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Abstract

The oxidation of toluenel)), ethylbenzene?) and cumened) with hydrogen peroxide, in the presence of several man-
ganese(lll) porphyrins with electron-withdrawing substituents, was studied using ammonium acetate as a co-catalyst. All
products were characterised and their formation was justified by studying the oxidation of primary precursors, under the same
conditions. The formation of the nitrate compounds was shown to be dependent on the presence of ammonium acetate. The
oxidation of cumene and ethylbenzene afford products resulting from dehydrogenation reactions.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oxidation of alkylbenzenes is an important transfor-
mation in chemical synthesis generally performed with
corrosive, toxic or carcinogenic materifld. The de-
sired products are usually obtained with low selectivity

accompanied by ecologically dangerous by-products.

The possibility of using metalloporphyrins as cata-

[7]. We now report the oxidation of toluenel)(
ethylbenzene2) and cumene3d) with H>O» in the
presence of catalystsand5 (Fig. 1).

Hydrogen peroxide was selected as the oxygen
donor as a result of our intereff—9] in develop-
ing oxidative catalytic systems that operate under
environmentally friendly conditionflO]. For the re-
quired heterolytic cleavage ofJ®,, we have chosen

lysts in the oxidation of these type of substrates has ammonium acetate as co-cataljt].

been proposed by several grouf#s-6]. The prod-

ucts obtained are strongly dependent on the condi-

tions used (catalyst, co-catalyst, oxidising agent and 2. Results and discussion

solvent).

We have recently shown that porphyrin man-
ganese(lll) complexes are efficient catalysts for the
oxidation of aromatic terpenes (thymol, carvacrol and
p-cymene) with HO» in the presence of NIAcO

* Corresponding author: Fax:351-2343-70084.
E-mail address: jcavaleiro@dqg.ua.pt (J.A.S. Cavaleiro).

2.1. Catalysts synthesis

The metalloporphyrins4(and 5) free bases were
prepared according to published procedytes13]
Metallation of the free bases leading to the formation
of the complexes4and5) was performed with MnGl
[14,15]
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benzyl nitrate {c) and benzyl alcoholld) (Scheme 1
and Table 1. Trace quantities of benzaldehydge),
o-cresol (f) andp-cresol (Lg) were also detected.

The productslb, 1d, le-g were identified by
comparing their mass spectra with other information
available from a GC-MS data base and also by GC
co-injection of authentic samples commercially avail-
able. Compounda was identified by comparison with
the GC behaviour and spectroscopic data of an au-
thentic sample obtained by oxidation @fcresol (f)
with H2Oz in the presence of a porphyrin cataly4a)

F

(4a)  Mn(TDCPP)CI R=R’=H and ammonium acetate as a co-catalgstheme 2p
(4b) Mn(B-NO;TDCPP)CI R=NO, R'=H Compoundlc was extracted from the reaction mix-
ture with CHC} after adding an aqueous saturated
(4c) Mn(diB-NO,TDCPP)CI R=R’=NO, solution of sodium carbonate. Purification by column
chromatography on silica gehthexane:CHCI,, 1:1)
(5a) Mn(TFsPP)Cl R=R’=H afforded 1c. This compound was identified by mass
spectrometry Kig. 2) and NMR spectroscopy, as be-
(5b)  Mn(B-NO,TFsPP)CI R=NO; R=H ing benzyl nitrate. The structure &€ was confirmed

by comparison of its GC behaviour and NMR profile
with those of an authentic sample prepared by reaction
Fig. 1. Manganese(lll) porphyrin complexes used in this study. Of benzyl bromide with zinc nitratgl6].
In order to understand how the products are formed,
the oxidations of benzyl alcoholS¢heme 2p and
2.2. Oxidation of substrates benzaldehyde Scheme 2¢ with HO», under the
same catalytic conditions, were investigated. It was
The arene oxidation reactions were carried out observed that those oxidations only occur in the pres-
in acetonitrile at room temperature with addition of ence of a porphyrin catalyst and compoutewas
H20s, in the presence of manganese(lll) porphyrin not formed. This behaviour eliminates the possibility
and ammonium acetate. The reactions were followed of 1d andle acting as primary intermediates leading
by GC every 30 min and the addition of,8, was to 1c and indicates that the oxidation reactions of
stopped when two successive GC analyses showed nahese substrates are also catalytic processes under the

(5¢) Mn(diB-NO,TFsPP)CI R=R’=NO,

more conversion of the substrate. studied conditions.
It was also observed that compoundd is only
2.2.1. Oxidation of toluene (1) formed in the presence of ammonium acetate. In

The GC analysis of the reaction mixture of fact, the oxidation of toluene using porphydia as
toluene () showed that the main products were a catalyst and imidazole as co-catalyst did not afford

2-methyl-1,4-benzoquinoneld), benzoic acid 1b), compoundlc (Table 1. However, this compound is
COOH ONO; CH,OH
0.
—>
0
1) (1a) (1b) (1¢) (1d)

Scheme 1.
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Table 1
Toluene oxidation reactions withJ®, catalysed by Mn(lll) porphyrins4(and 5)2
Catalyst t (h) Conversion (%) Selectivity (%

la 1b 1c 1d
No catalyst 9 0 0 0 0 0
Mn(TDCPP)CI ¢a) 6 31 4 49 37 7
Mn(B-NO,TDCPP)CI @b) 7 68 5 58 33 3
Mn(diB-NO,TDCPP)CI éc) 8 62 4 86 8 2
Mn(TFsPP)CI 6a) 45 26 26 55 9 3
Mn(B-NO,TFsPP)CI 6b) 45 16 45 42 0 0
Mn(diB-NO, TFsPP)CI 6¢) 45 5 50 0 0 50
Mn(TDCPP)Cl—imidazol® (4a) 8.8 45 0 90 0 10
+NaNG® (4a) 6 24 2 48 36 8
+NaNOs® (4a) 6 22 2 72 0 15

a8Reaction conditions: the substrate 0.3 mmol; the catalyst, @mol and ammonium acetate, 0.2 mmol were dissolved in acetonitrile
(2.0ml) and stirred at room temperature. Aqueous hydrogen peroxide (30% w/w) was diluted in acetonitrile (2:5) and added to the reaction
mixture in 37.5ul aliquots every 15 min.

bBased on gas chromatographic peak areas.

¢The ammonium acetate was replaced by equimolar quantities of imidazole.

d Using Mn(TDCPP)CI porphyrin and imidazole (0.2 mmol) as co-catalyst, 0.2 mmol of NaM®aNQ; were added to the reaction
mixture.

Scheme a

Selectivity
OH o
Catalyst Time Conversion (1a)
_>
(4a) 3.8h 100 % 100 %
0}
afn (12) No catalyst 4h 0% 0%
Scheme b Selectivity
OH H
0 Oy° Catalyst Time Conversion (le) (1b)
e (4a) 82h 52 % 12% 88%
No catalyst 9h 0% 0% 0%
(1d) (1e) (1b)
Scheme ¢ Selectivity
.0 Oy OH Catalyst Time Conversion (1b)
é 3 5 (4a) 3h 93 % 100 %
No catalyst 3h 0% 0%

(1) (1b)

Scheme 2.
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Fig. 2. Fragmentations observed in the mass spectra of the nitrated comday2dsand 3h, which are in agreement with the proposed
structure. For compoundks and 2c, the more important fragmentations are the loss 0bN@ NOz* moieties and for compoungh, the
losses of CH* and NQ°.

obtained in the presence of imidazole if sodium ni- to a greater extent subsequently giving compound

trite is added to the reaction mixture. With sodium 1a.

nitrate, no insertion of the nitro group was observed.

These results seem to indicate that NOor NO»* 2.2.2. Oxidation of ethylbenzene (2)

are intervening species in the formationlaf The GC-MS analyses of the ethylbenzene oxida-
From Table 1 we can conclude that the man- tion reactions have shown that mixtures are obtained.

ganese(lll) porphyrin 4b) is a particularly good  These oxidative transformations catalysed by the var-

catalyst, in the presence of ammonium acetate, for ious metalloporphyrins gave rise to 1-phenylethanol

the oxidation of this substrate, since we found an ex- (2a), acetophenone2b), 1-phenylethyl nitrate Zc),

cellent conversion of 68% after 7 h of reaction. The 2-ethyl-1,4-benzoquinone 2¢) and styrene Zg)

best selectivity for benzoic acidlf) is obtained with (Scheme &andTable 2.

catalyst4c. On the other hand, the higher selectivity Products2a, 2b and 2e were confirmed by com-

for benzyl nitrate {c) is obtained with catalystda parison with the GC behaviour of available standards.

andb. It is interesting to note that, with porphyrins Compound2d was identified by considering its GC—

5a—c, the oxidation of the aromatic ring occurs MS results and by comparison with analytical data
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(2a) (2b) 20) (2d) (2e)
Scheme 3.

(GC profile and NMR spectra) of an authentic sam-
ple of 2-ethyl-1,4-benzoquinone. This quinone was
obtained in high yield by oxidation of 2-ethylphenol
(2f) with H2O2/NH4AcO in the presence of catalyst
4a (Scheme 4p

Compound2c was identified as 1-phenylethyl ni-

obtained by buffering substances or combinations of
acids and bases, i.e. ammonium acefafd, imida-
zole [4], pyridine plus benzoic aciflL7,18] (but evi-
dence of pyridine oxidation was also obserja&€l]).
Also the pH of the reaction mixture was revealed to be
a key factor in the oxidation reactions carried out in

trate by considering its mass spectrum, which shows aqueous media with iron phthalocyaniri26]. Based

the same fragmentation pathway as benzyl nitrate (

(Fig. 2.

Previously, we have suggested that the nitration re-

on these facts, the co-catalysts chosen for these studies
were ammonium acetate, imidazole, sodium acetate,
a mixture of equimolar quantities of sodium acetate

action product is related to the co-catalyst used, since and acetic acid and a mixture of equimolar quanti-

no benzyl nitrate 1c) was formed during toluene ox-
idation in the presence of imidazole.

ties of sodium acetate and benzoic adidlfle 3. The
formation of the nitrated product was observed only

Ethylbenzene has faster reaction times than toluenewith ammonium acetate, which indicates that the ni-
and so a more extended study was carried out in ordertrate group is derived from the ammonium ion.

to understand the influence of the co-catalyst on the

To investigate the insertion of the nitro group in the

oxidation process. Ammonium acetate performance benzylic position of ethylbenzene, two other ethylben-

was compared with four other potential co-catalysts
and Mn3-NO,TDCPP)CI @b) was chosen as the cat-
alyst, since it gives rise to the highest conversioR of
and the best selectivity for the nitro compoudd

From the co-catalysts referred to in the literature
for the activation of hydrogen peroxide in the pres-

zene oxidation reactions were performed, using imi-
dazole as co-catalyst and adding equivalent quantities
of sodium nitrite or nitrate to the reaction mixtures.
The selectivity for the nitrated compoud, changed
from 0% with imidazole alone to 8% with imidazole
and sodium nitrite. No nitrated compound was ob-

ence of metalloporphyrins, the best results seem to beserved when imidazole and sodium nitrate were used

Table 2

Ethylbenzene oxidation reactions withy®, catalysed by Mn(lll) porphyrins4(and 5)2

Catalyst t (h) Conversion (%) Selectivity (%Y

2a 2b 2c 2d 2e
No catalyst 10.0 0 0 0 0 0 0
Mn(TDCPP)CI ¢a) 6.5 64 21 75 4 0 0
Mn(B-NO,TDCPP)CI @b) 55 66 20 66 7 1 6
Mn(TFsPP)CI 6a) 3.2 57 25 65 3 4 2
Mn(B-NO,TFsPP)CI 6b) 4 10 32 68 0 0 0

a8Reaction conditions: the substra?e 0.3 mmol; the catalyst, @mol and ammonium acetate, 0.2 mmol were dissolved in acetonitrile
(2.0ml) and stirred at room temperature. Aqueous hydrogen peroxide (30% w/w) was diluted in acetonitrile (2:5) and added to the reaction

mixture in 37.5ul aliquots every 15 min.
bBased on gas chromatographic peak areas.
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Scheme a
OH 0]
o
2hH (2d)
Scheme b
OH 0O
O O
(2a) (2b)
Scheme ¢
(0]
©}\ —» no reaction
(2b)
Scheme d

z 20 Q 9
5844
(2¢) (2g) (@h) (i)

Selectivity

Catalyst Time Conversion (2d)
(4a) 25h 100 % 100 %

No catalyst 3h 0% 0%

~ Selectivity

Catalyst Time Conversion (2b)
(4a) 25h 60 % 100 %

No catalyst 2.5h 0% 0%

Catalyst Time Conversion
(4a) 5h 0%
Selectivity

Catalyst Time  Conversion (2g) (2h) (2i)
(4a) 2h 100 % traces 94% 6%
No catalyst 2h 0% 0% 0% 0%

Scheme 4.

instead. These results are similar to those obtained inacetate,
the toluene oxidation experiments and reinforce the sodium acetate/benzoic acid). The co-catalyst sodium

idea that the nitrite moiety interferes with the forma-

tion of nitrated compounds.

From the results ofable 3 it is particularly inter-

imidazole, sodium acetate/acetic acid or

acetate/benzoic acid showed the best performance.

Further studies with such system are in progress.

The oxidation of 1-phenylethanoPd), acetophe-

esting to note the great improvement in the conversion none @b), styrene 2e) and 2-ethylphenol&f) with

of ethylbenzene, comparing the reaction using sodium H,O, under the same catalytic conditions used for
acetate alone (21%) with that in which the sodium ethylbenzene2) were also investigatedscheme 1 It
acetate/acetic acid mixture was used (83%). The pH was observed that the oxidation 2d only affords2b

of the reaction medium seems to be important for the (Scheme 4p This behaviour excludes the possibility
efficiency of the process, since the best conversions of styrene e) arising from dehydration of the alco-
are obtained with buffering co-catalysts (ammonium hol (2a). Products resulting from further oxidation of
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Table 3
Influence of the different co-catalysts used in catalytic oxidation of ethylbenzene wih I the presence of metalloporphyriip®
Co-catalyst t (h) Conversion (%) Selectivity (%

2a 2b 2c 2d 2e

Ammonium acetate 5.5 66 20 66 7 1 6
Imidazole 8.5 70 17 81 0 1 1
Sodium acetate 7.5 21 9 91 0 0 0
Sodium acetate acetic acid 7.5 83 9 87 0 3 1
Sodium acetater benzoic acid 8.5 92 12 88 0 0 0
Imidazole + NaNG,®© 7.0 76 18 72 8 0 1
Imidazole + NaNGQ3°© 6.8 74 25 74 0 0 1

aReaction conditions: the substraZe 0.3 mmol; the catalyst, @mol and the co-catalyst, 0.2 mmol were dissolved in acetonitrile
(2.0ml) and stirred at room temperature. Aqueous hydrogen peroxide (30% w/w) was diluted in acetonitrile (2:5) and added to the reaction

mixture in 37.5ul aliquots every 15 min.
bBased on gas chromatographic peak areas.

¢Using imidazole (0.2 mmol) as co-catalyst, 0.2 mmol of NaN$® NaNQ; were added to the reaction mixture.

2e were not detected in the oxidation of ethylbenzene 2-phenyl-2-propanol 3b), a-methylstyrene epoxide

(Scheme 4yland acetophenonlf) did not react un-
der these conditionsScheme 4t Moreover, these re-
sults also show that the oxidation reaction2af 2e

and2f are catalytic processes, since no oxidation prod-
ucts were observed without the presence of the metal-

(3c), 2-phenylpropanal 3d), 2-isopropyl-1,4-benzo-
quinone Be) and a-methylstyrene 3f). Trace quanti-
ties of 2-isopropylphenoBg) anda,a-dimethylbenzyl
nitrate 3h) were also observed. Compoung 3b,

3f and 3g were also confirmed by comparison with

loporphyrin catalyst. We can also conclude that none GC analyses of available standards.

of these compounds is a precursor of 1-phenylethyl

nitrate @c).

As far as the efficiency of the catalysts is concerned,

we can observe froriable 2that acetophenonélf)

is always the major product from the oxidation f
with all four catalysts. The best conversion percent-
ages were obtained with catalysts of tybé&orphyrin

4a is more selective thadb, since no styrene2g) or
aromatic ring oxidation products were detected.

2.2.3. Oxidation of cumene (3)

The six compounds obtained in the oxidation reac-
tions of cumene&cheme 5Table 4 were identified
by GC-MS analysis as being acetophenoga),(

In this case, we also tried to clarify the forma-
tion of the oxidation products obtained, by study-
ing the oxidation of the potential intermediates
3b, 3f, 3g and 3i, under the same catalytic condi-
tions used for the reactions of cumertecfieme B
Compound3e was obtained in high yield by oxi-
dation of 3g with HoO2/NH4ACO in the presence
of catalyst4a (Scheme 6gp and was isolated by
column chromatography and characterised 1y
NMR and GC-MS. No product was obtained from
the oxidation of 2-phenyl-2-propano8lf), thus ex-
cluding the possibility ofa-methylstyrene 3f) aris-
ing from the dehydration of alcohoBl§) obtained
during the oxidation of cumene. This result also

LE5S RS

3 (3a) @3b)

3o (3d)

Scheme 5.
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Cumene oxidation reactions with,B, catalysed by Mn(lll) porphyrins4(and 5)2

Catalyst t (h) Conversion (%) Selectivity (%Y

3a 3b 3c 3d 3e 3f
No catalyst 10.0 0 0 0 0 0 0 0
Mn(TDCPP)CI @) 6.8 42 18 65 17 0 0 0
Mn(8-NO, TDCPP)CI ¢b) 10.0 4 18 56 16 3 3 4
Mn(TFsPP)CI 6a) 3.0 52 12 65 16 2 3 2
Mn(8-NO,TFsPP)CI 6b) 7.0 13 16 60 13 1 0 10

aReaction conditions: the substra@e 0.3 mmol, the catalyst, Bmol and ammonium acetate, 0.2 mmol were dissolved in acetonitrile
(2.0ml) and stirred at room temperature. Aqueous hydrogen peroxide (30% w/w) was diluted in acetonitrile (2:5) and added to the reaction

mixture in 37.5.1 aliquots every 15 min.
bBased on gas chromatographic peak areas.

eliminates the possibility o8b being a precursor of
acetophenone3f) (Scheme 6p The oxidation of
a-methylstyrene 3f), under our catalytic conditions,
afforded 3a, 3c and 3d (Scheme 6g This result

shows that these products, also obtained during the

oxidation of cumene, may arise from the further ox-
idation of a-methylstyrene ¥f). The possibility that
a-methylstyrene 3f) could have been formed from
the dehydration of 2-phenyl-1-propan@i) was ex-
cluded. Noa-methylstyrene 3f) was detected during
the oxidation of3i (Scheme 61 Although this alco-
hol (3i) was never detected in the oxidation reactions
of cumene, we cannot totally exclude the possibil-
ity that this compound is the primary precursor of
acetophenone3f) and 2-phenylpropanaB¢).

Itis worth noting that for substra® «,a-dimethyl-
benzyl nitrate 8h) was only detected in very low
yield; its identification was based on GC-MS spec-
trum, which shows a mass fragmentation pathway sim-
ilar to the other nitratesl¢ and2c) (Fig. 2.

From these results and frofrable 4 we can con-
clude that cumene oxidation occurs by two main oxi-
dation pathways: the benzylic hydroxylation pathway
with 56—65% selectivity for produ@b and the dehy-
drogenation pathway leading 8, which is then ox-
idised to3a, 3c and 3d, with 32—-41% selectivity for
the total amount of these products.

The best catalytic performance in the oxidation
reactions of 3 was achieved with porphyrirba,
whereas substratelsand 2 gave rise to higher con-
versions with type4 porphyrins. Whenp-cymene

oxidation was studied in the presence of these type

of catalysts[7], a similar result was obtained. In-
deed, porphyrin5 improved the selectivity for the

oxidation of the more inaccessible tertiary benzylic
position ofp-cymene, whereas porphyrihwas more
selective for the oxidation of the primary benzylic
position.

2.3. Mechanistic considerations

Itis possible to elaborate a general reaction pathway
(Scheme Y consistent with the observations made in
the oxidation of arened44{3) with manganese(lll) por-
phyrins. The various pathways are dependent on the
manganese(lll) porphyrin used and if the substrates
have primary, secondary or tertiary benzylic positions.

The importance of the pH reaction mixture on the
efficiency of the oxidation process is confirmed by the
results inTable 3 The observed efficiency for buffer-
ing co-catalysts can be explained by the characteris-
tics of the hydrogen peroxide activation procgas|,
which is accelerated by successive basic and acidic
catalysis §cheme R

Path 1, a hydroxylation reaction catalysed by met-
alloporphyrins, has a mechanism that has been fully
discussed22,23] Our results also show that paths 1.1
and 1.2 are catalytic processes; the reactions involved
only occur in the presence of a metalloporphyrin cata-
lyst. Campestrini and co-workef24,25]also referred
to the fact that the oxidation of benzylic alcohols by
0X0-manganese species are catalytic processes and ap-
pear to proceed by a dehydrogenation mechanism, in-
stead of an alcohol hydroxylation followed by the loss
of water leading to a ketone.

Although in all cases the oxidation takes place
mainly in the benzylic positions, porphyrib)(shows
a higher preference for the oxidation of the aromatic
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Scheme a Selectivity
OH 0
Catalyst Time Conversion (2d)
_ (4a) 3h 93 % 100 %
0 No catalyst ~ 3h 0% 0%
3g) (3e)
Scheme b
HO
Catalyst Time  Conversion
———> 1o reaction (4a) 5h 0%
(3b)
Scheme ¢
o Selectivity
O \0
Catalyst Time Conversion (3a) (3¢) 3d)
’ (4a) 1h 100 % 6% 90% 4%
(&])) (3a) @3¢) 3d) No catalyst 2.5h 0% 0% 0% 0%
Scheme d P
OH Selectivity
O
OH (0] (0] Catalyst Time Conversion (3a) (3d) (&1))
_— (4a) 2h 22 % 61% 2% 15%
3.5h 279 809 t 20 9
Gi) ) od) Gi) (5a) % % race %
Scheme 6.

ring than porphyrin4), which affords quinones (path For ethylbenzene?j and cumene3), that undergo

2). Based on the fact that phenols were detected path 3, it was proved that these reactions do not pro-
during the reaction course and quinones are easily ceed via an alcohol intermediate and are oxidative de-
and selectively obtained by oxidation of alkylphenols hydrogenation processes catalysed by manganese(lll)
with H2O,, catalysed by Mn(lll) porphyring7], we porphyrins. Our observations are supported by dehy-
suggest that the hydroxylation of the aromatic ring drogenation reactions observed with cytochrome P450
is the first and most difficult step (path 2). Phenol [26] and with a soluble methane mono-oxygenase
is then selectively and more easily oxidised to the (MMO), a non-haem containing enzynig7]. These

corresponding quinone (path 2.1). compounds are capable of catalysing dehydrogenation
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H
R, O R;~_.0O HO.__O
R,
Path 1.1 Path 1.2
if R,=H if Rj=R,=H
| Path 1
R, ONO, Ri~_ R Ri~_R,
R,
OH Ppath 2.1 0
Path 4 Path 2 —_
B - Fast reaction
0]
Path 3
for (2) and (3)
R,.__CHO R2 Ry O
Rearrangement
- - —>
Path 3.2 Path 3.1
Toluene (1) R,=R;=H
Ethylbenzene(2?) R;=CH; R,=H
Cumene (3) R;=R,=CH;
Scheme 7.

reactions, in addition to hydroxylation and epoxida- between oxygen rebound and abstraction of what is
tion reactions of certain substrates, such as ethylben-formally a second hydrogen atoj26].

zene and cyclohexadienes. The mechanism has been Path 3.1 is especially important in oxidation reac-
postulated to begin with abstraction of an hydrogen tions involving cumene, and where acetophenone is
atom and after that, there might be a competition one of the major products. Previous work on tertiary

T‘ T‘
AcO’ AcOH / *

-HZO
+ .0 H _>
H™ o7

Scheme 8.
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alcohol oxidation, catalysed by metalloporphyrins, in-  The aldehydes2g and3d obtained via path 3.2 can
dicated that C-H cleavage leading to ketones could be primary oxidation products of the corresponding
compete with C-C cleavad@8,29] Under our con- alkenes, as proposed by Collman ef{32]. A pinacol
ditions, acetophenone does not proceed from the oxi- type rearrangemefi33] or a simple rearrangement of
dation of 2-phenyl-2-propanoBb) (Scheme 6) but the terminal epoxide could also justify the formation
it is obtained as a product in themethylstyrene oxi- of these type of compounds.

dation @f) (Scheme 6% It is therefore, likely that ace- Finally, the formation of nitrate derivatives (path 4,
tophenone is produced through oxidative double bond Scheme Y seems to depend on the presence of the
cleavage. Such a transformation has been described inNH41t/NH3 pair in the reaction mixture.

the oxidation of styrene catalysed by MnTPPCI lead- It is known that primary aromatic amines can
ing to benzaldehydg0]. Also the oxidation of styrene  be oxidised to the corresponding nitro deriva-
and a-methylstyrene, with iodosylbenzene catalysed tives by t-butyl hydroperoxide, in the presence of
by trans-dioxoosmium(VI) porphyrins, gave as ma- Fe(lll) or Mn(lll) tetraarylporphyrins [34] (am-
jor products benzaldehyde and acetophenone, respecimonia is likely to be oxidised to nitrogen dioxide
tively [31]. (Scheme 9p.

oxygen rebound

b [E

radical cage escape

\

OH
Re +
(0] 60
® /
o~ =
Re + No2 o R—O—N=0 E—— ll{ (C)
G>O
/
NO, ® ®/N=O S
o_A 2 o 4 RS @N/_ o
_N=
@ A_. @ A_. ? + @
R
A

Scheme 9.
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It has also been postulated that after hydrogen Hydrogen peroxide (30wt.% solution in water),
abstraction from a saturated substrate by a high va- benzaldehyde, benzyl alcohol, acetophenone and
lent oxo-complex, a radical cage can escape andtoluene were purchased from Riedel de Haén. Ethyl-

compete with an oxygen rebound mechanif3B] benzene, cumene;cresol,p-cresol, 2-ethylphenol, 2-
(Scheme 9p isopropylphenol, styreney-methylstyrene, 2-phenyl-
The radical combination of the N® with R®, fol- 2-propanol and 2-phenyl-1-propanol were purchased

lowed by oxidation of the resultant alkyl nitrite can from Aldrich. (+)-1-Phenylethanol was purchased

afford the final alkyl nitrate $cheme 9t or, more from Fluka. All other chemicals and solvents used

likely, NO2* in combination with the oxomanganese herein were obtained from commercial sources and
porphyrin, affords the intermediate A, which can react used as received or distilled and dried using standard
with freely diffusing alkyl radicals, and produce the procedures. Light petroleum was the fraction of bp

nitrated compound3cheme 94 40-60°C.

3.2. General oxidation procedure
3. Experimental
In atypical experiment, the substrdte8 (0.3 mmol),
3.1. General details the catalyst (3umol) and ammonium acetate
(0.2mmol) were dissolved in acetonitrile (2ml) and
1H and'3C NMR spectra were recorded in CQCl  stirred at room temperature. Aqueous hydrogen per-
using a Bruker DRX 300 at 300.13 and 75.47 MHz, oxide (30% wi/w) diluted in acetonitrile (2:5) was
respectively. The chemical shifts are expressed in added to the reaction mixture in 3%b aliquots
8 (ppm) values relative to tetramethylsilane (TMS). every 15min. The reactions were followed by GC
Preparative thin layer chromatography (TLC) was analysis and stopped when the product yields re-
carried out on silica gel plates (Riedel de Haén silica mained constant after two successive GC analyses.
gel 60 DGRsg). Column chromatography was also The reaction mixture was then poured into water and
performed on silica gel (Merck silica gel 60, 70-230 extracted with dichloromethane. The organic phase
mesh). Mass spectra were obtained using a VG Au- was dried with anhydrous sodium sulphate and con-
tospec Q mass spectrometer. GC-MS analyses werecentrated in a rotary evaporator. The mixtures were
performed using a Finnigan Trace GC/MS (Thermo separated by chromatography on a silica gel col-
Quest CE Instruments) using helium as the carrier gas umn, eluting with a mixture of dichloromethane:light
(35cm/s). GC-FID was performed using a Varian Star petroleum (1:1). The content of the various frac-
3400CX chromatograph and hydrogen as the carrier tions was identified by GC analysis. The NMR
gas (55 cm/s). In both cases fused silica Supelco cap-spectra were obtained after drying the pure com-
illary columns SPB-5 (30 nx 0.25mm i.d.; 0.25wm pound extracts in a rotary evaporator at°&0for
film thickness) were used. The chromatographic con- 30 min.
ditions were as follows: initial temperature, 70,
during 4 min; temperature rate, 20/min; final tem- 3.2.1. Experiments with different co-catalysts
perature, 220C; injector temperature, 22C; de- Oxidation of toluene was carried out under the con-
tector temperature, 23@ (reactions with toluene) ditions described irSection 3.2using porphyrinda
and initial temperature, 8@, during 1min; tem- and replacing ammonium acetate by equimolar quan-
perature rate, 7C/min; final temperature, 20C; tities of imidazole.
injector temperature, 22@; detector temperature, Oxidation of ethylbenzene was also carried out
230°C (reactions with ethylbenzene and cumene). under the conditions described Bection 3.2using
Aliquots were withdrawn from the reaction mixture porphyrin 4b and replacing ammonium acetate by
and injected directly into the injector. The percent- equimolar gquantities of imidazole, sodium acetate,
ages of each compound in the reaction mixtures a mixture of equimolar quantities of sodium acetate
were estimated directly from the corresponding gas and acetic acid or a mixture of equimolar quantities
chromatographic peak areas. of sodium acetate and benzoic acid.
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3.2.2. Experiments with imidazole and sodium nitrite 6.72 (dd, 1H, H-5J 2.2 and 10.1Hz), 6.77 (d, 1H,
or nitrate H-6,J 10.1 Hz).13C NMR §: 11.5 (C-8), 22.1 (C-7),
Toluene and ethylbenzene were also oxidised using 131.6 (C-3), 136.2 and 136.8 (C-5,6), 150.8 (C-2),
imidazole (0.2 mmol) as co-catalyst and 0.2 mmol of 187.5 and 187.9 (C-1,4). MS (Ehy¥z (rel. int. %) 136
NaNO, or NaNQ; were added to the reaction mixture. (M*™, 86), 123 (23), 108 (100), 107 (75), 82 (83), 80
(45), 79 (92).
3.3. Yynthesis of benzyl nitrate
3.4.5. 2-1sopropyl-1,4-benzoquinone (3e)
Zn(NQO3z)2:6H20 (2.34 mg, 8 mmol) was added to 'HNMR 5: 1.14 (d, 6H, H-8,9), 3.04 (dh, 1H, H-7,
benzyl bromide (1 ml, 8 mmol) dissolved in acetoni- J 1.1 and 6.7), 6.55 (dd, 1H, H-3,1.1 and 2.2 Hz),
trile (1 ml), and the mixture was stirred for 24h at 6.71 (dd, 1H, H-5J 2.2 and 10.0Hz), 6.76 (d, 1H,
room temperature. GC analysis revealed 75% con- H-6,J 10.0 Hz). MS (El)wz (rel. int.) 150 (M, 57),
version and 80% selectivity for benzyl nitratic). 137 (27), 134 (24), 122 (79), 107 (63), 94 (27), 82
The reaction mixture was washed with aqueous sat- (29), 81 (18).
urated sodium hydrogenocarbonate solution and ex- )
tracted with CHGJ. The organic phase was passed 3-4.6. «-Methyistyryl nitrate (3h)
through anhydrous sodium sulphate and concentrated MS (El) mz (rel. int.) 181 (M, 21), 166 (100),
in vacuum. The extract was chromatographed through 120 (42), 91 (24), 77 (9).
a silica gel column using CH@Inh-hexane (1:1) as elu-
ent. The NMR spectrum was obtained after drying the 4 conclusions
compound in a rotary evaporator at 8D for 30 min.

The oxidation of toluenelf, ethylbenzene?) and
cumene 8) with hydrogen peroxide in the presence
of several manganese(lll) porphyrins was studied,
under mild conditions, using ammonium acetate
as co-catalyst. The best conversions fbrand 2
were observed with typel porphyrins containing

3.4.1. 2-Methyl-1,4-benzoquinone (1) e_Igctron—withdrawing groups in thB-pyrroIilc po-
14 NMR §: 2.07 (d, 3H, H-7,J 1.5 Hz), 6.62-6.64 sitions, 4b and 4c. For 3, the best conversion was

(M, 1H, H-3), 6.72 (dd, 1H, H-5) 2.2 and 10.1Hz), ~ OPserved with porphyrisa.

3.4. Synthesis of 2-substituted-1,4-benzoquinones

Quinonesdla, 2d and3ewere obtained following the
general oxidation procedure but using the respective
2-alkylphenols as substrates andrhol of catalys#a.

6.77 (d, 1H, H-6, 10.1 Hz). MS (ENm/z (rel. int. %): _ AII_ products obtained in the oxidation df were

122 (M+, 52), 94 (95), 82 (70), 68 (45), 66 (63), 65 identified and we suggest 'Fhat_compomlujcould be

(23), 54 (100). formed by the catalytic oxidation of the correspond—
ing alcohol and aldehyde. The formation Iof is de-

3.4.2. Benzyl nitrate (1c) pendent on the presence of an ammonium ion and is

IH NMR §: 5.43 (s, 2H, H-7), 7.41 (s, 5H, @also obtained with sodium nitrite using imidazole as
H-2,3,4,5,6).13C NMR §: 31.0 (C-7), 128.8 (C-4),  co-catalyst. With this substrate, the hydroxylation of
129.1 (C-3,5), 129.5 (C-6,2), 132.1 (C-1). MS (EI) the aromatic ring occurred preferentially with type
m/z (rel. int. %): 153 (M, 54), 107 (55), 106 (47),  Porphyrins.

105 (65), 91 (76), 79 (62), 78 (40), 77 (100). The oxidation of2 with all the catalysts used af-
forded acetophenone as the main product. The oxida-
3.4.3. 1-Phenylethyl nitrate (2c) tion of alcohol2a was shown to be a catalytic process
MS (El) mvz (rel. int. %): 167 (M, 7), 121 (26), and the products resulting from the hydroxylation of
105 (82), 78 (22), 77 (100). the aromatic ring, nitration of the benzylic position
and dehydrogenation of alkylgroups, were obtained in
3.4.4. 2-Ethyl-1,4-benzoquinone (2d) minor amounts.
IH NMR §: 1.15 (t, 3H, H-8,J 7.4 Hz), 2.47 (dq, We have shown that the oxidation 8f afforded

2H, H-7,J 1.7 and 7.4 Hz), 6.56-6.58 (m, 1H, H-3), products resulting mainly from the hydroxylation
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of the benzylic position3b and from dehydrogena-
tion (3a, 3c, 3d, 3f). The catalytic oxidation of
a-methylstyrene 3f) afforded compound3a, 3c, 3d,;

3f is then a potential primary intermediate leading to
these compounds in cumene’s oxidation.
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