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Cr-Si binary oxide prepared by a sol-gel method, when
activated by visible light, catalyses highly selective oxidation
of cyclohexane to cyclohexanone with molecular oxygen.

Selective oxidation of cyclohexane to cyclohexanone is one of the
most important synthetic reactions, because cyclohexanone is an
important intermediate in e-caprolactam synthesis, which is used
in the manufacture of nylon polymers.! Catalytic cyclohexanone
synthesis, driven by a heterogeneous catalyst with molecular
oxygen (0,), has attracted much attention.> Photocatalytic
versions have been investigated extensively using various catalysts,
such as TiO».* Fe porphyrin-modified TiO,,*** polyoxotungstate-
modified SiO,,> and V,Os-impregnated ALO5,° in a liquid/solid
system. These systems, however, require UV light for catalyst
activation. A photocatalytic system, driven by visible light
(>400 nm), was first proposed by Frei et al, employing zeolite
Y as a catalyst and enabling quantitative formation of cyclo-
hexanone.” This innovative system was, however, conducted
in a gas/solid system. Development of a “handy” liquid/solid
system driven by visible light, capable of promoting selective
cyclohexanone synthesis, is now the focus of attention.
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1 Electronic supplementary information (ESI) available: Experimental
details; change in product yield with time when cyclohexane (Fig. S1) or
cyclohexanone (Fig. S2) is used as a starting material; ESR spectra
(Fig. S3); N, adsorption—desorption isotherm of catalyst (Fig. S4). See
http://dx.doi.org/10.1039/b508172f

As well known, Cr oxide species, which are highly dispersed
on an inorganic support, have LMCT (ligand-to-metal charge
transfer) absorption at >400 nm.® Earlier reports reveal that
hydrothermally-synthesized =~ Cr-containing mesoporous silica
(CrocHMS) and Cr-impregnated HMS (Cr/HMS) and ZSM-5
(Cr/ZSM-5) promote NO decomposition and propane oxidation
by visible light irradiation with O,.° A recent report shows that
Cr-Si binary oxide (Cr-SiO,), prepared by a sol-gel method,
catalyzes epoxidation of propene by visible light with O,.'° Here,
we describe that this Cr-SiO, catalyst promotes a selective
oxidation of cyclohexane to cyclohexanone by visible light with
0,. This is a liquid/solid photocatalytic system showing the highest
cyclohexanone selectivity among those that had been reported.

We used four kinds of Cr-SiO5(x) [x(mol %) = Cr/(Cr + Si)
ratio; x = 0.1, 0.5, 1.7, 3.1] prepared by a sol-gel method with
TEOS and Cr(NO3);-9H,O as Si and Cr sources (Table 1).!'f
Catalytic conversions were carried out by photoirradiation with a
Xe lamp (4 > 320 and > 400 nm) to a suspension of catalyst
(50 mg) in O,-saturated MeCN (9 ml) with cyclohexane (1 ml).§

Table 1 summarizes the results of cyclohexane oxidation on
Cr-SiO». All of these catalysts promote oxidation both by UV and
visible light, indicating that these are active for visible light-induced
cyclohexane oxidation. Cr—SiO,(0.5) gives higher product yields
than Cr—SiO5(0.1) of lower Cr content, but Cr-SiO,(1.7) and (3.1)
of higher Cr content give lower product yields than Cr-SiO,(0.5).
Highest turnover number (TON) for cyclohexanone production is
obtained for Cr-SiO,(0.1), where TON value decreases with an
increase in Cr content of the catalyst.

Fig. 1 shows diffuse-reflectance spectra of the catalysts.
Cr-SiO5(0.1) and (0.5) show distinctive three absorption bands

Table 1 Results of cyclohexane photooxidation (5 h) over various catalysts”

. . . Yield/umol

Light irradiated, Cyclohexanone
Catalyst Sper/m’g ! Alnm Cyclohexanone Cyclohexanol CO, select. (%0)° TON
Cr-Si0(0.1) 702.9 >400 4.5 2.1 Trace 68 2.5

>320 7.0 4.0 Trace 64 39
Cr-Si0,(0.5) 802.0 >400 9.7 5.6 1.8 62 1.0

>320 16.2 7.1 2.2 68 1.7
Cr-SiO,(1.7) 779.8 >400 5.8 3.9 Trace 60 0.2

>320 9.4 6.2 0.2 60 0.3
Cr-SiO,(3.1) 709.2 >400 4.7 2.7 Trace 64 0.1

>320 5.7 3.6 Trace 61 0.1
Cr/Si0(0.1) 359.6 >400 1.8 0.8 Trace 68 0.9

>320 1.5 0.8 0.4 63 0.8
CrocMCM-41(0.1) 925.8 >400 0.3 0.1 Trace 69 0.2
Cr,05° >320 ND ND ND
TiO5(P-25)¢ >320 29.1 10.4 61.8 58

“ Catalyst, 50 mg; MeCN, 9 ml; cyclohexane, 1 ml. ? See N, adsorption—desorption data (Fig. S4). ¢ Cyclohexanone select. = [cyclohexanone/
(cyclohexanone + cyclohexanol + (1/6)CO,)] (Refs. 3e and 6b). 4TON = [(cyclohexanone formed)/(Cr amount on catalyst)]. ¢ Catalyst, 10 mg.
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Fig. 1 Diffuse-reflectance spectra of the catalyst used. (a) Cr—SiO5(0.1),
(b) Cr=Si05(0.5), (¢) Cr-SiOx(1.7), (d) Cr-SiO(3.1), (¢) Cr/SiO(0.1), ()
CracMCM-41(0.1).

at 245, 330, and 460 nm, assigned to LMCT (from 0> to Cr6+)
transitions of chromate species, which are highly dispersed on silica
matrixes and isolated from each other.'? In contrast, Cr—SiO( 1.7)
and (3.1) show red-shifted absorption at 500-800 nm, which is
assigned to the d—d transition of octahedral Cr*" in the Cr,0O,
cluster,'? indicating that these catalysts contain polymerized Cr**
species. Use of Cr,03 as catalyst does not promote reaction even
by UV light (Table 1), suggesting that the polymerized Cr** species
are inactive for oxidation. The low activity of Cr—SiO5(1.7) and
(3.1) (Table 1) is therefore due to the formation of polymerized
Cr’*, indicating that the isolated chromate species act as the active
site for cyclohexane oxidation.

A notable feature of Cr-SiO, is the high cyclohexanone
selectivity (Table 1): Cr—SiO(0.1) with visible light achieves 68%
selectivity, whereas TiO, with UV shows a lower value (58%0). 68%
selectivity is the highest among those that had been reported for
the liquid/solid photocatalytic system.*>® In addition, the amount
of CO, formed on Cr-SiO, is significantly lower than that on TiO,
(Table 1; Fig. S1t), indicating that Cr-SiO, promotes partial
oxidation of cyclohexane. Some TiO, systems show higher
cyclohexanone selectivity than Cr-SiO,.%” ¢ However, when TiO,
was used for reaction of cyclohexanone, CO, formation was
observed (Fig. S2t), indicating that, on TiO,, the cyclohexanone
formed is sequentially decomposed. In contrast, Cr-SiO, does not
promote decomposition of cyclohexanone (Fig. S2t), suggesting
that Cr-SiO, is more selective for cyclohexanone production.
TON for cyclohexanone production on Cr-SiOx(0.1) exceeds 1
(Table 1), indicating that the reaction proceeds catalytically.

The most notable fact is that such high photocatalytic activity of
chromate species appears exceptionally on the catalyst prepared
by a sol-gel method (Cr-SiO,): chromate species created by other
methods show much lower activity. We used two additional
catalysts prepared by an impregnation method using amorphous
silica as support'® [Cr/SiO,(0.1)] and by a templating method'
[CrocMCM-41(0.1)f], which have the same Cr content as
Cr-Si0,(0.1). Both catalysts show absorption spectra assigned to
chromate species (Fig. 1) as also for Cr—SiO(0.1), and promote
cyclohexane oxidation by both UV and visible light (Table 1).
However, cyclohexanone yield and TON obtained on both
catalysts are much lower than those obtained on Cr-SiO5(0.1).

Chromate species form tetrahedral (7,°%) and square-pyramidal
(Sp6+) structures on silica matrixes.'? Fig. 2 shows ESR spectra of

g, =1.978; g =1.965

5+ % - e =
o T 8. =1.975; & =1.960

Fig. 2 ESR spectra of (a) Cr-SiO,(0.1), (b) Cr/SiOx0.1), and (c)
CrocMCM-41(0.1), obtained at 77 K in vacuo (black) in the dark and
(grey) with photoirradiation.

the catalysts (50 mg) measured in vacuo at 77 K (see Experimental
detailst).!* Cr-SiO, and Cr/SiO, show signals assigned to the
reduced 7y and S, species (7;°" and S,”"), while CrocMCM-41
shows only the 74" signal. Upon photoirradiation to the
CrocMCM-41 sample, the 7" signal disappears and a new
signal appears, which is assigned to the excited state 7,>" species
(T4>*), formed by photoinduced charge transfer (PCT) between
Cr and terminal oxygen (Op).” Photoirradiation to Cr/SiO, also
leads to T;>** signal formation, while change in the Sp5+ signal is
not observed. Cr-SiO; also does not show the change in the S,,”"
signal. This indicates that S, species scarcely form excited states
and that Ty species act as the active site for cyclohexane oxidation.

Interestingly, on Cr-SiO,, the T>™* signal does not appear
(Fig. 2), despite the disappearance of the T,>" signal. This indicates
that 7,> on Cr-SiO, is photoreduced to the species of lower
oxidation number (Cr*, Cr**, Cr*"). In the spectrum, the
distinctive Cr** signal does not appear.'> Cr’*" species are easily
oxidized by O, to Cr*".'® However, photoirradiation to Cr-SiO,
with O, (1 Torr = 133.3 Pa) still does not lead to Cr** signal
formation. These imply that Cr*" is involved in the excited T}
species on Cr-SiO, and the T,*™ species acts as the site for
effective oxidation, although direct observation of the species
had not been done. A question arises as to why the T species on
Cr-SiO, is photoreduced to Cr**. For Cr/SiO,, T species are
anchored on the SiO, surface, forming “umbonal” structure
(Scheme 1). CrocMCM-41 is synthesized by a simultaneous
hydrolysis of CrCl, and TEOS. The rate of CrCl, hydrolysis is,
however, higher than that of TEOS, such that Cr species rapidly
surround the template micelle.!” As a result, Cr species still form
the umbonal structure on the surface of the MCM-41 pore. In
contrast, on Cr-SiO,, Cr and Si species are arranged randomly,
thus forming an “homogeneous” structure (Scheme 1). As shown
in Fig. 2, T;>" signal intensity on Cr-SiO,, obtained in vacuo, is
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much higher than that on the other catalysts. The reduction of
Cr® to Cr’* occurs due to a OrSi bond formation, associated
with H,O removal from adjacent Si species.'> On Cr-SiO, with
homogeneous 7;%*, the Or—Si bond forms more easily than on the
other catalysts with umbonal T3, resulting in high 7" signal
intensity. On stabilized 7,°", PCT between Ot and Cr occurs
casily, thus probably promoting the formation of 7,3+ (Scheme 1).
This may result in high Cr-SiO, activity.

The mechanism of cyclohexane oxidation on T,** must be
clarified. Upon photoirradiation to Cr-SiO, with O, (1 Torr) at
77 K (see Fig. S3t), none of the signals assigned to oxygen radicals
(0,7, 03) appear.15 Photoirradiation to Cr-SiO, with cyclo-
hexane (1 Torr) without O, at 77 K (see Fig. S27) leads to an
appearance of a new signal (g, = 1.979, gy = 1.968), which is not
attributable to a cyclohexanyl radical'® but agrees with the 7,
signal observed on Cr/SiO, and CrocMCM-41 (Fig. 2). The O~
formed by PCT has electrophilic character.'® The T;°** signal may
be attributable to formation of a [cyclohexane-Or] complex via
proton attraction by electrophilic Ot~ (Scheme 1), which may lead
to oxidation of 7T4** to T, ™. Cyclohexanone may form via
reaction of this complex with O, (Scheme 1). To confirm this, the
following experiments were carried out (see Experimental detailst):
(i) photoirradiation to Cr-SiO,(0.1) with cyclohexane, followed
by addition of O, while stopping photoirradiation; and (ii)
photoirradiation to Cr-SiO,(0.1) with O,, followed by addition
of cyclohexane. Only the former procedure promoted cyclohexane
oxidation. The results strongly support the above mechanisms.

In conclusion, we have found that Cr-SiO,, prepared by a sol-
gel method, acts as an efficient and selective photocatalyst for
oxidation of cyclohexane to cyclohexanone, driven by visible light.
The catalytic activity of the chromate species depends strongly on
the environment of the species. The present catalytic system has
the potential to become a very powerful tool for development of
economically- and environmentally-friendly catalytic oxidation
processes. The results presented here will be useful for development
of more efficient photocatalytic systems driven by visible light.
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