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Abstract

The novel fluorinated metallochlorin 5,10,15,20-tetrakis(pentafluorophenyl)-tetrahidhe+iethyl-pyrrolo[3,4b]-porphyrinato man-
ganese(lll)Mn(chlor)-1, and its methylated derivativéin(chlor)-2, have been studied as catalysts in the oxyfunctionalisation of cyclo-
hexane with two oxidants, namely iodosylbenzene (PhIO) as, H-or comparison reasons two metalloporphyrins have been also used:
the neutral 5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato manganedég{forph)-1, and the cationic 5,10,15,20-tetrakis(2,3,5,6-
tetrafluoro-4-trimethylammoniumphenyl)porphyrinato manganesekli(porph)-2. It has been possible to verify a different reactivity in
the HO,-oxyfunctionalisation of alkanes from studies using the radical inhibitor bromotrichloromethane and competitive cyclkdiectane/
cyclooctene oxidations. The results suggest that the formation of alcohols and ketones from the oxidation of cyclohexane occurs mainly
from a free alkyl radical mechanism, which requires a"M@® species to abstract a hydrogen atom from the alkane to generate the alky!
radical. On the other hand, the Mn(chlor}(B} system possibly yields, in a first step, the MaOOH species, but this is not reactive enough
to generate M=0. The Mn(chlor) hydroperoxy complex shows low efficiency in the production of the alkyl radical, leading to small
amounts of alcohol and ketone. However, it seems to be an efficient species for selective epoxidation, as can be observed in the competiti
cyclooctanetis-cyclooctene oxidation reaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction or H>Oy). High catalytic activities have been observed,
mainly with catalysts containing electron-withdrawing sub-
Synthetic metalloporphyrins, mainly with Fe(lll) or stituents at themese and/or B-pyrrolic positions of the
Mn(lll) as metal ions, have been often used as catalystsporphyrin ring [1-3]. It is often described that man-
in several oxidation reactions, mimicking the activity of ganese or iron porphyrin complexes containing pentafluo-
cytochrome P450 monooxygenases, enzymes which con-rophenyl groups at th@esgositions, such agin(porph)-1
tain iron(lll)porphyrin moieties in their active sites. Syn- (Fig. 1), act as very efficient catalysts for oxyfunctionali-
thetic manganese(lll)porphyrins have also been used assations of hydrocarbons; the fluorine electron-withdrawing
catalysts for oxidation reactions of organic compounds atoms give rise to more active catalysts, by shifting the
by single oxygen donors (iodosylarenes, KHS®laOCI redox potential of the metal and, in addition, making the
active intermediate to be more electrophilic and, hence,
* Corresponding author. Tel.: +55 16 602 3716; fax: +55 16 633 8151, /More reactive towards poor reactive substrates like alkanes
E-mail addressfabiosilvav@yahoo.com (F.S. Vinhado). [4.5]-
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Fig. 1. Mn(lll)porphyrins.

A modification of the 5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrin ligand could resultin improved or different
catalytic properties. The introduction of certain functional

groups can either promote changes in selectivity (chemo-

, regio-, stereo-) or the binding of the porphyrin to other
molecules or solid supports can bring several advan{&jes
For this reason, Silva et dlf] have modified the structure of
the 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin, yield-
ing a novel ligand, corresponding to the chlotirfFig. 2).
This is easily obtained with the 1,3-dipole derived from the
reaction between paraformaldehyde &hhethylglycine, in
61% yield.

We report in this paper a strategy to develop a cationic
Mn complex obtained from thdl-methylation ofl, yield-
ing the corresponding chloria(Fig. 2). Insertion of Mn(l11)
into chlorin derivativesl and2, gave theMn(chlor)-1 and
Mn(chlor)-2 complexes, which were characterised by thin
layer chromatography (TLC), UV-vis spectroscopy and ele-
mental analysis.

The new complexesin(chlor)-1 andMn(chlor)-2 have
been used as catalysts in the homogeneous oxidation of
cyclohexane with iodosylbenzene (PhlO) angldd. Their
catalytical action was also compared with the results obtained
with two manganese fluorinated porphyrin complexes,
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Fig. 2. Syntheses of chloririsand2 and their corresponding Mn(lll) derivativegin(chlor)-1 andMn(chlor)-2.
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Mn(porph)-1 and Mn(porph)-2 (Fig. 1). Studies on com-  Mn(chlor)-1: one spot on alumina coated TLC plates using
petitive oxidations between cyclooctane amgcyclooctene dichloromethane/methanol (4:1); UV-vis (@El2, Amax
as well as experiments on cyclohexane oxyfunctionalisa- (nm) (€)): 365, 494 (4.9 10* mol~tcm~11), 565 and 662;
tion in the presence of bromotrichloromethane, an alkyl Anal. Calcd. for G7H15CIF20MNnNs-(1/2)CsH14: C, 51.63;
radical trapping, have been carried out in order to have aH, 1.91; N, 6.02. Found: C, 51.52; H, 1.97; N, 6.51.
deeper insight into the mechanism and, in addition, to try to Mn(chlor)-2: one spot on alumina coated TLC plates using
understand the different reactivity features observed when adichloromethane/methanol (4:1); UV-vis (@El2, Amax
Mn(chlor)/H,O, system is used. (nm) ()): 367, 480 (1.0< 10° mol~tcm~11); Anal. Calcd.
for C48H18C|2F20MHN5-H202 C, 48.51; H, 1.70; N, 5.85.
Found: C, 48.65; H, 2.06; N, 5.95.
2. Experimental
2.4. General procedure for catalytic oxidations
2.1. Materials and solvents
All solvents and substrates have been checked prior to use,
All solvents and reagents were of commercial grade unlessby gas chromatography, to ensure that they were pure. Reac-
otherwise stated and were purchased from Mallinckrodt, tions were performed in a 4 crwial under air and inert atmo-
Acros, Fluka and Aldrich. Dichloromethane, methamg- sphere at room temperature in dichloromethane/acetonitrile
dimethylformamide and acetonitrile HPLC grade were used (1:1) as solvent. For the inert atmosphere oxidation reac-
asreceivedvin(porph)-1 andMn(porph)-2 were purchased  tions, a vial capped with a Teflon-coated silicone septum
from Midcentury (Posen, IL, USA). Cyclohexane was puri- was used. Imidazole was used as a co-catalyst according
fied by column chromatography on basic alumina prior to use to reports in the literaturg3,11], and bromobenzene as
and the purity was checked by gas chromatographic analysisthe internal standard. Yields based on the oxidant added
Hydrogen peroxide (kD2 30% in O, Fluka) was stored at  have been determined by removing aliquots of the reac-
5°C and checked by titration every 3 moniBk lodosylben- tion mixture and analysing them by gas chromatography.
zene was synthesised according to the procedure previouslyNo transformation took place in the control experiments
described and stored in a freezer and analysed every 6 monthin the absence of Mn(lll)chlorins or Mn(lll)porphyrins.
by iodometric assajQ]. Chlorin 1 was prepared according For competitive reactions between cyclooctane aisd
to a literature procedurd]. cyclooctene a 10:1 molar ratio of alkane/alkene has been
used.
2.2. Methylation ofL
2.5. Physical measurements
Methylation of1 was achieved by adding a large excess
of methyl iodide to a solution df in toluene and the mixture Thin layer chromatography (TLC) was done on alumina
was stirred for 72 h at 40C. At the end of the reaction, the plates (Merck). Column chromatography experiments were
solid was filtered and washed with petroleum ether. Then, performed on silica gel (Merck silica gel 70-230 mesh).
the solid was dissolved in dichloromethane and washed with UV-vis measurements were performed with a diode array
water and dried (Ng&5Qs). The product was obtained after HP 8453 spectrophotometer. Mass spectra were obtained
partial evaporation of the solvent and addition of hexane. using a VG Autospec Q mass spectrometer. Gas chromatog-
Yield: 91%; m.p.>300C; *H NMR §: —1.99 (s, 2H, M), raphy analyses were performed on a Hewlett-Packard HP
3.09 (s, 3H, CH), 3.48-3.58 (m, 2H, H-pyrrolidine), 3.68 (s, 6890 Series GC System, coupled to a flame ionisation detec-
3H, CHg), 4.68-4.74 (m, 2H, H-pyrrolidine), 5.88-5.98 (m, tor using a capillary column (HP-INNOWAX, cross linked
H-2, 3), 8.38 (d, 2H)=4.9 Hz, HB), 8.51 (s, 2H, H-12,13),  polyethylene glycol, length 30 m;i.d. 0.25 mm, film thickness
8.76 (d, 2H,J=4.9 Hz, H); UV-vis (CHxCl2, Amax (hm) 0.25pm) and nitrogen as the carrier gas.
(rel. int.)): 400 (100%); 500 (11%); 527 (6%); 594 (5%); 647
(27%); MS (LSIMS) 10461 — 1)*.
3. Results and discussion
2.3. Synthesis d¥in(chlor)-1 andMn(chlor)-2
For testing the catalytic properties of the new class
The manganese insertion inteand2 has been achieved of Mn(lll)chlorin complexes, a comparison with the cat-
in 95% vyield by heating the free-base chlorins and alytic activity of electron-deficient Mn(lll)porphyrins was
MnCl,-4Ho0 at reflux inN,N-dimethylformamide, accord-  considered. For such purpose, a neutral Mn(lll)porphyrin,
ing to the literature reporfl0]. At the end of the reac- Mn(porph)-1 and atetracationic on®n(porph)-2 (Fig. 1)
tion, the solvent was removed under vacuum and the were used. Results on the oxyfunctionalisation of cyclo-
Mn(lll)chlorin obtained was purified by column chromatog- hexane with PhlO and #D, catalysed byMn(chlor)-1,
raphy on alumina. After the evaporation of the solvent, Mn(chlor)-2, Mn(porph)-1 andMn(porph)-2 systems are
the product was recrystallised from dichloromethane/hexane.now reported.
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Table 1
Oxidation of cyclohexane with $0, and PhlO catalysed by synthetic Mn(lll)chlorins and Mn(lll)porphyrins

Entry Catalyst Oxidant Imidazole Cyclohexanol selectivity (%) Cyclohexanone selectivity (%) Alcohol/ketone ratio  Total yield (%)
1 Mn(chlor)-1 H>0»

100 - — 13

+

2 Mn(chlor)-1 H20,
3 Mn(chlor)-1 PhIO — 66 34 19 41
4 Mn(chlor)-1 PhIO + 78 22 P 60
5 Mn(chlor)-2 H.0, — - - - -
6 Mn(chlor)-2 HoOo + 92 8 11 24
7 Mn(chlor)-2 PhIO — 69 31 22 49
8 Mn(chlor)-2 PhIO + 78 22 c3) 54
9 Mn(porph)-1  Hy0» — - - - -
10 Mn(porph)-1  H0O; + 83 17 49 41
11 Mn(porph)-1  PhIO - 71 29 25 42
12 Mn(porph)-1  PhlO + 83 17 0 47
13 Mn(porph)-2  Hy0» — - - - -
14 Mn(porph)-2  H,0; + 75 25 3 28
15 Mn(porph)-2  PhIO - 69 31 22 48
16 Mn(porph)-2  PhIO + 79 21 3B 48

Maximum vyields based on the oxidant added. Reaction mixtures analysed by GC after 1 h of reaction. No modification of the reaction products profile was
observed after 2 and 24 h. Conditions: molar ratio Mn(complexes)/imidazole/oxidant/substrate = 1:20:40:74404fokibations) and 1:10:40:7440 (for

PhlO oxidations); magnetic stirring, under air and at room temperature. Quantities: Mn(complexeg)mo6l28yclohexane = 20Ql; solvent=80Qul. All

reactions were run at least in duplicate.

Firstly, it can be observed frofable 1that moderate to ~ Mn(lll)porphyrins should be happening by an “in cage” oxy-
good yields (up to 60%) of oxygenated products are obtainedgen rebound mechanism and the production of ketones can
in the oxyfunctionalisation of the poor reactive cyclohexane. be explained by the escape of alkyl radicals from the sol-
Furthermore, alcohol/ketone ratios ranging from about 66:34 vent cage, which react with o produce peroxyl radicals
to 100:0 have been obtained. (reaction(4)) and posterior reactions of the peroxyl radicals

Hydroxylation of alkanes by Mn(porph)/PhlO are (reactiong5)—(6). In contrast to the oxidations mediated by
reported in the literature to operate by an oxygen rebound Mn(porph), the results obtained for Mn(chlor)/PhlO (entries
mechanisnj12], having a high-valent MA=0 intermediate = 4 and 8,Table ) and those achieved for Mn(chlor)yB;
believed to be the active species, which abstracts a hydro-(entries 2 and 6Table 1) show different reactivities (includ-
gen atom from the alkane, generating a short-lived alkyl ingdifferentalcohol/ketone ratios), the latter yielding a nearly
radical and a MY —OH complex in a solvent cage. Rapid exclusive formation of the alcohol. Mn(chlor)/PhlO oxida-
hydroxyl transfer from this complex to the alkyl radical pro- tion reactions seem to occur by an oxygen rebound pathway
duces the alcohol (reactior{§)—(3)). For reactions under via Mn¥Y=0 (reactions(1)—(3)) and the ketones which are
air, escape of alkyl radicals from the solvent cage should formed in these reactions are probably the result of the reac-
yield higher amounts of ketones due to the very fast reac- tion between the alkyl radicals which escape from the solvent
tion (k>10° mol~11s~1) between the carbon centred radi- cage and @ (reactiong4)—(6)):
cals and the @ generating peroxyl radicald3] (reaction

(4): ROO + ROO® — ROOOOR— 2R=0 + H>0O2 (5)
Mn'"'L + PhIO — LMnVO + Phi (1) ROC 4+ ROC* — ROOOOR— ROH + R=0 + O3
LMnVYO + RH — LMn"VOH + R® 2) (6)
Table 2
Competitive cyclooctaneis-cyclooctene oxidation reactions promoted by
R* + LMn"VOH — ROH + Mn'"" L, Mn(chlor)-1/imidazole oMn(porph)-1/imidazole
L = porphyrin or chlorin (3) Entry Catalyst Oxidant Kre/?
1 Mn(chlor)-1 H20, b
o 2 Mn(chlor)-1 PhIO 2.3
R* + O, — ROC (4) 3 Mn(porph)-1 H202 2.3

On the Mn(porph) catalysed oxidations (entries 10 and 12 4 Mn(porph)-1 PhiO 2

in Table ), the alcohol/ketone ratios obtained are the same 'V'O'Iar enelov ra“to 120 48";‘2‘50;2&’1'3"%&”mi‘ézzo'e’(?gidt?"’“’)
. . cyclooctene/cyclooctane = 1:20:40:740: or 5 oxidations
for either the PhlO or BHO, reactions, as has been pre- 14 .10.40.740:7440 (for PhiO oxidations).
viously described in S_tUC“es focused on oxidations catal- a petermined by GC analysis by dividing the peak areas of the products
ysed by Mn(lll)porphyrins and those oxidaifitd,14] From obtained (1,2-oxycyclooctane/cyclooctanol + cyclooctanone).

these results, it can be assumed that oxidations mediated by ° Only the epoxide was detected.
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In this sense, an experiment carried out under an inert atmo-[18,19}

sphere, promoted blyin(chlor)-1/PhlO/imidazole (compa-

rable with the reaction in entry Zable J) resulted in 28% PhlIO+ R* + RH - RO* + RH — ROH + R* (7)
yield of cyclohexanol (85% selectivity) and 5% yield of

cyclohexanone (15% selectivity, alcohol/ketone ratio is 5.7). Based on the free radical mechanism proposed, how can
It can be inferred from this result that the absence of O the reactivity presented by the Mn(chlory®, system be

led to a clear dropping of the total substrate conversion, explained? In order to understand this behaviour, competitive
suggesting that the presence of ® important to the alco-  experiments between cyclooctane amslcyclooctene were
hol and ketone formation. These results suggest easy escapperformed. These competitive studies were carried out with
of the short-lived alkyl radical intermediate from the sol- Mn(chlor)-1 andMn(porph)-1 and the results obtained are
vent cage. In order to clarify the contribution of the radical summarised ifTable 2 It is often described that the yield of
escape mechanism for the conditions used in these studiesthe epoxide obtained from the epoxidatiortcyclooctene

we have investigated the cyclohexane oxyfunctionalisation or the formation of alcohols and ketones in the oxidation of
with PhIO catalysed byMn(chlor)-1 in the presence of cyclooctane can be an indication of different metal-complex
bromotrichloromethane, a carbon centred radical trapping intermediates in the reactiof0]. Presumably, in the reac-
species[15]. Under these reaction conditions, the forma- tions promoted by Mn(chlor)/FD,, the Mn'=0 species is
tion of cyclohexanol (18%), cyclohexanone (5%) and bro- not the main intermediate, as itis in the case of the reactions
mocyclohexane (28%) was observed. Remarkably, the alco-catalysed by Mn(porph) with both oxidants or Mn(chlor) with
hol/ketone ratio obtained (3.6) is exactly the same as thatPhIO.

obtained in the absence of bromotrichloromethane (see entry From the values ok in Table 2 it can be observed

4, Table 1. These results seem to indicate that the same path-that only the Mn(chlor)/HO, system shows a difference in
way is involved in the alcohol and ketone formation, leading reactivity, leading to the exclusive formation of the epoxide.
us to believe that these oxygenated products can be formedrhese results suggest the presence of a different metal com-
mainly by a free radical mechanism. Therefore, a possible plex as the main species in the reaction with Mn(chlosidpl
general pathway could be an “out of cage” mechanism repre- This system seems to favour the formation of a hydroperoxy
sented by the reactiort4)—(7) [15b—17] In this way, the “in active species, MA—OOH, which is unable to generate the
cage oxygen rebound” mechanism (reacti¢his-(3)) does MnV=0 species as the main entity (the most probable metal
not appear to be the main reaction pathway under the condi-complex able to abstract a hydrogen atom from the alkane in
tions tested. Itis improbable that an “out of cage” react®)n order to generate the alkyl radical). MROOH is capable
may occur due to the slower transfer of the hydroxyl group of epoxidising alkenef21], but seems to be a less effective
from Mn(complexes) compared to the reacti¢gdsand (7) species for the oxidation of alkanes.

OH
/ /N 'l'—/N
M\ + Mn'Y
radical cage escape, *C
it y > N—: N

PhIO pathway Im

1 |
N——N N——
I |
Im Im
\ N——N
oxygen rebound I
wo-co + / '\I“"/
> N—]N
Im
H,O hi I.\\\
,Op pathway H—C
O=H N O—H
T/ O/ OH
N=|=—N l N-|—N I N-I_N
concerted
M I H_C.l\\ —_— Mn” —_— HO—C"‘\ + 1]
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4. Conclusions (b) F.S. Vinhado, P.R. Martins, A.P. Masson, D.G. Abreu, E.A.
Vidoto, O.R. Nascimento, Y. lamamoto, J. Mol. Catal. A: Chem.

Manganese(lll)chlorins appear to be promising catalysts 188 (2002) 141.
g ( ) P P g Y [5] E. Porhiel, A. Bondon, J. Leroy, Eur. J. Inorg. Chem. (2000) 1097.

for oxidation reactions, sincg moderate to good yields of oxy- (6] (&) . La, R. Richards, .M, Miskelly, Inorg. Chem. 33 (1094) 3159;
genated products were obtained in the CyC|0hexane oxyfunc- (b) S. Evans, J.R.L. Smith, J. Chem Soc., Perkin Trans. 2 (2001)
tionalisation reactions. Furthermore, these Mn(chlofK 174,

systems showed a different reactivity, favouring the epoxi- (c) A.M.D.R. Gonsalves, M.M. Pereira, J. Mol. Catal. A: Chem. 113
dation reaction. The preference for epoxide formation in the __(1996) 209.

. . [7] A.M.G. Silva, A.C. Tong, M.G.P.M.S. Neves, A.M.S. Silva, J.A.S.
reactions promoted by Mn(chlor)#@-, lead us to believe that Cavaleiro, Chem. Commun. (1999) 1767.

Mn'"! (chlor}-OOH (Scheme Ldoes not seem to favour alkyl [8] Vogel's Textbook of Practical Organic Chemistry, 5th ed., Longman
radical production, the main active species in the reactions  Scientific and Technical, 1989.

affording the alcohol and the ketone. This implies a pathway [9] J.G. Sharefkin, H. Saltzmann, Org. Synth. 43 (1963) 62.

without radicals for the Mn(chlor)/yD, promoted oxidation ~ [10] A.D. Adler, FR. Longo, J. Org. Chem. 32 (1967) 476.

. . . [11] P. Battioni, J.P. Renaud, J.F. Bartoli, M. Reina-Atrtiles, M. Fort, D.
(Scheme 1 The results obtained with PhIO seem to indicate Mansuy, J. Am. Chem. Soc. 110 (1988) 8462.

that the main pathway involves an easy alkyl radical cage [12] j.L. McLain, J. Lee, J.T. Groves, in: B. Meunier (Ed.), Biomimetic
escape followed by the radical reactiqd3—(7) Oxidations Catalyzed by Transition Metal Complexes, Imperial Col-
lege Press, London, 2000, p. 91.
[13] (@) R.A. Sheldon, J.K. Kochi, Metal-catalyzed Oxidation of Organic
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