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Abstract: In this article, the catalytic activity of tita-
nia-supported gold nanoparticles (Aw/TiO,) was
studied for the selective oxidation of amines into ni-
troso compounds using hydrogen peroxide (H,O,).
Gold nanoparticles deposited on Degussa P25 poly-
morphs of titania (TiO,) have been found to pro-
mote the selective formation of a variety of nitroso
arenes in high yields and selectivities, even in
a large-scale synthesis. In contrast, alkyl amines are
oxidized to the corresponding oximes under the ex-
amined conditions. Kinetic studies indicated that aryl
amines substituted with electron-donating groups are
oxidized faster than the corresponding amines bear-
ing an electron-withdrawing functionality. A Ham-

mett-type kinetic analysis of a range of para-X-sub-
stituted aryl amines implicates an electron transfer
(ET) mechanism (p=—1.15) for oxidation reactions
with concomitant formation of the corresponding N-
aryl hydroxylamine as possible intermediate. We also
show that the oxidation protocol of aryl amines in
the presence of 1,3-cyclohexadiene leads in excellent
yields to the corresponding hetero Diels—Alder ad-
ducts between the diene and the in situ formed nitro-
soarenes.

Keywords: gold nanoparticles; heterogeneous cataly-
sis; hydrogen peroxide; nitrosoarenes; selective oxi-
dation; titania

Introduction

Nitroso compounds are highly valuable chemical in-
termediates!!! widely used in various biological meta-
bolic processes and synthetic chemical transforma-
tions, such as nitroso aldol®® and ene reactions,*! cy-
cloadditions,** additions of Grignard reagents!® and
synthesis of indoles!” and azoarenes.® Moreover,
these intermediates could be easily reduced or oxi-
dized"” to the respective amine and nitro derivatives.
Therefore, the last years nitroso compounds chemistry
plays a pivotal role in asymmetric catalysis.*>!! Since
the first synthesis of nitrosobenzene, ' much research
effort has been directed to the development of cata-
lytic methods for the production of C-nitroso arenes
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as primary products.""*! Examples include nitrosation
of arenes and organometallic (incl. organoborate)
compounds,'*! addition reactions to C—C double
bonds, oxidation of primary amines and hydroxyla-
mines,” and reduction of nitroarenes.’”) Neverthe-
less, a simple yet high-yielding procedure for the
direct formation of C-nitroso arenes remains a consid-
erable challenge. This is because the C-nitroso com-
pounds are very unstable and easily oxidized to the
corresponding dimeric, azo and/or azoxy arenes
through condensation reactions.

The transition metal-catalyzed oxidation of primary
amines by hydrogen peroxide (H,0,)"!>1¢ or molec-
ular oxygen (O,),'"” are the most common routes to
synthesize C-nitroso compounds. However this meth-
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odology often suffers from low chemoselectivity due
to the formation of the corresponding azo and azoxy
arenes or over-oxidation to the nitro compounds. Re-
cently, we studied the oxidation of aryl amines into ni-
trosoarenes catalyzed by polyoxometalates anions (e.
g. W,,03," or PW,,0,,°") supported on mesoporous
titania or under homogeneous conditions.>*! In all
cases, good to high catalytic activities were observed.
Herein, following our interest in use of supported
gold nanoparticles (AuNPs)'® as catalysts in organic
transformations,'” we describe the chemoselective ox-
idation of amines into nitrosoarenes, employing
AuNPs supported on TiO, as solid catalysts and H,0O,
as oxidant under ambient conditions, which is a hither-
to unknown transformation under Au-catalysis condi-
tions. We also demonstrate through appropriate selec-
tion of the supported catalysts that amine oxidation
reactions are strongly affected by the crystal phase of
the titania support. Kinetic analysis of the oxidation
of various para-X-substituted aryl amines shows that
an electron-transfer (ET) mechanism operates, lead-
ing to the formation of an N-hydroxyl aryl amines as
possible intermediate in the formation of nitrosoarene
compounds. The Au/TiO, catalyst is also highly effec-
tive for the hetero Diels—Alder (HDA) cycloaddition
of the in situ formed nitrosoarenes with 1,3-cyclohex-
adiene. Our oxidative approach is complementary to
that of aniline’s oxidation with heterogeneous Au-
based catalysts, in which, however, primarily azoar-
enes were formed.?"

Results and Discussion

A series of different gold supported catalysts, such as
the commercially available Au/TiO,, Au/Al,O; and
Au/ZnO nanoparticles, and as prepared Au-loaded
Degussa P25 TiO, (Au/P25) nanoparticles and meso-
porous Au-loaded TiO, nanoparticle assemblies (Au/
MTA), were used for the oxidation of anilines. All
commercial catalysts feature a ~1wt% Au loading
and exhibit an average gold crystallite size of about
2-3 nm. To produce the mesoporous Au/MTA, we uti-
lized a surfactant-assisted aggregating assembly of ti-
tanium compounds, Ti(OPr), and TiCl,, followed by
template removal by calcination. Gold nanoparticles
was then deposited on the surface of MTA mesostruc-
ture by using a deposition—precipitation method."*!
The obtained material possesses a three-dimensional
network of tightly connected gold and anatase TiO,
nanoparticles and exhibits large internal surface area
(115m?g™") and narrow pore size distribution (ca.
7.5 nm), according to transmission electron microsco-
py (TEM) and N, physisorption measurements; these
results are reported elsewhere!'! (see Supporting In-
formation, Figure S1). TEM analysis confirms that Au
particles have an average size of 4-5 nm. The average
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size of titania particles was estimated using the Guini-
er approximation on the low-g range of the small
angle X-ray scattering (SAXS) data and was found to
be about 8nm (see Supporting Information, Fig-
ure S2). N, adsorption—desorption isotherms indicated
that the BET surface area of commercially available
Au/TiO, and as-prepared Au/P25 catalysts is 47 and
36 m*g ', respectively (see Supporting Information,
Figure S3). The crystallinity of these materials was ex-
amined with X-ray diffraction (XRD). The XRD pat-
terns, shown in Figure S4 of the Supporting Informa-
tion, indicated that both Au/TiO, and Au/P25 samples
consist of a mixture of anatase and rutile TiO, parti-
cles (ca. 70/30 wt%), in agreement with previous
studies.*"*!

The herein presented catalytic protocol arose while
studying the oxidation of aryl amines by hydrogen
peroxide (H,0,) in the presence of metal oxide cata-
lysts. Precedent is the first work by Kosswing who in-
vestigated the transformation of aniline into azoxy-
benzene on Ti'V substances using BuOOH."* Later
on, Tuel and co-worker studied the oxidation of ani-
line with H,0O, and tert-butyl hydroperoxide
(tBuOOH) in the presence of various titanium silica-
lite catalysts. However in these reactions a mixture of
nitrosobenzene and azoxybenzene was observed with
the latter as the major one at late reaction times.!"")
Recently, Sudalai and co-workers presented the selec-
tive oxidation of anilines into nitroarenes catalyzed
by titanium-type zeolites and Ti(OiPr), using H,O, as
oxidant.'®! These reports demonstrate the potential
use of TiO,-based materials for the selective transfor-
mation of amines. In this work, our initial experi-
ments indicated that oxidation of p-toluidine (1) with
H,0, on Degussa P25 and Hombikat UV-100 TiO,
nanoparticles produces the corresponding azoxyarene
as the major product (Table 1, entries 1 and 2), while
in the absence of catalyst no reaction took place
(Table 1, entry 3). These findings are in agreement
with previous results.'! At this point we were curious
whether Au nanoparticles supported on titania have
a beneficial effect on reaction outcome and selectivity
as there are preceding literature reports.”*! Following
various catalytic experiments, an almost quantitatively
oxidation of 1 to the nitrosoarene 1a was observed in
the presence of Au/TiO, (0.8 mol%) in MeOH using
H,0, (3 equiv) as oxidant, in 2h (Table 1, entry 8).
The addition of equimolar amount of H,0O, (with re-
spect to 1) resulted in incomplete oxidation of 1,
while in the presence of 2 equiv of H,O,, a prolonged
reaction time is required for the reaction completion.
Among the solvents studied, high conversion of 1 was
obtained using more polar solvents, especially ethanol
and methanol (Table 1, entries 4-8). Meanwhile, no
reaction was observed when tBuOOH and molecular
oxygen (O,) were used as oxidants under the same
conditions (Table 1, entries 9 and 10). For comparison,
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Table 1. Oxidation of p-toluidine (1) into 4-methylnitroso-

benzene (1a) using various catalysts.
Me@NHZ MeQNO
1 1a

Catalyst, oxidant
—_—
solvent, RT, 2h

Entry  Catalyst® Solvent Oxidant™  Conv.l!
1 Degussa (P25) MeOH H,0, 83 %4
2 Hombikat MeOH H,0, 5 %!l
3 No catalyst MeOH H,0, NRF
4 AW/TiO, DCM H,0, 15%

5 AW/TiO, CH,CN  H,0, 65 %

6 Au/TiO, Acetone  H,0, 39%

7 AU/TiO, EtOH H,0, 89 %

8 Au/TiO, MeOH H,0, 96 %!
9 AU/TIO, MeOH BuOOH NR

10 AuW/TiO, MeOH 0, NR

11 Au/ALO; MeOH H,0, 16%
12 Au/ZnO MeOH H,0, 37%
13 Au/MTA MeOH H,0, 99 %!l
14 Au/P25 MeOH H,0, 97 %0
15 AuCl, MeOH H,0, 7 %M
16 AuCly/AgOTf  MeOH H,0, 14 %™
17 Ph,PAuNTY, MeOH H,0, 5% M

2} p-Toluidine (0.3 mmol) and 50 mg of the solid catalysts.

1 3.0 equiv

[l Based on the consumption of 1 determined by 'H NMR.

4l Azoxyarene was formed as major product.

[} NR = no reaction.

1 The corresponding product was isolated in >94% vyield.

[l A mixture of the corresponding hydrazo, azo, azoxy, and
nitroso compounds was observed by 'H NMR with the
former as the major one.

T A mixture of the corresponding nitroso, azoxy and azo
compounds was observed by 'H NMR with the former as
the major product (40-60% relative yield). In all cases,
3 mol % of Au catalyst have been used.

the Au-loaded Degussa TiO, nanoparticles (Au/P25)
have been found to catalyze the oxidation of 1 to ni-
trosoarene la in 93 % yield within shorter reaction
time (Table 1, entry 14). Interestingly, mesoporous as-
semblies of gold and anatase TiO, nanoparticles (Au/
MTA), in contrast, promotes the activation of 1,
giving hydrazoarene as the major product accompany-
ing with small amounts of the corresponding azo-,
azoxy- and nitrosoarene, according to the NMR spec-
troscopy (Table 1, entry 13). These results are consis-
tent with previous studies showing improved activity
towards the selective oxidation of cinnamyl alcohol to
cinnamaldehyde® when using titania-supported gold
particles of 3-5 nm size."”**! Au nanoparticles loaded
on basic supports, like Au/ALO; and Au/ZnO,
showed lower conversion of 1 (16 and 37 % yields, re-
spectively) leading to the corresponding nitrosoarene
1a (>95% selectivity), as shown in Table 1, entries 11
and 12). In stark contrast, the use of AuCl;, AuCly/
AgOTf and Ph;PAuNTHT, leads to a mixture of nitroso,
azoxy and azo compounds even at low conversion
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levels of 1 (4-15%), under similar conditions
(Table 1, entries 15-17). These results clearly indicate
that a fast and selective oxidation of p-toluidine (1) to
the corresponding nitrosoarene (1a) took place only
on the Au particles supported on P25 (anatase and
rutile) polymorphs of TiO,, such as the commercial
available Au/TiO, and as-prepared Au/P25 materials.

To study the limitation of the above oxidation pro-
cess, a series of substituted anilines (2-15) were exam-
ined. Table 2 summarizes the results obtained using
Au/TiO, catalyst. In all cases the corresponding nitro-
soarenes (2a—15a) were formed with good to high iso-
lated yields (ca. 57-98 %) and selectivity (>95%). It
is worth noting that electron rich aromatic amines (2
10) are oxidized faster to the corresponding nitrosoar-
enes, in high yields (>94%, in 1-3 h), compared to
the electron deficient amines (14 and 15) (ca. 57-
61 % yield, in 28-30 h). It is noted that, only a small
amount of the corresponding nitro- (<5 %) and azox-
yarene (<11%) compounds were detected by
"H NMR analysis of the crude mixtures (results not
shown).

Remarkably, oxidation of substituted anilines by
Au/TiO, does not affect the chemical functionality of
the phenyl ring. In particular, the benzyloxy, hydroxy-
methyl, chloro and bromo groups of anilines 10-13,
respectively, remain intact under the present oxida-
tion conditions, giving the corresponding para-substi-
tuted nitrosoarenes 10a-13a as the only products.!
For comparison, oxidation of 4, 6, 12, 13 and 14 ani-
lines in the presence of Degussa P25 TiO, was also
studied. Spectroscopic analysis (‘H and “C NMR) of
the reaction mixture showed that, the corresponding
azoxyarenes are formed as the major products, ac-
companying with small amount of hydrazoarenes, N-
aryl hydroxylamines and nitrosoarenes (see Support-
ing Information, Figure S5-S10). This clearly suggests
that gold particles are essential for the chemoselective
oxidation to nitrosoarenes. Furthermore, primary
alkyl amines 16-18, were also effectively converted to
the corresponding oximes (16a-18a) in 41-53% iso-
lated yields, accompanied by a small amount ca. 10 %
of the corresponding azoxy-compounds and the un-
reactive amine. Oximes 16a and 18a were formed
with a E/Z isomers ratio of ~4:1 as determined by
NMR spectroscopy, by integrating the appropriate
imines proton signals CH=NOH (see Supporting In-
formation). However, an excess of H,0O, (6-8 equiv)
and prolonged reaction times are required to reach
completion (see Scheme S1 of the Supporting Infor-
mation).

The Au/TiO, catalyst can be easily separated from
the reaction mixture by simple filtration and reused
for the next catalytic run. The stability of the Au/TiO,
catalyst with the present conditions was examined by
multi-cycle reactions. As shown in Figure S11 of the
Supporting Information, the catalyst can be used at
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Table 2. Selective oxidation of aryl amines 2-15 into nitro-
soarenes 2a—15a with H,O, catalyzed by Au/TiO,.
Au/TiO, (0.8% mol)

R-NH -
2 H,0,, MeOH, RT R-NO

Entry Reactant Product Time/Yield[
1 NH, NO 2h/97%
2 2a
OMe OMe
2 QNHZ QNO 1h/94%
Meo 3 Meo 32
3 MeO@NHz Meo@No 1h 1 98%
4 4a
4 MeO@NHZ MeO@—NO 1h/97%
5
MeO MeG 2
5 QNHZ QNO 2h/97%
6
Me Me 6a
6 NH, NO 2h / 96%
7 7a
Me Me
Me Me
7 QNHZ QNO 3h/95%
8 8a
Me Me
Me Me
8 Me NH, Me NO 3h/94%
9 9a
Me Me
9 BnO@NHZ BnO@NO 1h / 94%
10 10a
10 QNHz QNO 5h / 90%
HO 1" HO 1Ma
11 CI@NHZ CIONO 1h / 95%
12 12a
12 Br@NHz Br—@—No 2h / 94%
13 13a
o) o}
13 @NHz @NO 30h / 57%b]
EtO EtO
14 14a
o o
14 >—QNH2 }—QNO 28 / 61%0]
Me 15 Me 15a

[ Isolated yields. In all reactions the nitrosoarenes selectiv-
ity was >95%.

] The corresponding nitrosoarene was formed as major
product.
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least seven times, for the 1 oxidation, without a signifi-
cant loss of its catalytic activity and selectivity (>
97% yield of 1a, >99% selectivity). XRD analysis
showed no change in the chemical composition and
the porous structure of the reused Au/TiO, sample as
compared to fresh one, thereby, indicating high dura-
bility and recyclability (see Figure S4 of the Support-
ing Information). Additionally, after stirring slurry of
Au/TiO, and H,0, in methanol for several hours, we
observed that the supernatant solution is totally inef-
ficient in promoting oxidation of 1. Indeed, ICP anal-
ysis revealed that the gold content in the supernatant
is extremely low (~0.9 ppb).”! Based on these en-
couraging results, the Au/TiO, catalyst was further
tested for possible large-scale production of nitroso
arenes from aryl amines. For this reason, 6 mmol of
aryl amine 4 were oxidized in the presence of Au/
TiO, (0.3 mol%) with 3equiv of H,O, in 20 mL
MeOH. After completion of the reaction (~7 h based
on TLC analysis), the mixture was filtered upon silica
gel, washed with ethanol and purified by column
chromatography to afford the corresponding nitro-
soarene 4a in 89 % isolated yield. This result corre-
sponds to a high turnover number (TON) of 297 and
turnover frequency (TOF) value of 43 h™'. Further-
more, Au/TiO, has been found to promote the selec-
tive formation of the nitrosoarene 4a in good isolated
yield (78%) and high selectivity (>93%), even in
a larger scale synthesis using 24 mmol of aryl amine 4,
Sequiv of H,O, and 0.3% mol of AuNPs; yet pro-
longed reaction time was required (50 h). It is noted
that in the present conditions no oxidative polymeri-
zation of anilines was observed, based on NMR anal-
ysis of the relative integrations of the aromatic pro-
tons and the measured isolated yields."”

The general applicability of the present Au/TiO,
catalytic system was verified by performing one-pot
hetero Diels—Alder (HDA) reaction of the in situ
formed nitrosoarenes with 1,3-cyclohexadiene. In gen-
eral, nitrosoarenes are widely used as external addi-
tives in organocatalytic and acid-catalyzed asymmetric
reactions.”>!"l Because of the instability of these
compounds, the HDA reaction of nitrosoarenes that
are produced by the oxidation of 1, 4, 6, 12 and 15
aryl anilines was conducted in the presence of 1,3-cy-
clohexadiene (1 equiv) at ambient conditions. The cat-
alytic results, shown in Scheme 1, indicated that the
corresponding 1,4-cycloadducts were formed in good
to high isolated yield (57-97 %) and with a short reac-
tion time (for product characterization see Supporting
Information).

To rationalize a possible mechanism for the present
catalytic system, we investigated the kinetic parame-
ters of oxidation of various para-X-substituted ani-
lines. Initially, the oxidation of para-anisidine (4,
0.3 mmol) was carried out with Au/TiO, (50 mg) using
different concentrations of H,O,, that is, from 0.3 to
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washed with CDCl; (~1 mL).”® Each reaction was re-
_ A peated at least three times and the average values are
Ar—NH, AYT02H202 ’ Ar—NO ] — TN depicted in Figures S15 and S16 of the Supporting In-
MeOH, RT a HA 2 © formation. On the basis of these results, plot of —In(x)
as a function of time yields a straight line indicating
HDA . .
: . that the overall reaction followed a pseudo first-order
Ar Time/Conversion®  Yield[! . .
kinetic model.
1ac  4-MeCgHy 2h/97% 95% As shown in Figure 1 the kinetic activity of 1, 4, §,
4ac  4-MeOCqH, 4h/75% 57% 6, 12 and 14 aryl amines is remarkably affected by the
6ac CeHs 2h/98% 95% nature of the para-X-substituent group, in which the
12ac  4-CiC¢H, 05h/98% 94% oxidation proceeds faster as the electron-donating
15ac_ 4-MeCOCgH4 1.5h/99% 97%

12 Based on the nitrosoarene amount.

b1 Isolated yields, based on the initial amine amount.

[l The cycloaddition product was unstable on column

chromatography
Scheme 1. One-pot consequent HDA reaction between the
1,3-cyclohexadiene and in situ formed nitrosoarenes in the
presence of Au/TiO, catalyst.

1.5 mmol. In all cases, the kinetic values were deter-
mined by monitoring the consumption of 4 by inte-
grating the aromatic proton signals in 'H NMR spec-
tra. With excess of H,O, (i.e., more than 3 equivalents
based on aniline amount), the % consumption of ani-
line as a function of time was found to be constant
(see Supporting Information, Figure S12), reflecting
a pseudo-zero-order dependence at high H,O, con-
centration. Thus, all further kinetic studies were con-
ducted with 4 equiv of H,O, using the following con-
ditions: maintained Au/TiO, amount constant and
varied 4 concentration and vice-versa. In both cases,
kinetic plots were made of -In(x) versus time and the
relative rate constants (k) were obtained from the
slopes of regression lines, as shown in Figure S13 and
S14 of the Supporting Information. In this analysis,
a plot of —In(x) versus time can be fit by the following
expression:

-In(x) =kt (1)

where k is the rate constant and x is the consumption
of 4 at reaction time t.

Next, a Hammett-type kinetic analysis of the reac-
tivity of para-substituted anilines was performed. Spe-
cifically, the kinetic values were determined by moni-
toring the consumption of various para-X-substituted
aryl amines [X=4-Me (1), 4-MeO (4), 3,4-diMeO (5),
H (6), Cl (12) and COOEt (14)] with '"H NMR, by in-
tegrating the aromatic proton signals. Catalytic reac-
tions were carried out as follows: each respective
amine (0.3 mmol), Au/TiO, catalyst (0.8 mol%) and
H,O, as oxidant (4 equiv) were stirred in [D,JMeOH
(1 mL), and 100 pL aliquots of the mixture were
taken at appropriate times. After completion, the re-
action mixture was filtered through a short pad of
Celite and silica gel to withhold the catalyst and
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ability of the X-substituent group increases. For exam-
ple, the oxidation rate of 4 (4-MeO) and 5 (3.4-
diMeO) is approximately two times faster than the
corresponding oxidation of the unsubstituted aniline 6
(X=H), as indicated by the relative rate constant
ratios kyo/ky=1.7 and kgneo/kiy=2.2 (see Supporting
Information, Figure S15). On the other hand, anilines
12 (4-Cl) and 14 (4-COOEt) bearing an electron-with-
drawing substituent in the para position were oxidized
with a slower reaction rate (see Supporting Informa-
tion, Figure S15); ka/ky=0.9 and kcoome/ky=0.3. In
addition to these results, a Hammett-type correlation
in the competition of para-X-substituted aryl amines
[X=MeO (4), Me (1), Cl (12) and COOEt (14)]
versus aniline 5 gave negative slopes, i.e., p = —0.71
(using 0+ values) and p ~ —1.15 (using o values) (see
Supporting Information, Figure S17). This suggests
that a nucleophilic attack (or electron transfer) of ani-

AU/TiOQ, H202
—_—

=
I MeoH,RT  [© ]
XN

5
4 (4-MeO
1
6

—
LS
i
Q
Q
]
e

2,5 ¢ 3,4di-MeO
u 4-MeO
A 4-Me
P& 4-H
2 P a-Cl
4 ® 4-COOEt

0 5 10 15 20 25

Time/min

Figure 1. Kinetic analysis of the Au/TiO,-catalyzed oxidation
of various para-X-substituted aryl amines [X=234-diMeO
(5), 4-MeO (4), 4-Me (1), 4-H (6), 4-Cl (12) and 4-COOEt
(14)] with H,0,.
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line nitrogen-pair electrons on the gold active species
(possibly [(Au)-OH]™" see below)?**"! of this catalyst
is taking place in the rate-controlling step of the reac-
tion with the parallel formation of a radical-cation in-
termediate in the transition state, which is better sta-
bilized by an electron-donating substituent. This re-
sults found support from previous studies by Tada
and co-workers,”**®! in which gold nanoparticles have
been proposed to catalyze the chemoselective oxida-
tion of cinnamyl alcohol to cinnamaldehyde in the
presence of H,0,.

Our previous observation that anilines containing
electron-donating substituents are oxidized faster
than those with electron-withdrawing groups implies
that these reactions proceed mainly via an electron
transfer (ET) process. It is reported that decomposi-
tion of H,O, into HO~ and HO" radicals over Au-
loaded TiO, is an one-electron redox reaction, as
shown in Scheme 2. Here, the in situ formed hy-
droxyl radicals are probably adsorbed on the surface
of the AuNPs producing the reactive species [(Au)-
OH]J*,**! which in turn catalyze the oxidation of ani-
line via possible formation of an N-aryl hydroxyla-
mine I intermediate. Subsequent fast oxidation of the
electron rich N-aryl hydroxylamine (I) under
a second catalytic cycle produces the corresponding
N-aryl dihydroxylamine II intermediate, which under-
goes a fast dehydration process to form the desired
nitrosoarenes.!"! The active species of gold nanoparti-
cles can be regenerated by the reaction with the
H,O,, producing H;O% and O, (redox-type reactions
in Scheme 2).1~!

To shed light on the above hypothesis, the catalytic
oxidations of electron-donating 1 and 4 and electron-
withdrawing 12 and 14 p-X-substituted anilines, were
also separately conducted in CD;OD using Au/TiO,.
Each reaction process was monitored directly by
"H NMR spectroscopy. As shown in Figure S18-S21
of the Supporting Information, Au/TiO, catalyze the

(Proposed catalytic oxidation pathway)

fast

—>»| A N/OH
-
[(Au)-OH]**
H*

ot H
[Ar-NH,| <> Ar-N-OH -
g I I

H20,

(Au)
( )< Ho o H,0

[(Au)-OH]"*
(Au) = AuNPs active species on TiO,

(Proposed redox-type reactions of H,O, with AuNPs)
(Au) + HyOp —= [(Au)I* ++OH + HO
[(AuI* + Hy0, — (Au) +:OOH + H*
[(Au)I* ++OH + H,0, —» (Au) + H,0+ H'+ O,

-H,0| fast

Scheme 2. Proposed mechanism for the anilines oxidation
by H,O, catalyzed by Au/TiO,.
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production of the corresponding nitrosoarenes 1a, 4a,
12a and 14a in excellent yields, accompanying with
small amount of the unreacted aryl amines. However,
when N-aryl hydroxyl amines 1d and 12d are synthe-
sized and oxidized under similar conditions, a mixture
of the corresponding nitrosoarenes 1a and 12a and
azoxyarenes 1b and 12b were obtained, as shown by
NMR spectroscopy, with the former as the major one
(results not shown). Since the N-aryl hydroxyl amine
oxidation is about two order of magnitude faster than
that of the corresponding N-aryl amine (Scheme 2),!""
it is difficult to detect N-aryl hydroxyl amines as inter-
mediates. Remarkably, no reaction was observed
when azoxybenzene (6b) was used as substrate, while
hydrazobenzene (6¢) is readily oxidized to azoben-
zene under similar conditions (results not shown).

It is interesting to note that a higher yield of the
produced nitrosobenzene 1a was measured when oxi-
dation of 1 was performed in MeOH compared to
CH;CN, although methanol traps hydroxyl radicals
with high rate, k~10°m~'s .’ Furthermore, 1-phe-
nylethanol (19), 4-methoxy-1-phenylethanol (20) and
4-amino-1-phenylethanol (21) were oxidized under
the same conditions in both solvents. While aromatic
alcohols 19 and 20 were found to be unreactive at the
initial reaction times, small amounts of the corre-
sponding carbonyl compounds were detected by
NMR at prolonged reaction times (ca. 24 h, see Sup-
porting Information, Figures S24 and S25). In the case
of 4-amino-1-phenylethanol (21), the corresponding
nitrosoarene (21a) was formed as the major product
(see Supporting Information, Figure S26). This sug-
gests that under our reaction conditions no homoge-
neous oxidation process takes place by the excess
amount of H,0, or the proposed in situ formed hy-
droxyl radicals.***% Subsequent investigations showed
that, unlike Au/TiO,, Degussa P25 TiO, nanoparticles
could oxidize 1 and 4 producing azoxyarenes 1b and
4b in high yields, according to NMR data (see Sup-
porting Information, Figures S22 and S23). These
findings are consistent with the above mentioned re-
action mechanism, in which AuNPs catalyze the trans-
formation of aryl amines to the corresponding nitro-
soarenes, possibly via an ET mechanism, as shown in
Scheme 2.

Conclusions

In conclusion, we have shown for the first time that ti-
tania-supported gold nanoparticles can catalyze the
oxidation of a series of aryl amines into nitrosoarenes
employing H,O, as oxidant. The catalyst was found to
be highly chemoselective to nitrosoarenes even for
large-scale reactions. In addition, hetero Diels—Alder
reaction between the in situ formed nitrosoarenes and
1,3-cyclohexadiene was achieved with high isolated
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yields. Kinetic analysis indicated that aryl amine oxi-
dation proceeds mainly via an ET pathway, in which
the corresponding nitrosoarenes are produced
through a fast catalytic oxidation of the initially
formed N-aryl hydroxyl amines intermediate. Gold
nanoparticle active species found to be responsible
for this catalytic process and no oxidation was ob-
served under homogeneous conditions. The present
Au/TiO,—H,0, catalytic system represents an expedi-
tious approach towards a large-scale production of ni-
trosoarenes from aryl amines in excellent yields and
selectivity.

Experimental Section

Catalysts preparation

The mesoporous titania-supported gold catalyst Au/MTA
was prepared via a deposition—precipitation method over
mesoporous TiO, nanoparticle assemblies (MTA), accord-
ing to the procedure reported previously.'”*! Briefly,
a weighed amount of Au(en);Cls, corresponding to a 1 wt %
gold loading based on TiO, support, was dissolved in 5 mL
water and the pH of the resulting solution was adjusted to
9-10 with 1M NaOH. Then, 0.1 g of MTA was dispersed
into the gold solution with vigorous stirring for 1 h and the
precipitate was recovered by filtration, washed with deion-
ized water and dried at 40°C under vacuum. Reduction of
gold species on the surface of MTA was achieved by react-
ing the Au/MTA solid (0.1 g) with NaBH, (0.45 mmol) in
ethanol (10 mL) for 30 min. The purple-colored material
was then recovered by filtration, washed with water and eth-
anol, and dried in a vacuum oven at 80°C. For comparison,
Au/P25 catalyst was also prepared in a similar procedure to
Au/MTA, but depositing 1 wt % gold on commercially avail-
able TiO, Degussa P25 NPs (particle size ~20-30 nm).”*!!
The Au loadings of the samples was determined by elemen-
tal X-ray analysis (EDS).

Physical characterization

Small-angle X-ray scattering (SAXS) measurements were
performed on a JJ X-ray system (Denmark) equipped with
a Rigaku Helium-3 detector and a Cu (1=1.54098 A) rotat-
ing anode operated at 40 kV and 40 mA. The sample-to-de-
tector distance and the center of beam were precisely deter-
mined by calibration with the Ag-behenate (dy,;=58.38 A)
standard. The average size of spherical-shaped TiO, parti-
cles was determined from the scattering data, using the
Guinier approximation: 1(¢)= A-exp(q°,”/3), where 1 is the
scattering intensity, g (=4-7-sinf/\, with 20 being the scatter-
ing angle) is the scattering vector and R, is the radius of gy-
ration.’'? X-ray diffraction (XRD) patterns were collected
on a PAN analytical X’pert Pro MPD X-ray diffractometer
using Cu Ka radiation (45 kV and 40 mA) in Bragg—Bren-
tano geometry. Nitrogen adsorption and desorption iso-
therms were measured at —196°C using a Quantachrome
NOVA 3200e volumetric analyzer. Before analysis, the sam-
ples were degassed at 120°C under vacuum (< 10Torr) for
12 h to remove the moisture. The specific surface area was
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calculated using the Brunauer-Emmett-Teller (BET) meth-
odP'"™ on the adsorption data in the 0.05-0.22 relative pres-
sure (P/P,) region. The pore size distribution of the Au/
MTA sample was determined by applying the nonlocal den-
sity functional theory (NLDFT) method on the adsorption
data. Transmission electron microscopy (TEM) analysis was
conducted using a JEOL JEM-2100 electron microscope
(LaB, filament) operating at an accelerating voltage of
200 kV. Elemental microprobe analysis was conducted on
a JEOL JSM-6390 LV scanning electron microscope (SEM)
equipped with an Oxford INCAPantaFET-x3 energy disper-
sive X-ray spectroscopy (EDS) detector. Data acquisition
was performed at an accelerating voltage of 20 kV and 60 s
accumulation time.

General Au/TiO, catalyzed oxidations

Into a sealed tube containing the aryl amine (0.3 mmol) and
methanol (1 mL), 0.9 mmol of H,0, (30 wt% in H,0O) and
50 mg of Au/TiO, (0.8 mol% Au) catalyst were added. The
reaction mixture was vigorously stirred at room temperature
for selected time and the oxidation process was monitored
by thin layer chromatography (TLC). After completion, the
slurry was filtered under reduced pressure through a short
pad of Celite and silica gel to withhold the catalyst and
excess of H,0O, using ethanol (~5 mL) as an eluent. The fil-
trate was then evaporated under vacuum to give the corre-
sponding nitrosoarene in high purity. Product analysis was
conducted by 'H and C NMR spectroscopy (Bruker AM
300 and Agilent AM 500). Mass spectra were recorded on
an LCMS-2010 EV instrument (Shimadzu) under electro-
spray ionization (ESI) conditions.

Ocxidation reactions in deuterated solvent

In a typical reaction, 0.3 mmol of H,0, (30 wt% in H,O)
and 17 mg of Aw/TiO, (0.8 mol% Au) catalyst were placed
in a sealed tube containing 0.1 mmol p-toluidine and 0.5 mL
[D,JMeOH. Then the reaction mixture was vigorously
stirred at room temperature for the appropriate time. After
the reaction, the catalyst was removed by filtration through
a short pad of Celite using CD;0D or CDCl; (~1 mL) as an
eluent, and the filtrate was analyzed directly by '"H NMR
spectroscopy.

Procedure for Hetero Diels—Alder (HDA) reactions

In a typical reaction Au/TiO, (1 mol% Au) catalyst was
placed in a 5 mL glass reactor, followed by the addition of
methanol (1 mL), aniline (0.3 mmol) and H,0O, (0.9 mmol),
and the reaction mixture was stirred at room temperature
for a selected time. Then, an equimolar amount of cyclohex-
adiene (0.3 mmol) was added, and the mixture was stirred at
ambient conditions for the appropriate time, until the con-
sumption of the nitrosoarene, based on TLC. The slurry was
filtered under low pressure through a short pad of Celite
and silica gel with the aid of ethanol (~5mL) to withhold
the catalyst. The filtrate was evaporated under vacuum to
afford a mixture containing the HDA product as the major
one accompanying with small amount of unreactive aniline.
Further purification on column chromatography gave the
corresponding HDA adduct in high isolated yield.
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