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In the presence of a supported gold—palladium alloy nanoparticles
catalyst (Au—-Pd/Al,0;), various kinds of N-substituted anilines can
be synthesized from non-aromatic compounds. The observed
catalysis is truly heterogeneous, and Au-Pd/Al,O; can be reused
without a significant loss of its catalytic performance.

In several biosynthetic transformations, a series of highly selective
reactions are occurring in tandem, and desired products can
selectively be produced with high efficiency. Such transformations
have fascinated not only biochemists but also synthetic organic
chemists, and one-pot tandem reactions have recently proven
useful in organic synthesis.1 They can avoid tedious isolation step(s)
of the reaction intermediate(s), and consequently show higher
synthetic efficiency in comparison with traditional step-by-step
procedures. Nowadays, a tandem oxidation process, including one
or more oxidation reaction(s) in the process, has become one of the
powerful tools to synthesize a wide variety of valuable chemicals,
such as alkenes, quinoxalines, imines, amides, and esters.”® In most
of the previously developed tandem oxidation processes, alcohol
oxidation is involved as the key step, and then the in situ formed
aldehydes or ketones act as the electrophilies to react further with

nucleophilic reagents, such as Wittig reagents, amines, and alcohols.

Considering the potential utility of the tandem reactions, the
development of novel tandem oxidation processes composed of a
wide range of oxidation reaction steps is of great significance.
Anilines are very important compounds frequently utilized as
synthons for pharmaceuticals, agricultural chemicals, dyes, and
electronic devices, and the development of diverse synthetic
procedures for N-substituted anilines has been a meaningful
research subject.4 From the viewpoint of starting materials, the
previously developed synthetic methods for N-substituted anilines
are roughly divided into three classes; (A) N-alkylation of anilines,
(B) arylation of amines (cross-coupling), and (C) oxidative
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aromatization (Scheme S1, upper, ESIt). As for N-alkylation ~f
anilines, alkyl halides have traditionally been utilized as alkyla...g
reagents (Procedure A in SchemeSl1, ESI‘r).5 Alternative
environmentally-friendly approaches are N-alkylation with alco..c.
(borrowing hydrogen strategy)‘5 and reductive amination o~
carbonyl compounds.7 The Buchwald-Hartwig coupling8 and th-
Chan-Lam coupling9 are two of the most frequently utilized choice
for arylation of amines (Procedure B in Scheme S1, ESIt). The< >
cross-coupling methodologies show broad substrate scopes and
thus have been frequently utilized as powerful procedures for lat. -
stage aryl group installation into amino functional groups. Althougn
these cross-coupling methodologies can precisely afford the desire 1
aniline scaffolds, they should utilize pre-activated substrates, which
concurrently generate (super)stoichiometric amounts of waste .
Quite recently, oxidative aromatization has emerged as a novei
attractive procedure for synthesis of aromatic compounds.w’11 fy
utilizing the oxidative aromatization strategy, anilines can be
synthesized starting from cyclohexanones and various nitrose-
nucleophiles such as amines, anilines, nitroarenes, thioureas, -
aminobenzenethiols, and aryl sulfonamides (Procedure C in
Scheme S1, ESIT)."!

Because of the importance of aniline-based compounds, furthcr
development of the novel reliable synthetic procedures fro 1
diverse starting materials is still an important research subject.
Herein, we report novel tandem oxidation routes to N-substitute 4
anilines from non-aromatic compounds (Procedure D in Scheme S,
ESIT). In the presence of a supported gold—palladium allc,
nanoparticles on Al,O; (Au-Pd/Al,0;), various cyclohexylamine
could be converted into the corresponding N-cyclohexylaniline.
and diphenylamine could also be obtained as the major prod: ct
through further dehydrogenation of N-cyclohexylaniline w en
simply changing the reaction conditions. Moreover, in the presencc
of Au-Pd/Al,0O3, N-alkylanilines could be synthesized starting fro .
cyclohexanones (or cyclohexanols) and amines. The present tande’
oxidation processes have several noticeable features; for exampl
(i) use of readily available starting materials, (ii) use of the greenes’
oxidant of air as the terminal oxidant, (iii) formation of water an '
ammonia as the co-products, and (iv) use of the reusabl-
heterogeneous catalyst.
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To begin with, the tandem oxidation of cyclohexylamine (1a)
into N-cyclohexylaniline (2a) was carried out in the presence of
various kinds of supported metal catalysts (gold, palladium, and
gold—palladium on AlLO; or TiO, given in the format:
metal/support; see ESIT for the preparation and characterization).
The reactions were typically carried out at 130 °C in mesitylene
under open air (1atm). The gold and palladium bimetallic
nanoparticles supported on AlL,O; (Au—-Pd/AlL,O;) showed the
excellent catalytic performance for the transformation and gave 2a
in 95 % yield for 3 h (Fig. 1, Table S1, entry 1, ESIT). It was revealed
by the high-angle annular dark-field scanning transmission electron
microscopy  (HAADF-STEM) and energy dispersive  X-ray
spectroscopy (EDS) analyses of Au—Pd/Al,O; that gold—palladium
alloy nanoparticles were formed on Al,0; (Fig.S1, ESIt). The
average size of the alloy nanoparticles was 1.7 nm (Fig. S2, ESIt).
When using Au/Al,O; or Pd/Al,O;, the desired 2a was not produced
at all under the present reaction conditions (Fig.1, Table S1,
entries 2 and 3, ESIT), and the starting material 1la and/or the
intermediates were undesirably converted into phenol, aniline, and
unidentified by-products (possibly polymeric compounds) to some
extent. When using Au/Al,O;, N-cyclohexylidenecyclohexylamine
(4a, possible intermediate for the present transformation) was
observed (Table S1, entry 2, ESIt). The physical mixture of Au/Al,03
and Pd/Al,O; gave 2a in only 3 % vyield, and in this case also 1a
and/or the intermediates were converted into the undesirable by-
products (Fig. 1, Table S1, entry 4, ESIt). In the absence of the
catalysts or the presence of Al,O; alone, no conversion of 1a was
observed (Table S1, entries 9 and 10, ESIT). The effect of the gold to
palladium molar ratios on the transformation was significant, and
the best Au/Pd ratio was 3.3 (Table S1, entries 1 and 6-8, ESIt).
Thus, we hereafter utilized the best Au—Pd/Al,O; catalyst (Au/Pd =
3.3) for the tandem oxidation reactions.

In order to verify whether the observed catalysis was truly
caused by solid Au-Pd/Al,O; or leached metal species (gold and/or
palladium), the following experiments were carried out. The
reaction of 1a to 2a was carried out under the conditions described
in Fig. 1, and Au—Pd/Al,0; was removed from the reaction mixture
by filtration at ca. 50 % conversion of 1a. Then, the filtrate was
again heated at 130 °C under open air. In this case, no further
production of 2a was observed (Fig. S3, ESIT). Furthermore, we confirmed

100 1~
80 A
O\O -
S 60 —e— Au-Pd/Al,O,
G
; 40 —o— AU/ALLO,
g —%— Pd/Al,0,4
20 —a— Au/ALLO; + Pd/Al,O4
(physical mixture)
0 r=—"} & »*—
0 1 2 3
Time/h

Fig. 1 Tandem oxidation of 1a using various catalysts. Reaction conditions:
1a (1.0 mmol), catalyst (Au: 1.15 mol%, Pd: 0.35 mol%), mesitylene (2 mL),
130 °C, open air (1 atm). Detailed data, e.g., conversions of 1a, and yields of
2a and other products 3a-5a, are noted in Table S1, ESIT.
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by the inductively coupled plasma atomic emission spectroscu; ;
(ICP-AES) analysis that no gold and palladium species were detecte .
in the filtrate. These results strongly indicate that the observe
catalysis for the present transformation is truly heterogeneo: 0
After the reaction of 1la was completed, Au—Pd/Al,O; could easi.
be retrieved from the reaction mixture by simple filtration (>90 %
recovery). The retrieved Au—Pd/Al,O; could be reused at least fir 2
times for the same reaction without a significant loss of its catalytic
performance; even at the fifth reuse experiment, 2a was st |
obtained in 75 % yield (Fig. S4, ESIt).2

Next, the scope of the present Au—Pd/Al,O;-catalyzed tandem
oxidation processes was examined. As shown in Fig. 2, various kinus
of structurally diverse cyclohexylamines (1) could be converted in' .
the corresponding N-cyclohexylanilines (2) in the presence of Au
Pd/Al,O;3. All products could easily be isolated by simple colum
chromatography on silica gel (see ESIT), and the isolated yields ai
summarized in Fig. 2. The reaction of cyclohexylamine anc
derivatives with methyl group at each position of the cyclohexane
rings efficiently proceeded to afford the corresponding anilines |
2d). Cyclohexylamines with other alkyl groups such as ethyl, n-
propyl, isopropyl, n-butyl, sec-butyl, tert-butyl, and n-pentyl gr¢==--
at the 4-positions could also be converted into the correspondir »
anilines (2e-2k). For the transformation of substituted
cyclohexylamines 1b-1k, the cis/trans ratios of the products 2b— <
were slightly different from those of 1b—1k. Notably, when simp'y
changing the reaction conditions, i.e., increasing the amount of A -
Pd/Al,05 and the reaction time, we could successfully synthesi: :
diphenylamine (3a) directly from 1a through the tandem oxidatic..
of 1a to 2a followed by further oxidative dehydrogenation to 2.
(Scheme 1A, Fig. S5, ESIT). To the best of our knowledge, such a direc.

H
O/NHZ Au-Pd/Al,05 Q/N\O

Ry

shelcaolnchon

2a, 88%, 3 h 2b, 73%,2.5h 2¢, 81%,2.5h
Me 4 Me H H
Et Et n-Pr n-r
2d, 40%, 5 h 2e,64%,2h 2f, 74%, 3 h
H H
O O
i-Pr i-Pr n-Bu n-Bu
29,74%,3 h 2h, 72%, 3 h
H H
ISR\ JORSY
s-Bu s-Bu t-Bu t-Bu
2i, 82%, 3 h H 2j, 65%, 2 h

JORSY
n-CsHy n-CsHyy 2k, 65%, 4 h?

Fig. 2 Scope of substrates. Reaction conditions: 1 (1.0 mmol), Au—Pd/Al,( ;
(Au: 1.15 mol%, Pd: 0.35 mol%), mesitylene (2 mL), 130 °C, open air (1 atm,.
Detailed data, e.g., conversions of 1, yields of 2 and other products 3-5, ar
cis/trans ratios of 1 and 2, are noted in Table S2, ESIt. ® Au—Pd/Al,0; (A -
2.3 mol%, Pd: 0.7 mol%).
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one-pot oxidative transformation of cyclohexylamine into
diphenylamine has never been reported until now.

Encouraged by the above successful transformation of
cyclohexylamines, we next turned our attention to the utilization of
Au-Pd/Al,O; for tandem oxidation of cyclohexanones with amines
into the corresponding N—alkylanilines.11 For example, Au—Pd/Al,O;
could catalyze the tandem oxidation of cyclohexanones (6a and 6b)
with n-octylamine (7a), giving the corresponding N-alkylanilines
(8aa and 8ba) (Scheme 1B).** Interestingly, cyclohexanols could be
utilized as the starting materials, and the tandem oxidation of
cyclohexanols (9a and 9b) with 7a efficiently proceeded to afford
the corresponding N-alkyl anilines (8aa and 8ba) (Scheme 1C).**

As above-mentioned, the desired aniline 2a was obtained in a
high yield for the transformation of 1a when using Au—Pd/Al,O; and
hardly produced using Au/Al,05, Pd/Al,O3, and the physical mixture
of Au/Al,0; and Pd/Al,O; (Fig. 1). To elucidate the roles of metals
and the possible reaction pathway, the following several
experiments were carried out. Firstly, the reaction of
dicyclohexylamine (5a) was carried out with Au—Pd/Al,O3, Au/Al,O3,
Pd/Al,03, and the physical mixture of Au/Al,O; and Pd/Al,Os. In the
presence of Au—Pd/Al,0;, 5a was efficiently converted into 2a in
79 % yield for 2 h (Fig. S6). In the case of Au/Al,O;, 5a was oxidized
to the imine 4a followed by decomposition to unidentified by-
products without the formation of 2a (Fig. S7), showing that gold
possesses the ability to oxidize amines to imines but does not show
the activity for aromatization of the imine intermediates. As shown

in Fig. S8, Pd/Al,05; was completely inactive for the oxidation of 5a.

In the separate experiments, we confirmed that the oxidative

'O

3a, 64% yield

Au-Pd/Al,04

H

N
@/ (CHz),CH;

8aa, 53% yield
H

N
Q (CHz)7CH;
Me

8ba, 51% yield

@/ (CHy);CH,

8aa, 70% yield

Au PdlA|203

JE

+ CH3(CH,)7NH,

o
(j + CHs(CH,);NH,

OH
O/ + CH3(CH,);NH,
9a \ Au-Pd/Al,0; ;
OH / \
/O/ + CH3(CH,)7NH,
Me

9b 7a

Scheme 1 Various tandem oxidations. Reaction conditions (A): 1la
(1.0 mmol), Au—Pd/Al,O3 (Au: 7.8 mol%, Pd: 2.2 mol%), mesitylene (2 mL),
130 °C, open air (1atm), 6h. Reaction conditions (B): 6 (0.5 mmol), 7a
(1.0 mmol), Au—-Pd/Al,O3 (Au: 7.8 mol%, Pd: 2.2 mol%), mesitylene (2 mL),
130 °C, open air (1atm), 2 h. Reaction conditions (C): 9 (0.5 mmol), 7a
(1.0 mmol), Au—-Pd/Al,O3 (Au: 7.8 mol%, Pd: 2.2 mol%), mesitylene (2 mL),
130 °C, open air (1atm), 3 h. Yields (based on limited substrates) were
determined by GC analysis using an internal standard.

N\
(CH3)7CH3

8ba, 42% yield
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aromatization of N-cyclohexylideneisopropylamine (10) proceeuc 4
in the presence of Au-Pd/Al,O; and Pd/Al,0; affording f
isopropylaniline (11) with the concomitant formation of
isopropylcyclohexylamine (12) and that Au/Al,O; hardly cataly €
the formation of 11 and 12 (Scheme SZ).15 Therefore, we concluc @
that the role of palladium is to promote aromatization
(disproportionation and aerobic oxidative dehydrogenation) of tt 2
imine intermediates.”® When utilizing the physical mixture for the
transformation of 5a, 2a was obtained in 22 % yield for 2 h but tf 2
intermediate 4a still remained (11 % yield) (Fig. S9). According to
the results with Au—Pd/Al,O; and the physical mixture of Au/Al,0;
and Pd/Al,O3, one can recognize that the catalytic activities of Au
Pd/Al,O; for both amine oxidation and oxidative aromatization a: .
significantly higher than those of the physical mixture (Fig.S6
Fig. S9). By alloying gold and palladium, the intrinsic abilities of go! "
for amine oxidation and/or palladium for aromatization are like.
improved by electronic ligand effects.”® This is one pos<™ !
explanation of the excellent catalytic performance of Au—Pd/Al,Ux
for the present transformation, and such effects are freque
observed for several oxidation reactions using gold—palladium alloy
catalysts, e.g., alcohol oxidation and H,0, production.16

Considering the above experimental evidences, we he »
propose a possible reaction pathway for the present Au—Pd/Al,05-
catalyzed tandem oxidation processes (Scheme 2). Initially, aerok -
oxidation of cyclohexylamine (1) proceeds to give cyclohexylimira
(13), which is mainly catalyzed by gold (step 1 in Scheme 2). The..,
nucleophilic addition of another cyclohexylamine molecule to tt :
ketimine intermediate 13 takes place to afford /.
cyclohexylidenecyclohexylamine (4) (step 2 in Scheme 2). Finall,
the palladium-catalyzed aromatization (disproportionation and

— (step 1) 5
NH, NH
O/ + 1/20, —>Au g + H,0 ;
P P
R R 43 )
— (step 2)
NH NH,
Cf fj — @ LJOK
R
ﬁ(step3) S

2H,0 ‘

— (step 4)

Scheme 2 P055|ble reaction pathway for the present Au—Pd/AIzog—cataIyzeH
tandem oxidation of cyclohexylamines to N-substituted anilines.
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aerobic oxidative dehydrogenation) of 4 proceeds to give the
corresponding N-cyclohexylaniline (2) as the final product with the
concurrent formation of 1 and dicyclohexylamine (5) (step 3 in
Scheme 2). In the aromatization step, 13, 4, and/or molecular
oxygen can act as the hydrogen acceptors.”” Amines 1 and 5 formed
in the aromatization step are again aerobically oxidized by gold
(steps 1 and 4 in Scheme 2). Concequently, it can be considered
that molecular oxygen is formally the terminal oxidant in the
present tandem oxidation processes. As above-mentioned, the
cis/trans ratios of the products were slightly different from those of
the substrates for the transformation of substituted
cyclohexylamines. This is likely due to the disproportionation of 4
(step 3 in Scheme 2) and the oxidation of 5 (step 4 in Scheme 2).

The successive oxidative aromatization of N-cyclohexylaniline to
diphenylamine is possibly proceeds through the similar way.

We thank Mr. H. Oshikawa (The University of Tokyo) for his help
with HAADF-STEM and EDS analyses. This work was supported in
part by Grants-in-Aid for Scientific Researches from Ministry of
Education, Culture, Sports, Science and Technology in Japan (MEXT).
A part of this work was conducted in Research Hub for Advanced
Nano Characterization, The University of Tokyo, under the support
of “Nanotechnology platform” (project No. 12024043, MEXT). K. T.
was supported by Japan Society for the Promotion of Science
through Program for Leading Graduate Schools (MERIT Program)
and Research Fellowship for Young Scientists.

Notes and references

1 (a) A. Ajamian and J. L. Gleason, Angew. Chem. Int. Ed., 2004, 43,
3754; (b) D. E. Fogg and E. N. Santos, Coord. Chem. Rev., 2004,
248, 2365; (c) J. M. Lee, Y. Na, H. Han and S. Chang, Chem. Soc.
Rev., 2004, 33, 302; (d) J.-C. Wasilke, S. J. Obrey, R. T. Baker and
G. C. Bazan, Chem. Rev., 2005, 105, 1001; (e) N. Shindoh, Y.
Takemoto and K. Takasu, Chem. — Eur. J., 2009, 15, 12168.

2 (a)R.J. K. Taylor, M. Reid, J. Foot and S. A. Raw, Acc. Chem. Res.,
2005, 38, 851; (b) H. Miyamura and S. Kobayashi, Acc. Chem.
Res., 2014, 47, 1054; (c) V. Jeena and R. S. Robinson, RSC Adv.,
2014, 4, 40720.

3  For example: (a) B. Gnanaprakasam, J. Zhang and D. Milstein,
Angew. Chem. Int. Ed., 2010, 49, 1468; (b) J.-F. Soulé, H.
Miyamura and S. Kobayashi, Chem. Commun., 2013, 49, 355; (c)
C. Gunanathan, Y. Ben-David and D. Milstein, Science, 2007, 317,
790; (d) L. U. Nordstrgm, H. Vogt and R. Madsen, J. Am. Chem.
Soc., 2008, 130, 17672; (e) J.-F. Soulé, H. Miyamura and S.
Kobayashi, J. Am. Chem. Soc., 2011, 133, 18550; (f) K.
Yamaguchi, H. Kobayashi, T. Oishi and N. Mizuno, Angew. Chem.
Int. Ed., 2012, 51, 544; (g) J.-F. Soulé, H. Miyamura and S.
Kobayashi, Chem. — Asian J., 2013, 8, 2614; (h) G. C. Y. Choo, H.
Miyamura and S. Kobayashi, Chem. Sci., 2015, 6, 1719; (i) B. E.
Maki, A. Chan, E. M. Phillips and K. A. Scheidt, Org. Lett., 2007, 9,
371.

4 (a) S. A. Lawrence, Amines: Synthesis Properties and
Applications, Cambridge University Press, Cambridge, 2004; (b)
Z. Rappoport, The Chemistry of Anilines, John Wiley & Sons,
New York, 2007; (c) A. Ricci, Amino Group Chemistry: From
Synthesis to the Life Sciences, John Wiley & Sons, New York,
2008; (d) J. Magano and J. R. Dunetz, Chem. Rev., 2011, 111,
2177.

5 R. N. Salvatore, C. H. Yoon and K. W. Jung, Tetrahedron, 2001,
57,7785.

6 (a) G. Guillena, D. J. Ramoén and M. Yus, Chem. Rev., 2010, 110,
1611; (b) L. He, X.-B. Lou, J. Ni, Y.-M. Liu, Y. Cao, H.-Y. He and K.-
N. Fan, Chem. — Eur. J., 2010, 16, 13965; (c) R. Kawahara, K.
Fujita and R. Yamaguchi, Adv. Synth. Catal., 2011, 353, 1161; (d)
S. Bdhn, S. Imm, L. Neubert, M. Zhang, H. Neumann and M.

4| J. Name., 2012, 00, 1-3

10

11

12

13

14

15

16

Beller, ChemCatChem, 2011, 3, 1853; (e) D. Weichmann, . .
Frey and B. Plietker, Chem. — Eur. J., 2013, 19, 2741; (f) X. Cui, ¥
Dai, Y. Deng and F. Shi, Chem. — Eur. J., 2013, 19, 3665; (g) .
Santoro, R. Psaro, N. Ravasio and F. Zaccheria, RSC Adv., 2014, 4,
2596.

(a) R. Apodaca and W. Xiao, Org. Lett., 2001, 3, 1745; (b) O.-.
Lee, K.-L. Law and D. Yang, Org. Lett., 2009, 11, 3302; (c) P. b.
Pham, P. Bertus and S. Legoupy, Chem. Commun., 2009, 6207,
(d) V. N. Wakchaure, J. Zhou, S. Hoffmann and B. List, Angen
Chem. Int. Ed., 2010, 49, 4612; (e) C. Wang, A. Pettman, J. Bacsn
and J. Xiao, Angew. Chem. Int. Ed., 2010, 49, 7548; (f) M. Zhan ,
H. Yang, Y. Zhang, C. Zhu, W. Li, Y. Cheng and H. Hu, Chem.
Commun., 2011, 47, 6605; (g) Q. Lei, Y. Wei, D. Talwar, C. Wang,
D. Xue and J. Xiao, Chem. — Eur. J., 2013, 19, 4021.

(a) F. Paul, J. Patt and J. F. Hartwig, J. Am. Chem. Soc., 1994, 11F
5969; (b) A. S. Guram and S. L. Buchwald, J. Am. Chem. Soc ,
1994. 116, 7901; (c) A. S. Guram, R. A. Rennels and S. ..
Buchwald, Angew. Chem. Int. Ed. Engl., 1995, 34, 1348.

(a) D. M. T. Chan, K. L. Monaco, R.-P. Wang and M. P. Winter
Tetrahedron Lett., 1998, 39, 2933; b) P. Y. S. Lam, C. G. Clark_S.
Saubern, J. Adams, M. P. Winters, D. M. T. Chan and A. Cor.. -
Tetrahedron Lett., 1998, 39, 2941; c) J. X. Qiao and P. Y. S. Lar
Synthesis, 2011, 829.

(a) Y. 1zawa, D. Pun and S. S. Stahl, Science, 2011, 333, 209; (b) Y.
lzawa, C. Zheng and S. S. Stahl, Angew. Chem. Int. Ed., 2013, &2
3672; (c) M.-0O. Simon, S. A. Girard and C.-J. Li, Angew. Chem. I t.
Ed., 2012, 51, 7537.

(a) S. A. Girard, X. Hu, T. Knauber, F. Zhou, M.-O. Simon, G.-'
Deng and C.-J. Li, Org. Lett., 2012, 14, 5606; (b) A. Hajra, Y. W i
and N. Yoshikai, Org. Lett., 2012, 14, 5488; (c) M. Sutter, M.-~.
Duclos, B. Guicheret, Y. Raoul, E. Métay and M. Lemaire, A« »
Sustainable Chem. Eng., 2013, 1, 1463; (d) M. T. Barros, S. ©
Dey, C. D. Maycock and P. Rodrigues, Chem. Commun., 2012, 4.
10901; (e) J. Zhao, H. Huang, W. Wu, H. Chen and H. Jiang, Org.
Lett., 2013, 15, 2604; (f) Y. Xie, S. Liu, Y. Liu, Y. Wen and G.- .
Deng, Org. Lett., 2012, 14, 1692; (g) Y. Liao, P. Jiang, S. Chen, 1.
Xiao and G.-J. Deng, RSC Adv., 2013, 3, 18605; (h) X. Cao, Y. B2~
Y. Xie and G.-J. Deng, J. Mol. Catal. A: Chem., 2014, 383, 94.

R. A. Sheldon, M. Wallau, I. W. C. E. Arends and U. Schuchardt
Acc. Chem. Res., 1998, 31, 485.

The average size of gold—palladium alloy nanoparticles in the
fresh Au—Pd/Al,0; was 1.7 nm and increased to 4.6 nm after the
fifth reuse experiment (Fig.S2, ESIT). The vyields of 2a v e
gradually decreased by repeating reuse experiment (Fig. S4,
ESIT), and the decrease was likely caused by the increase in the

particle size.
Although Pd/ALLO; could catalyze the transformations 1
Schemes 1B and 1C, the performances for the:.

transformations (based on palladium) were inferior to those «~
Au-Pd/Al,O; (Scheme S3, ESIT).

Under Ar atmosphere, the Au—Pd/Al,0;-catalyze 1
transformation of 10 gave a 1:2 mixture of 11 and .
(Scheme S2, ESit). Considering the results of Au—Pd/Al,O_
catalyzed transformation of 10 under aerobic and anaerobi~
conditions, the disproportionation and the aerobic oxidati\ 2
dehydrogenation of the imine intermediate are possibly
included in the step 3 in Scheme 2.

(a) S. Nishimura, Y. Yakita, M. Katayama, K. Higashimine ar. ' K.
Ebitani, Catal. Sci. Technol., 2013, 3, 351; (b) J. Pritchard, ...
Piccinini, R. Tiruvalam, Q. He, N. Dimitratos, J. A. Lopez-Sanche-
D. J. Morgan, A. F. Carley, J. K. Edwards, C. J. Kiely and G. .
Hutchings, Catal. Sci. Technol., 2013, 3, 308.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 4



