyridil moiety. But sudffiedence has no correlation with the
ring size, since a great stabilization was obsemwgth the derivative HTTz2PP
(entries 13,14 for ionic species), which has azti@ group attached to the porphyrin
ring. The most interesting results were observeénvthe analyses were carried out

with the tetracationic derivatives ;HDMImP.l; and H,-4TMPyP.. The first
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correlation to be assigned is the difference betwezgionic and its neutral counterpart
for each derivative. In the case of-BITMPyP.l, a slight shift of +2 nm (entry 18) was
observed which is completely different when compariwith the neutral parental
porphyrin profile (entry 8). Also the spectrum adnepound H-4TMPyP.} is quite
different from that of the same compound in neutyatem (aqueous media; Figure 7).
In the case of HTDMImP.l4, no changes were observed in the electronic spadin
acidic media (Figure 7). Such feature indicates th& inner hydrogens resist to
protonation even with concentrated HCI, thus suggggshat imidazolium groups are
strong electron-withdrawing substituents. The idtrction of another methyl group to
the imidazolyl substituent enhances the electrahdvawing effect as well as the
bulkiness, thus turning difficult the conjugationithw the macrocycle. These
observations are intimately related with orbitalbslization (Figure 8). Regarding the
structural aspects, there is a similarity betweer2HPyP and HTMImP. These
similarities will be also observed in their catiofdorms and in the metallocomplexes. In
this way, some theoretical hypothesis establisbedhe first derivative can be applied,
at a given extension, to the latter compound. dish @Groves[54] studied the reactivity
profile between the regioisomers JATMPYPT* and [H-2TMPyP[** and attributed the
differences to the orbital stabilization. The catioderivative [H-2TMPyPT" resists to
protonation even at pH=0,[54] such as observedh®{H-TDImP]**. This uncommon
feature decreases the donation character,ofrdolecular orbital, which undergoes the
influences ofmeso-substituent groups (as can be seen in Figure@)rmmeases the gap
energy between Ai-, molecular orbitals, justifying the reported belwaviln the
metallocomplex formeg., manganese complex), the same behavior is expectage

place.
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517 —[H,-4TMPyP]"”
— == [H,-4TMPyP]*" + HCI

006 ——[H,-TDMImP]"
— == [H,-TDMImP]"" + HCl

Absorbance (a.u.)

539 577 631

T T T T T T T T y
450 500 550 600 650 700
A, nm

Figure 7. Electronic spectra of tetracationic derivatives »-#TMPyPT* and
[H2.TDMImP]*" with and without concentrated HCI.
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Table 6. Electronic parameters of the Q-bands in metallplpgnins. Intensities and wavelengths recorded utraéand in acidic media.

Entry Derivative Solvent Qy (0;1) Qy (0;0) Qx (0;1) Qx (0;0) QAyA’ mgx
1 H,-TPP CHC} 514 549 588 644
2 [Hs-TPPF CHCJ + HCI conc. 608 660 +59  +16
3 H,-TDCPP CHCJ 512 53¢sh.) 587 657
4 [Hs-TDCPPF* CHCk + HCI conc. 588 637 +49  -20
5 H,-TPFPP CHG 505 534sh.) 582 656
6 [Hs-TPFPPT CHCL + HCI conc. 589 641 +55 -15
7 Hy-4TPyP® CHCL/CH,OH (85:15) 511 545 585 642
8 [Hs-4TPyPT* CHCI/CH,OH (85:15) + HCI conc. 616 666 +3]1  +24
9 H,-2TPyP® CHCL/CH;OH (85:15) 510 542 586 647
10 [H-2TPyPF CHCIL/CH;OH (85:15) + HCI conc. 612 664 +7( +17
11 H-TMImP © CHCl, 512 54sh.) 585 657
12 [He-TMImP]?* CHCL + HCI conc. 607 663 +22 +6
13 H-TTz2PP® CHCl, 519 555 593 656
14 [Hs-TTZz2PPF* CHCL + HCI conc. 62¢h.) 677 +69 +21
15 H-TDMImP.I, H,0 506 539 577 631
16 [He-TMImP.1,)%* ® H,O + HCI conc. ~ 508 539 ~ 5779 630 0 -1
17 H-4TMPYP.|, H,0 517 554 584 640
18 [H-4TMPYP ]2+ ® H,O + HCI conc. 591 642 +37] +2

@protonation of substituents was disregard@chunter-ion charge was consider&lo change was recorded.
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Those observations made for JJIDMImMP]** play an important role to explain the high
catalytic efficiency observed in oxidation reacBomsing the immobilized systems. A
different efficiency for the systenMn(Porph)-SG should be expected; a probable
explanation must be entirely structural, sincelihear propyl moiety that links the porphyrin
to the support (silica gel) does not confer provectgainst oxidative degradation, while the
tolyl group linking the porphyrin to thd&MR support is bulkier and protects better the

macrocycle from oxidative attack.

H,-Porph (Porph)Mn(V)=0
)
U
LUMO+1 G
g e — (O 4t ——drn (€
HOMO b, (A,) A,, Homo
HOMO-1 b, (A,) A,, HOMO-1
d, HomO-2

AU Au

Figure 8. Molecular orbital distribution according to MartGouterman theory for #Porph
(left)[53,54] and orbital distribution according @eAngelis and Groves[55] proposal for
elusive species (2-TMPyP)Mn(V)=0 (right). The diagr does not account the energy
differences amongst orbitals.

3. CONCLUSIONS

This work presents a new heterogeneous catalysieisybased on an imidazolyl manganese
porphyrin, able to selectively oxidize olefins exgilvely or mainly to their corresponding
epoxides. The catalytic efficiency seems to beuariced by the synthetic conditions used
during the immobilization reactions. The silica pap did not yield a totally satisfactory

heterogeneous oxidation system, evetrBuOOH in decane is used as the oxygen donor,
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thus avoiding the water present in aqueous hydrpgeoxide. The conditions studied allow
high reaction performance using an environmentalyign oxidant (kO,), the catalyst being
recycled up to four times without appreciable Iosefficiency. The efficiency observed can
be explained by molecular orbital stabilization iegked by the linkage between the
metallocomplex and the support. The lower catafficiency observed foMn(Porph)-SG

in comparison wittMin(Porph)-MR may be attributed to structural differences, owimghe

support linker.

4. EXPERIMENTAL

All solvents and reagents were used as receivedouitfurther purification, except for
pyrrole, which was distilled before use. Pyrroleis-cyclooctene, styrene, geraniol,
cyclohexene,n-octane, tert-butylhydroperoxide t{BuOOH), 3-bromopropyl functionalized
silica gel (200-400 mesh, 1.5 mmol/g), Merrifielsin (30-40 mesh, 2.0 mmol/g, 1% cross-
linked) and dimethylformamide were purchased froldrigh. Propionic acid and acetonitrile
were obtained from Merck whereas aqueous hydrogegoxjge (30% w/w) was obtained
from Riedel-de-Haen. Acetic acid was purchased fRemReac. The Membrane filter N16
(0.2 pym; @ = 50 mm) was used to filter the crude reactiononmder to separate the
heterogenized materials during catalyst synthesis.

GC-FID analyses were performed using a Varian 3&@matograph, whereas GC-MS
analyses were performed using a Finnigan Trace &C¢Whermo Quest CE instruments)
both using helium as the carrier gas (35 cm/s)eaaqndpped with a fused silica capillary 5%
phenyl 95% dimethylpolysiloxane column (30 m x O i.d.; 25um film thickness).

The'H NMR spectra were recorded in a Bruker Avance &0800.13 MHz. CDGlwas used
as solvent and TMS as the internal reference; atemshifts are expressed an(ppm). The

mass spectrometry analyses were carried out ir0@ M8ALDI TOF/TOF Analyzer, Applied
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Biosystems, with and without matrix. The UV/Visibileeasurements were recorded in a
double beam spectrophotometer Shimadzu UV-2501QRGH4, N elemental analyses were
performed on a Leco CHNS-932 apparatus. Infraredtsp were obtained on a Mattson 7000
spectrophotometer using KBr pellets. Diffuse raiece spectra were registered on a Jasco
V-560 spectrophotometer, using MgO as referencani@ng electron microscope images

(SEM) were recorded on a Hitachi S-4100 microscope.

4.1. Porphyrin and manganese(lll) complex syntheses

The free-base porphyrin, 5,10,15,20-tetrakis(1-yigthidazol-2-yl)-21H,23H-porphyrin (b
TMImP) was obtained as a mixture of atropoisomessfpyrrole and 1-methylimidazole-2-
carboxaldehyde in propionic acid under microwava\(Mrradiation following the method
already described by us.[56] The synthesis of tlenganese complex was carried out
according to procedures described elsewhere.[2P4,5

Structural characterization was made by NMR spectroscopy and by mass spectrometry
(MALDI TOF/TOF) for the free-base porphyrin §#TMImP). The’H NMR results obtained

for the atropoisomers of HTMIMP are similar to those already known.[12,24,57

4.2. Manganese porphyrin immobilization

To immobilize the manganese porphyrin onto thedsslipports, a method reported by
Tangestaninejadt al. was adopted.[36,43] Depending on the support i s®ede adjustments

were done. Scheme 1 shows the procedures adoptedcim case and the experimental
differences among the batches produced. In a dies&, and to a DMF solution of the

manganese porphyrin, the Merrifield resMR) or the 3-bromopropyl-functionalized silica

gel (SG) were added. The mixture was vigorously stirrea@ afiven temperature for a given

time (see Scheme 1 for details). After cooling, thaterial was collected by filtration and
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thoroughly washed with DMF, methanol, water, etham@ chloroform, in this order, and
dried at 60 °C overnight. The heterogeneous mé&ehm(Porph)-MR or Mn(Porph)-SG,
were obtained and the load of manganese porphgrieach material was determined by
elemental analysis (from the nitrogen content levigin(Porph)-MR-batch 1: Porphyrin
loading found: 0.75 (calc.: 4.78Mn(Porph)-MR-batch 2: Porphyrin loading found: 4.83
(calc.: 6.59); Mn(Porph)-MR-batch 3: Porphyrin loading found: 4.80 (calc.: 6,67);
Mn(Porph)-SG-batch 1. Porphyrin loading found: 1.08 (calc.: 5.28)n(Porph)-SG-batch

2: Porphyrin loading found: 4.19 (calc.: 3.59).

4.3. Oxidation procedure

In a typical experiment, based on earlier work by group,[24,41,42] substrate (0.3 mmol),
the catalyst (50.0 mg) and the co-catalyst (acaticl, 3.325 mmol) were dissolved in
acetonitrile (500.0uL). The mixture was maintained under magnetic istirrat room
temperature (25 = 1 °C) in the absence of lightoTaxidants were tested in the oxidation
reactions: aqueous 30% (w/w}® diluted in acetonitrile (1:10) arteBuOOH (5.0-6.0 M in
decane). The oxidant was progressively added qual$ corresponding to a half-substrate
amount (0.15 mmol). The reactions were followedd®y and were stopped when, after two
successive oxidant additions, the substrate colmversmained constant or reached 100%.
Finally, the catalyst was recovered by centrifumaticarefully washed with different solvents
(acetonitrile, diethyl ether) and dried in an ewwed desiccator overnight before new
utilization under similar reaction conditions.

The leaching experiments were made in the sameatamldescribed above but after 30 min
of reaction the catalyst was removed by centrifiegatind the reaction proceeded for 3 h

without the solid.
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