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Selective hydroxylation of benzene derivatives and alkanes
to the corresponding phenol and alcohol derivatives with
hydrogen peroxide was efficiently catalysed by a
manganese tris(2-pyridylmethyl)amine (tpa) complex
([(tpa)MnII]2+) incorporated in mesoporous silica-alumina
with highly acidic surfaces in contrast to the reactions in a
homogeneous solution where [(tpa)MnH]2+ was converted
to catalytically much less active bis(u-

oxo)dimanganese(I11L,IV) complex.

High-valent manganese-oxo complexes play pivotal roles as
reactive intermediates in oxygen-evolving centre (OEC) in
photosystem 112 as well as in biomimetic oxidation of
substrates.®>” In this context, manganese(IV)-oxo complexes
bearing pentadentate N5 ligands have been isolated and the
reactivity of manganese(IV)-oxo complexes has been studied
for oxidation of various substrates.®!! The reactivity of
manganese(IV)-oxo complexes is expected to be enhanced by
using tetradentate N4 ligand such as tris(2-pyridylmethyl)amine
(tpa), which is less electron donating. However, the oxidation
of [(tpa)MnH]2+ with hydrogen peroxide in a solution is known
to result in formation of the bis(u-oxo)dimanganese(III,IV)
complex.'? Such bis-u-oxo dimer formation may be prevented
when the location of the mononuclear manganese complex is
fixed on a solid support. However, the catalytic reactivity of the
mononuclear manganese complexes supported on solid as a
although
manganese-substituted mesoporous silicas without ligands are
known to exhibit the catalytic activity for hydroxylation of
benzene with hydrogen peroxide (H,O,) at high temperatures
(e.g., 345 K).1®

We report herein that [(tpa)Mn"]*" incorporated in
mesoporous silica-alumina (Al-MCM-41) having a highly

heterogeneous catalyst has yet to be reported,

acidic property catalyses selective hydroxylation of benzene
derivatives and alkanes with hydrogen peroxide (H,O,) to the
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corresponding phenols with hydrogen peroxide at ambient
temperature. Although much efforts have been devoted,
selective benzene hydroxylation is still a big challenge.'* The
catalytic activity of [(tpa)Mn"]*" incorporated in mesoporous
silica-alumina was compared with that of [(tpa)Mn"]*" in a
homogeneous  solution and also with the bis(u-
oxo)dimanganese(IILIV) complex ([(tpa)Mn,(u-0),]*") or
Mn*" ion incorporated in mesoporous silica-alumina.

Mesoporous silica-alumina was synthesized by using a
mixture of tetraethyl orthosilicate and sodium aluminate as
precursors under basic conditions (aqueous NaOH)."> The
acidity of AI-MCM-41 was determined to be H, < —8.1 by
using a Hammett indicator (anthraquinone). The Brunauer-
Emmett-Teller (BET) surface area of AI-MCM-41 was
determined to be 1200 m? g™ based on the N, isotherm (Fig.
S1t). The external surface area determined by the 7-plot was as
small as 32 m? g, suggesting that nearly all [(tpa)Mn"]*"
complexes seem to be incorporated inside mesopore. The
powder XRD pattern of AI-MCM-41 indicates that the pore
diameter is 3.5 nm (Fig. S2t), which is large enough to
incorporate Mn complexes with the size smaller than 1.4 nm.
[(tpa)Mn"]*" was incorporated in AI-MCM-41 by Na® cation
exchange to afford the supported catalyst ([(tpa)Mn"]* @Al-
MCM-41) in acetonitrile (MeCN). The adsorption of
[(tpa)Mn"]*" was confirmed by a UV-vis diffuse reflectance
spectrum as shown in Fig. S3, where the absorption band due
to [(tpa)Mn']*" is observed. The amount of incorporated
[(tpa)Mn"]*" was determined to be 3.9 x 107° mol_y, g~', which
corresponds to 1.5% of the cation exchange sites, by
absorbance change of mother liquor. The amount of
incorporated  [(tpa)Mn"]** also determined by X-ray
fluorescence measurement agreed well with that determined
from the absorbance change within experimental error. The
amount of incorporated [(tpa)Mn"]** can be increased up to 3.6
x 10° moly, g' by increasing the concentration of
[(tpa)Mn"]*" in mother liquor.
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Selective hydroxylation of benzene with H,0, to yield
phenol was catalysed by [(tpa)Mn"]**@AI-MCM-41 at 298 K.
Nearly 100% selectivity to phenol was obtained for the reaction
system using [(tpa)Mn"]*' @AI-MCM-41 (3.6 x 10™ mol y, g,
100 mg, [Mn]: 1.8 mM) and benzene (5.6 mM) in an aqueous
H,0, solution (30%, 2.0 mL, 9.0 M) (Fig. 1a). Although the
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Fig. 1 Time courses of formation of phenol in hydroxylation of benzene with
aqueous H,0, catalyzed by [(tpa)Mn"I**@AI-MCM-41 (red circle), Mn**@Al-
MCM-41 (plus), [(tpa),Mny(u-0),]>* @AI-MCM-41 (triangle) and [(tpa)Mn"]**
(square) at 298 K. (a) The concentrations of benzene, H,0, and Mn in the starting
solution are 5.6 mM, 9.0 M, 1.8 mM, respectively. (b) The reaction was
performed in a mixed solution (2.4 mL) composed of benzene, aqueous H,0, and
MeCN [0.40:0.40:1.6 (v/v/v)]. The concentrations of benzene, H,0, and an Mn

complex in the starting solutions are 1.9 M, 1.5 M and 23 pM, respectively.

strong adsorption of both benzene and phenol onto the Al-
MCM-41
benzene conversion, more than 0.6 mM phenol formation

support precluded the precise determination of

corresponding to 11% benzene conversion was confirmed. On
the other hand, no benzene conversion was observed for the
catalytic systems using Mn?*'@AI-MCM-41, [(tpa),Mn,(u-
0),”  @AI-MCM-41 and [(tpa)Mn"]*" as catalysts under the
same reaction conditions. To reduce the influence of the
benzene adsorption, the benzene hydroxylation was also
performed under conditions with reduced amount of the catalyst
[(tpa)Mn"]* @AI-MCM-41 (3.9 x 10° moly, g', 14 mg,
[Mn]: 23 uM), increased amount of benzene (0.40 mL, 1.9 M)
and aqueous 30% H,0, (0.4 mL, [H,O,]: 1.5 M) diluted with
acetonitrile (1.6 mL) (Fig.
[(tpa)Mn"]*" reached 60 in 12 h when the average turnover

1b). The turnover number of

frequency was 5.0 h”'. The catalytic activity of the recovered
catalyst was significantly decreased (Fig. S41). However, the
change in Mn concentration of Mn(tpa)@Al-MCM-41 after the
catalytic reaction for 12 h was negligible as evidenced by XRF
measurements. Thus, a plausible reason for the deactivation
may be oxidative degradation of the organic ligand of the Mn
complex. No further oxidation of phenol to p-benzoquinone
occurred at 298 K as evidenced by no hydroxylation of phenol
under the same reaction conditions other than phenol was used
instead of benzene (Fig. S51). No hydroxylation of phenol
would result from formation of oxonium ion,'® which is more
hardly oxidized than phenol, owing to the strongly acidic nature
of silica-alumina.'” Prevention of phenol oxidation in the
presence of a strong acid has been reported in a homogeneous
benzene hydroxylation.'®

The catalytic reactivity of [(tpa)Mn"]*'@AI-MCM-41 is
significantly higher than that of [(tpa),Mn,(u-0),]*"@Al-
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MCM-41, Mn** @AIl-MCM-41 prepared by a conventional ion-
exchange method using manganese(I) perchlorate, and
[(tpa)Mn"]*" in a homogeneous solution (Fig. 1b).
Hydroxylation of methoxybenzene with H,O, was also
catalysed by [(tpa)Mn"]*@AI-MCM-41 to yield mainly the
corresponding o- and p-methoxyphenol with little
methoxyphenol (Fig. 2). The electron-donating methoxy group

m-

[Methoxyphenol] / mM

Time /h

Fig. 2 Time courses of formation of methoxyphenol (red circle) [o- (diamond), p-
(cross) and m-methoxyphenol (inverse triangle)] in hydroxylation of
methoxybenzene (0.40 mL) with aqueous H,0; (30 wt%, 0.40 mL) catalysed by

112+ 1152+

[(tpa)Mn" 1" @AI-MCM-41 ([[(tpa)Mn"]"]: 23 uM) in MeCN (1.6 mL) at 298 K. The
concentrations of methoxybenzene and H,0; in the starting solutions are 1.5 M
and 1.5 M, respectively.

directs the hydroxylation of the benzene ring at ortho- and
para-positions as observed in electrophilic substitution of
methoxybenzene.'™'?  The total turnover number of
[(tpa)Mn"]*" reached 174, which is ca. 3 times larger than that
of the benzene hydroxylation. The catalytic hydroxylation of
chlorobenzene with H,0O, also yielded mainly o- and p-
chlorophenol (Fig. S61) as observed in electrophilic
substitution of chlorobenzene.'*?° The observed regioselectivity
for the position of hydroxylation of the benzene ring indicates
that the reactive intermediate is most likely to be an
electrophilic Mn"(0) species ([(tpa)Mn"(0)]*' @AI-MCM-41)
produced by the reaction of [(tpa)Mn"]*" with H,O, inside Al-
MCM-41. In general, oxygenation of phenol proceeds more
readily than that of methoxybenzene.?! However, only
methoxybenzene oxygenation proceeds in the current reaction
systems. This may be due to no formation of oxonium ion of
methoxybenzene, because the methyl group of methoxybenzene
may sterically disturb interaction with the Lewis acid site of the
catalyst surface.

[(tpa)Mn" > @ALI-MCM-41 also catalysed the
hydroxylation of electron deficient nitrobenzene with H,O, at a
higher temperature (323 K) as shown in Fig. 3. In contrast to
the case of methoxy- benzene, o-nitrophenol was produced
selectively.”” This regioselectivity may result from a specific
interaction of [(tpa)Mn'Y(0)]*" with the ortho-proton and the
NO, group as reported for selective aerobic oxygenation of
nitrobenzene to o-nitrophenol catalysed by HsPV,Mo0,004
polyoxometalate.?

Alkanes can also be hydroxylated by H,0, with
[(tpa)Mn" ] @AI-MCM-41 in MeCN even at 298 K. 2-Hexanol
was selectively produced in hydroxylation of n-hexane by H,O,
with [(tpa)Mn"]*"@AI-MCM-41 as shown in Fig. 4. In the
reaction, 2-hexanol was selectively formed, although the reason
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Fig. 3 Time courses of formation of o-nitrophenol in hydroxylation of
nitrobenzene (0.40 mL) with aqueous H,0, (30 wt%, 0.40 mL) catalysed by
[(tpa)Mn"** @AI-MCM-41 ([[(tpa)Mn"]**]: 75 uM) in MeCN (1.6 mL) at 323 K. The
concentrations of nitrobenzene and H,0; in the starting solutions are 1.6 M and

1.5 M, respectively.
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Fig. 4 Time courses of formation of 2-hexanol (red circle) and 2-hexanone (red
triangle) in hydroxylation of n-hexane (0.10 mL) with aqueous H,0; (30 wt%, 0.20

mL) catalysed by [(tpa)Mn"]>* @AI-MCM-41 ([[(tpa)Mn"]*]: 69 uM) in MeCN (2.0
mL) at 298 K. Time course of formation of 2-hexanol with [(tpa)Mn”]2+

([[(tpa)Mn“]b]: 69 uM, black square) in a homogeneous solution. The

concentrations of n-hexane and H,0, in the starting solutions are 0.33 M and
0.77 M, respectively.

for the high selectivity has yet to be clarified. It should be again
noted that almost no hydroxylation occurred with [(tpa)Mn"]**
in a homogeneous solution under otherwise the same reaction
conditions (Fig. 4). At prolonged reaction time 2-hexanone was
produced via the oxidation of 2-hexanol (Fig. 4). When a
CD;CN solution (1.0 mL) of H,O, (30 wt%, 20 [IL; [H,0,] =
0.17 M) and [(tpa)Mn">*@AI-MCM-41 ([[(tpa)Mn"]**]: 890
uM) saturated with ethane (19 mM) was stirred for 23 h at
room temperature, ethanol (35 pM) was produced by the
hydroxylation of ethane together with acetaldehyde (75 uM)
and diethyl ether (29 uM) (Fig. S77).

The reaction of [(tpa)Mn"]*" with H,O, in a homogeneous
solution afforded the bis(u-oxo)dimanganese(III,IV) complex
([(tpa),Mn,(u-0),1*") as shown in Fig. 6a, where the EPR
spectrum exhibits hyperfine due to two Mn nuclei (the
computer simulation spectrum is shown in Fig. S8%).>* When
[(tpa)Mn"]*" is incorporated in mesoporous silica-alumina, the
EPR spectrum of [(tpa)Mn" > @AI-MCM-41 after the catalytic
hydroxylation of benzene with H,0, still remains the signal due
to the mononuclear species (Fig. 5b). Thus, formation of
[(tpa),Mn,(u-0),]>" was prohibited by the incorporation of
[(tpa)Mn"]*" in mesoporous silica-alumina.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 EPR spectrum of (a) [(tpa)zan(,u—O)z]y produced by the reaction of
[(tpa)Mn"]B with H,0, in MeCN at 298 K and measured at 77 K and (b)
tpa)Mn Al-MCM-41 after the reaction wit enzene and H,0, in MeCN at
[(tpa)Mn"1** @AI-MC fter th ion with b d H,0, in MeC

298 K and measured at 77 K.

We tried to detect [(tpa)Mn'(0)]*' @ALI-MCM-41
([(tpa)Mn"]**: 3.6 x 10~ mol g™"), which may be produced by
the reaction of [(tpa)Mn"]*' @AI-MCM-41 with iodobenzene
diacetate. However, the amount of [(tpa)Mn"(0)]*" was too
small to be detected by EPR because of the broad signal due to
the Mn"v(O) species. When a large amount of [(tpa)Mn"]*" (2.6
x 10 mol g™") was forcedly incorporated in AI-MCM-41, the
treatment of the sample with iodobenzene diacetate gave a
broad EPR signal due to the Mn' (O) species at the low
magnetic field region (g = 3.95 and 7.31) with hyperfine due to
one Mn nucleus (Fig. 6).% In this case, however, the EPR signal

g=7.31

iy

Fig. 6 EPR spectrum of (a) [(tpa)zan(u—O)Z]y produced by the reaction of
[(tpa)Mn"]b with H,0, in MeCN at 298 K and measured at 77 K and (b)
[(tpa)Mn"]z+@AI—MCM—41 after the reaction with benzene and H,0, in MeCN at
298 K and measured at 77 K.

due to [(tpa),Mn,(u-0),]*" at g = 1.97 with hyperfine due to
two Mn nuclei was also observed (Fig. 6). Thus, the formation
of [(tpa)yMny(u-0),]*" cannot be avoided when the
incorporated amount of [(tpa)Mn"]* large.
Nevertheless the observation of the EPR signal due to the
Mn'V(O) species suggests that [(tpa)Mn'V(0)]*" is formed by

was too

J. Name., 2012, 00, 1-3 | 3
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M2 with iodobenzene diacetate and

the reaction of [(tpa)Mn
stabilized inside AI-MCM-41.

The rate of formation of phenol in the hydroxylation of
benzene with H,0, catalysed by [(tpa)Mn"]* @AI-MCM-41
was proportional to concentrations of [(tpa)Mn"]*' @AI-MCM-
41 and benzene, but independent of concentration of H,0,
(Figs. S9, S10 and S117) as given by eqn 1,
d[PhOH]/d¢ = k_,[ cat][benzene] (D)
where k., is the catalytic rate constant and [cat] is an Mn
concentration in [(tpa)Mn"]** @Al-MCM-41. Formation rates
of phenol increased linearly with increasing concentration of
[(tpa)Mn"]*" in the presence of large excess of benzene (Fig.
S9at). The second-order rate constant (k.,) was determined to
be 6.5 M™' h! from the slope of a linear plot of the formation
rates of phenol vs. concentrations of [(tpa)Mn"]*" (Fig. S9b¥).
The kinetic formulation in eqn 1 suggests that the rate-
determining step in the catalytic hydroxylation of benzene with
H,O, may be the hydroxylation of benzene by
[(tpa)Mn"V(0)]* @AI-MCM-41, which is produced by the
reaction of [(tpa)Mn"]*" with H,O, inside AI-MCM-41 as

shown in Scheme 1.
— o
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Scheme 1 Catalytic cycle in hydroxylation of benzene with H,0, catalysed by

[('cpa)Mn”]2+ incorporated in AI-MCM-41.

=-O
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H,0,

In conclusion, selective hydroxylation of benzene
derivatives and alkanes with H,O, was efficiently catalysed by
[(tpa)Mn"]*" incorporated in AI-MCM-41 to yield the
corresponding phenol and alcohol derivatives without further
oxidation resulted from the highly acidic nature of silica-
alumina surfaces at ambient temperature. The Mn'Y(O) species
([(tpa)Mn"Y(0)]*"), which is responsible for the hydroxylation
of benzene derivatives and alkanes, is produced by the reaction
of [(tpa)Mn"]*" with H,0, inside AI-MCM-41 and thus
stabilized without formation of [(tpa),Mn,(u-O),]*". The
strategy to use AI-MCM-41 for stabilizing a reactive species,
which would otherwise be converted to the much less reactive
species, reported in this study provides a convenient way to
develop efficient oxidation catalysts.
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Selective hydroxylation of benzene to phenol with hydrogen
peroxide was efficiently catalysed by a manganese complex

incorporated in mesoporous silica-alumina.
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