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and a carbonyl compound. To cir- | N
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cumvent the problem caused by the
excessively active nature of ketones
or aldehydes, an alternative strategy for the direct oxidation
of amines has attracted much interest.’) Dioxygen, or more
preferably dioxygen in the air, embodies the quintessential
oxidant for chemical synthesis. Unfortunately, the reactivity
of dioxygen is difficult to control; it typically reacts under
harsh conditions with poor selectivity. Recently, much atten-
tion has been paid to organic synthesis photocatalyzed by
TiO,.P! In H,O, the selectivity of TiO, photocatalysis is
especially poor, so that, it is efficient in the degradation of
organic pollutants.! Even when the reactions are performed
in inert organic solvent to prevent generation of OH radicals,
the selectivity is usually very low owing to the unselective
autooxidation of the photogener-

ated radicals. However, it has been
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in TiO, photocatalysis in the presence of dioxygen, and hence
should lead to high selectivity in the photocatalytic oxidation
of alcohols. This mechanistic insight can direct us to envision
new reactions. Herein, we report our findings on a series of
benzylic amines that were selectively transformed into the
corresponding imines using 1 atm of air as the oxidant by TiO,
photocatalysis in acetonitrile. The formation of imines
involves a two-step process: a selective oxygenation step to
generate the aldehydes and a subsequent condensation step to
afford the imines. The high selectivity for the formation of
imines is attributed to both the highly selective formation of
aldehydes from amines [Eq. (2)] via a similar mechanism to
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shown that high selectivity can be R? 1 R? R? Rﬂ\ /R2 R\C R
realized in the TiO, photocatalytic R1\ | /H R ~ Rﬂ\ | T ”
system when both generation of c - | O, .9\? o 2H* o
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By using '®O-labeling experi- TV i Tiv T

ments, our research group has
discovered that an oxygen-atom
transfer dominates the photocata-
lytic transformation of alcohols
into the corresponding carbonyl compounds on TiO, in
benzotrifluoride. This transformation has a different mecha-
nism than that of noble-metal/transition-metal complex
catalysis. All the experimental results support a mechanism
as shown in Equation (1).! Such a mechanism avoids the
unselective autooxidation processes, which commonly occur
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[*] Dr. X. Lang, Dr. H. Ji, Prof. C. Chen, Prof. W. Ma, Prof. . Zhao
Key Laboratory of Photochemistry

Beijing National Laboratory for Molecular Sciences

Institute of Chemistry, Chinese Academy of Sciences

Beijing 100190 (China)

Fax: (4 86) 10-8261-6495

E-mail: jczhao@iccas.ac.cn

Financial support from the 973 project (nos. 2010CB933503 and
2007CB613306), the NSFC (nos. 20920102034, 21077110, and
20877076,) and the CAS are gratefully acknowledged.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201007056.

FWILEY i

ONLINE LIBRARY

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

" . RC(R"):=NCHR")R?+H,0

that which governs the aerobic oxidation of alcohols [Eq. (1)],
and the easy nucleophilic attack of such nascent aldehydes by
the unreacted amines to yield the corresponding imines.
Control experiments (see Table S1 in the Supporting
Information) revealed that TiO,, dioxygen, and UV irradi-
ation are all necessary for these reactions. It was found that
the selectively oxidative coupling proceeds smoothly using
1 atm of air as the terminal oxidant. The pressure of O,
(Table S1, entry 4) did not influence the reaction significantly,
thus suggesting that the participation of O, is not involved in
the rate-determining steps. The cutoff light below 350 nm
instead of 300 nm did not improve the selectivity (Table 1,
entry 2) and therefore excludes the involvement of a back-
ground photochemical reaction. Acetonitrile was found to be
the best solvent among those examined (Table S2). Table 1
summaries the results of the photocatalytic oxidation of
various amine derivatives. The transformation of all the
benzylic amines examined showed high selectivity and gave
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Table 1: Oxidation of amines photocatalyzed by TiO,.!
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further verified by the oxidation of

2-phenylethylamine and 1-phenyl-

Entry Substrate Product t [h] Conv. Select.

[mol %]®! [mol%]® ethylamine (Table 1, entries 15 and
NS Sy 16) in which some of the products
1 g g /\© 9 99 85 (2, 4, and 5) result from unselective
NH, Sy autooxidation at multiple reactive

2l ©/\ ©/\ /\© 5 93 87 sites.
NH, ~\ There may be doubts that the N-
3 /©/\ /©/\ /\©\ 5 99 91 benzylidenebenzylamine might be
NH, SN generated via an oxidative dehy-
4 >‘/©ﬁ \’/©/\ m/ 6 99 92 drogenation of the amines [Eq. (4)].
This pathway is usually proposed
/g NH, /@AN/\Q\ for the oxidation of amines." Low
> ~o ~o o~ 8 % 88 selectivity is associated with these
o NH, o N 0 systems under homogenous photo-
6 <o:©/\ <o /\@o> 15 77 7 chemical conditions. However, the
NH, SN single issue of the high selectivity
7 FO/\ F/©/\ /\©\F 6 » 2 for N-benzylidenebenzylamine
NH, Y could not unequivocally confirm
8 CI/©/\ C|/©/\ /\©\C| 10 » 86 that the oxygenation pathway
/@\NHZ Sy [Eq. (3)] is the main pathway to
9 o o o /©\/c\| ;D\ o 10 99 90 contribute the formation of the final
Ne ™ H NSy Ng imines in the present system. We
10 L ’ | _ | 5 99 34 could not completely exclude the
s S« s ossibility that there might be some
1 (W @/\N/\@ 6 78 7 Enknownyfactors that W(g)uld lead to
12 @/\NHz @/\\N/@ 6 31 33 a high selectiViFy Vi.a a dehydrogen-
ation pathway in TiO, photocataly-
134 QNHz OEO 5 80 6 sis. In that case, benzylimine is
1414 NN, _ 5 quant. _ susceptible to H,O (the concomi-
j\ . J\ tant product of oxidation) to gen-
NH, P 1 PN Ph 2 erate benzaldehyde. Therefore, this
154 PN IS ® 8 65 - renders it impossible to distinguish
Pn (3”2) Ph3 these two pathways [Egs. (3) and
g e, Ph(T:o . o /\/(:)vphs . 73 . (4)] for those substrates such as

benzylamine and its derivatives in

[a] Reaction conditions: 0.1 mmol of amine, 10 mg of TiO, (Degussa P25), 100 W Hg lamp cutoff below
300 nm, 5 mL of acetonitrile, 1 atm of air. [b] Determined by GC analysis using bromobenzene as the
internal standard. [c] 500 W Xe lamp cutoff below 350 nm. [d] Data in the parentheses is the selectivity

based on the initial amine.

the imine products (Table 1, entries 1-9). In addition, sub-
stituents on the benzylic amines did not affect the selectivity
significantly, but slightly changed the conversion rates. It
should be mentioned that this approach was also applicable to
heteroatom-containing substrates (Table 1, entries 10-12),
whose products are usually inaccessible by transition-metal
complex catalysis owing to deactivation of the catalysts
caused by the strong coordination of these amines to the
metal center. The relatively low selectivity for furfurylamine
(Table 1, entry 12) might result from the instability of the
afforded imine. When nonbenzylic amines such as cyclo-
hexylamine and n-hexylamine were chosen as the substrates
(Table 1, entries 13 and 14), no imines were formed and only
fragmentation products were detected. This finding is in line
with poor selectivity for the oxidation of these substrates with
dioxygen resulting from the unselective autooxidation caused
by the activation of multiple reactive sites. This notion is
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Table 1. As a result, additional
proof was needed to confirm that
the mechanism is via an oxygen-
ation process to generate the alde-

o~ TiO, + Ph™ NH N
2 Vs NV a N (3)

Ph Py 1T T2 o e SN ph

NH,
2

hyde [Eq. (3)]. We chose dibenzylamine rather than benzyl-
amine as the substrate to synthesize N-benzylidenebenzyl-
amine. Thus, product analysis can be an important method to
distinguish these two mechanisms [Egs. (3) and (5)] vs.
[Egs. (4) and (6)]. If the reaction proceeds via a dehydrogen-
ation pathway, which ensures a high selectivity for benzyl-
amine as the substrate [Eq.(4)], an equal or even better
selectivity should be realized for dibenzylamine because it is a

Tio + Ph” NH N
Ph™ NH, —5—> Ph”SNH —————== Ph” N"Ph @)
2
Ph N Ph TiO, P o~ PN
N —5—= P N0+ P NH, —== Ph N PR (5)
2
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one-step pathway [Eq. (6)] for the formation of N-benzylide-
nebenzylamine. In the case of the oxygenation pathway, a
detour for the aldehyde and benzylamine will occur
[Eq. (5)].®! The benzylamine generated insitu could also
self-couple to give N-benzylidenebenzylamine under the
present conditions [Eq. (3)]. Thus, some accumulated alde-
hyde will be detected as the final product in addition to
imines. The results for the oxidation of dibenzylamine and its
derivatives are summarized in Table 2, entries 1-5. The
selectivity for the afforded imines (38-53 %) dropped signifi-
cantly compared with the results shown in Table 1 (85-92 %),
therefore indicating that an oxygenation pathway [Egs. (3)
and (5)] is preferred rather than the dehydrogenation path-
way [Eqgs. (4) and (6)]. The detection of significant amounts of
aldehydes for all these substrates (Table 2, entries 1-5) is a
clear indication that the reaction proceeded via an oxygen-
ation pathway [Egs. (3) and (5)].

To further confirm the oxygenation pathway in the
formation of imines, we selected asymmetric dibenzylamine
derivatives as the probe substrates. There are almost equal
opportunities for the activation of C,—H bonds on both sides
adjacent to the nitrogen atom (see discussion below) and
equal reaction rates for the condensation between different

Table 2: Oxidation of secondary benzylic amines on TiO,.”!

aldehydes and amines. There should be only two imines
produced (Scheme S1) via a dehydrogenation pathway
[Eq. (6)]. However, if the reaction proceeds via the oxygen-
ation pathway [Eq. (5)], there should be four different imines
produced and two accumulated aldehydes as the final
products. The molar ratios for the four imines should be
close to 1:1:1:1 (Scheme S2). As shown in Table 2, entries 6
and 7, we did observe four different imines with molar ratio
close to 1:1:1:1 and two accumulated aldehydes. The notion
was further supported by the oxidation of N-benzyl-4-
methoxyaniline (Table 2, entry 8) in which only benzaldehyde
and 4-methoxyaniline were detected as the products. The
difficulty of the condensation between benzaldehyde and 4-
methoxyaniline prevents the formation of the imine.

In an attempt to determine the parameters related to the
reaction rate, a series of kinetic experiments were conducted
for the photocatalytic oxidation of amines. Preliminary
kinetics measurements indicate that the reaction exhibits
pseudo-first-order kinetics (Figure S1). The oxidation of
benzylamine and its derivatives with both electron-donating
and -withdrawing substituents at the para-position were
examined to obtain a Hammett plot (Figure 1). The slope of
the linear plot gave a p value close to zero. This p value
indicates that the reaction is not sensitive to substituents and
electronic perturbation does not occur in the C,—H activation
step.”)

Kinetic isotope effect experiments between C;H;CH,NH,
and C¢qH;CD,NH, showed a ky/
kp value of 1.3 + 0.1, which indi-
cates that cleavage of the C,—H

Conv. Product
[mol%]"®  (select. [mol %])®!

Entry Substrate

bond is not involved in the rate-
determining step. These kinetic
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data resemble those in the oxi-
dation of alcohols on TiO,, and
is important information for the
future design of photocatalyst in
order to improve the efficiency
of the photocatalytic system for
the oxidation of amines.!!

In summary, we have ach-
ieved highly selective photoca-

~
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; C'\@/\H/\OC' 0 \©Ao C‘\QAN/\Q/C' TiO, using 1 atm of air as the
(e2)] (53) oxidant. The oxidation of

(1) (11 (11)

o IO
~o

7Md - O/\”/\Q 90
o]

e
8 38

N NH,
N [ j/ o) [ j/
/©/ (13) ~g (13)
~o

- S
JORRSICHA T
(15) (12) (11)
o (16) (15) ~o (12)
= _
13) >o 19) o (14) o~

amines involves a highly selec-
tive formation of aldehydes
whose further condensation
with the unreacted or in-situ
generated amines affords the
corresponding imines. These
findings further demonstrate
the generality of the reaction
by the involvement of a selec-
tive oxygenation pathway in
TiO, photocatalysis with dioxy-
gen as the oxidant. Such funda-

[a] Reaction conditions: 0.05 mmol of amine, 2.5 mL of acetonitrile, 10 mg of TiO, (Degussa P25), 100 W Hg
lamp cutoff below 300 nm, 1 atm of air, 8 h. [b] Determined by GC analysis using bromobenzene as the

internal standard. [c] 5 h reaction time. [d] 4 h reaction time.
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mental insights could help us to
envision new reactions for the
oxidation of organic substrates
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Figure 1. Hammet plot for the oxidation of substituted benzylamines
photocatalyzed by TiO, with 1 atm of air; the reaction conditions are
given in Table 1.

and pave the way to new synthetic method for synthesizing
nitrogen-containing products via oxidation using dioxygen as
the oxidant and TiO, as the photocatalyst.

Received: November 10, 2010
Revised: January 17, 2011
Published online: March 4, 2011

Keywords: imines - photocatalysis - selective oxidation -
titanium dioxide

[1] a) J. S. M. Samec, A. H. Ell, J. E. Backvall, Chem. Eur. J. 2005, 11,
2327; b) S. 1. Murahashi, Angew. Chem. 1995, 107, 2670; Angew.
Chem. Int. Ed. Engl. 1995, 34, 2443.

[2] a) A. Grirrane, A. Corma, H. Garcia, J. Catal. 2009, 264, 138;
b)S.M. Landge, V. Atanassova, M. Thimmaiah, B. Torok,
Tetrahedron Lett. 2007, 48, 5161; c) B. L. Zhu, M. Lazar, B. G.
Trewyn, R. J. Angelici, J. Catal. 2008, 260, 1; d) R. Neumann, M.
Levin, J. Org. Chem. 1991, 56, 5707; ¢) M. H. So, Y. G. Liu, C. M.
Ho, C. M. Che, Chem. Asian J. 2009, 4,1551; f) A. H. Ell, J. S. M.
Samec, C. Brasse, J.-E. Backvall, Chem. Commun. 2002, 1144.

[3] a) M. A. Fox, M. T. Dulay, Chem. Rev. 1993, 93, 341; b) A.
Maldotti, A. Molinari, R. Amadelli, Chem. Rev. 2002, 102, 3811;

[6

[

—
]
[l

9]

Angewandte

¢) Y. Shiraishi, N. Saito, T. Hirai, J. Am. Chem. Soc. 2005, 127,
12820; d) G. Palmisano, V. Augugliaro, M. Pagliaro, L. Palmisano,
Chem. Commun. 2007, 3425; e) S. Yurdakal, G. Palmisano, V.
Loddo, V. Augugliaro, L. Palmisano, J. Am. Chem. Soc. 2008, 130,
1568; f) Y. Shiraishi, T. Hirai, J. Photochem. Photobiol. C 2008, 9,
157; g) I. Hermans, E. S. Spier, U. Neuenschwander, N. Turra, A.
Baiker, Top. Catal. 2009, 52, 1162; h) S. Yurdakal, G. Palmisano,
V. Loddo, O. Alagoz, V. Augugliaro, L. Palmisano, Green Chem.
2009, 71, 510; i) Y. Shiraishi, Y. Sugano, S. Tanaka, T. Hirai,
Angew. Chem. 2010, 122, 1700; Angew. Chem. Int. Ed. 2010, 49,
1656; j) G. Palmisano, E. Garcia-Lopez, G. Marci, V. Loddo, S.
Yurdakal, V. Augugliaro, L. Palmisano, Chem. Commun. 2010, 46,
7074; k) M. A. Fox, J. N. Younathan, Tetrahedron 1986, 42, 6285;
1) H. Tada, T. Kiyonaga, S. Naya, Chem. Soc. Rev. 2009, 38, 1849;
m) T. Tachikawa, M. Fujitsuka, T. Majima, J. Phys. Chem. C 2007,
111,5259; n) V. Augugliaro, L. Palmisano, ChemSusChem 2010, 3,
1135.

a) M. R. Hoffmann, S. T. Martin, W. Y. Choi, D. W. Bahnemann,
Chem. Rev. 1995, 95,69;b) A. Fujishima, X. T. Zhang, D. A. Tryk,
Surf. Sci. Rep. 2008, 63, 515; ¢) C. C. Chen, W. H. Ma, J. C. Zhao,
Chem. Soc. Rev. 2010, 39, 4206.

a) F. Parrino, A. Ramakrishnan, H. Kisch, Angew. Chem. 2008,
120, 7215; Angew. Chem. Int. Ed. 2008, 47, 7107; b) M. Zhang,
C. C. Chen, W. H. Ma, J. C. Zhao, Angew. Chem. 2008, 120, 9876;
Angew. Chem. Int. Ed. 2008, 47, 9730; c) S. Naya, A. Inoue, H.
Tada, J. Am. Chem. Soc. 2010, 132, 6292; d) P. Du, J. A. Moulijn,
G. Mul, J. Catal. 2006, 238, 342; ¢) A. Almeida, R. J. A. Moulijn,
G. Mul, J. Phys. Chem. C 2008, 112, 1552; f) O. Rios-Berny, S. O.
Flores, I. Cordova, M. A. Valenzuela, Tetrahedron Lett. 2010, 51,
2730.

a) M. Zhang, Q. Wang, C. C. Chen, L. Zang, W. H. Ma, J. C. Zhao,
Angew. Chem. 2009, 121, 6197; Angew. Chem. Int. Ed. 2009, 48,
6081; b) Q. Wang, M. Zhang, C. C. Chen, W. H. Ma, J. C. Zhao,
Angew. Chem. 2010, 122, 8148; Angew. Chem. Int. Ed. 2010, 49,
7976.

a) J. M. Kim, 1. S. Cho, P. S. Mariano, J. Org. Chem. 1991, 56, 4943;
b)J. M. Kim, M. A. Bogdan, P.S. Mariano, J. Am. Chem. Soc.
1993, 715, 10591; ¢) L. Y. C. Lee, X. H. Ci, C. Giannotti, D. G.
Whitten, J. Am. Chem. Soc. 1986, 108, 175; d) K. Ohkubo, T.
Nanjo, S. Fukuzumi, Bull. Chem. Soc. Jpn. 2006, 79, 1489; ¢) C. N.
Nicolas, C. Herse, J. Lacour, Tetrahedron Lett. 2005, 46, 4605.
According to Equation (2), benzaldehyde and N-benzylhydroxyl-
amine should be the direct products. However, the disproportio-
nation of N-benzylhydroxylamine will produce benzylamine and
dioxygen. This step is omitted in Equation (5) for clarity.

H. C. Brown, Y. Okamoto, J. Am. Chem. Soc. 1958, 80, 4979.

Angew. Chem. 2011, 123, 4020 —4023

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

4023


http://dx.doi.org/10.1002/chem.200401082
http://dx.doi.org/10.1002/chem.200401082
http://dx.doi.org/10.1002/ange.19951072205
http://dx.doi.org/10.1002/anie.199524431
http://dx.doi.org/10.1002/anie.199524431
http://dx.doi.org/10.1016/j.jcat.2009.03.015
http://dx.doi.org/10.1016/j.tetlet.2007.05.051
http://dx.doi.org/10.1016/j.jcat.2008.08.012
http://dx.doi.org/10.1021/jo00019a047
http://dx.doi.org/10.1002/asia.200900261
http://dx.doi.org/10.1021/cr00017a016
http://dx.doi.org/10.1021/cr010364p
http://dx.doi.org/10.1021/ja053265s
http://dx.doi.org/10.1021/ja053265s
http://dx.doi.org/10.1039/b700395c
http://dx.doi.org/10.1021/ja709989e
http://dx.doi.org/10.1021/ja709989e
http://dx.doi.org/10.1016/j.jphotochemrev.2008.05.001
http://dx.doi.org/10.1016/j.jphotochemrev.2008.05.001
http://dx.doi.org/10.1007/s11244-009-9268-3
http://dx.doi.org/10.1039/b819862d
http://dx.doi.org/10.1039/b819862d
http://dx.doi.org/10.1039/c0cc02087g
http://dx.doi.org/10.1039/c0cc02087g
http://dx.doi.org/10.1016/S0040-4020(01)88091-1
http://dx.doi.org/10.1039/b822385h
http://dx.doi.org/10.1021/jp069005u
http://dx.doi.org/10.1021/jp069005u
http://dx.doi.org/10.1002/cssc.201000156
http://dx.doi.org/10.1002/cssc.201000156
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1016/j.surfrep.2008.10.001
http://dx.doi.org/10.1039/b921692h
http://dx.doi.org/10.1002/ange.200800326
http://dx.doi.org/10.1002/ange.200800326
http://dx.doi.org/10.1002/anie.200800326
http://dx.doi.org/10.1002/ange.200803630
http://dx.doi.org/10.1002/anie.200803630
http://dx.doi.org/10.1021/ja101711j
http://dx.doi.org/10.1016/j.jcat.2005.12.011
http://dx.doi.org/10.1021/jp077143t
http://dx.doi.org/10.1002/ange.200900322
http://dx.doi.org/10.1002/anie.200900322
http://dx.doi.org/10.1002/anie.200900322
http://dx.doi.org/10.1002/ange.201001533
http://dx.doi.org/10.1002/anie.201001533
http://dx.doi.org/10.1002/anie.201001533
http://dx.doi.org/10.1021/jo00016a026
http://dx.doi.org/10.1021/ja00076a017
http://dx.doi.org/10.1021/ja00076a017
http://dx.doi.org/10.1021/ja00261a029
http://dx.doi.org/10.1246/bcsj.79.1489
http://dx.doi.org/10.1016/j.tetlet.2005.04.133
http://dx.doi.org/10.1021/ja01551a055
http://www.angewandte.de

