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ABSTRACT

Abundant and cheap iron readily catalyzed the aerobic oxidative reactions of primary amines, secondary amines, benzylamines with anilines, and
alcohols with amines by directly using air as the economic and safe oxidant, providing several direct, practical, and greener approaches for the
preparation of useful imines.

Since they bear the reactive CdN bond and are capable
of undergoing various types of transformations, imines are

versatile nitrogen sources and reactive intermediates in the

synthesis of a wide range of biologically and pharmaceuti-

cally active compounds, heterocycles, and natural products.1

Since the traditional condensationmethod2 suffers from the

drawbacks of using the odorous and unstable aldehydes

that also require in situ purification prior to use, developing

efficient and greener methods is still an important task in

current imine chemistry.3�11 Although the methods for
imine preparation have now been greatly improved,3�11

especially by employing the one-pot tandem reactions of
amines with the greener, cheaper, and more available
alcohols4,6,8,10 and direct oxidation of the amines,5,7,9,11

drawbacks still remain and many issues have yet to be
satisfactorily addressed. For example, early methods re-
quire large excess amounts of oxidants, which will also
produce large amounts of undesired waste.4,5 The dehy-
drogenation methods are highly atom economic, but they
suffer from the use of active, sensitive, expensive, and
capricious ligands; not easily accessed noble metal com-
plexes; and harsh reaction conditions such as high reaction
temperatures and inert atmosphere protection.6,7 In con-
trast, the aerobic oxidative reactions are comparatively
greener, more preferable, and more practical methods
because of the use of pure oxygen or air as the pollution-
free oxidant, much more easily disposable catalysts, and
milder reaction conditions, along with generating water as
the byproduct.8�11However,withonly a few exceptions,8,9

most reactions still require high reaction temperatures,
expensive and rare noble metal catalysts, special conditions,
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or dangerous pure oxygen as the oxidant.10,11 To our

knowledge, the cheaper, more available, and nontoxic

metals such as iron have not been successfully used in the

methods yet.12 Herein we report that a general Fe(NO3)3/

TEMPO system can readily catalyze the aerobic oxidative

reactions of 1� and2� amines, different amines, and alcohols

with amines by using air as the oxidant, providing several

greener and more practical approaches for the preparation

of useful imines.
In previous stuides on aerobic oxidative reactions of

alcohols with amides and amines,8,9d,10c,13 we noticed that
the versatilemetal Fe14 is also a good catalyst for the aerobic
oxidation of alcohols.15 Since an Fe-catalyzed method was
not known yet, we envisoned that, if Fe is also a good
catalyst for imine synthesis through aerobic oxidative

reactions of alcohols and amines or directly the amines, it
may become a potentially more advantageous and more
practical catalyst than other metals due to its abundance in
the Earth’s crust, high availability, low price, and also
possibly its nontoxic and biofriendly properties.
Thus, the Fe-catalyzed oxidation of primary amine 1a

was first investigated under air (Table 1). Preliminary
screening on Fe catalysts and reaction temperatures
showed that various Fe catalysts [FeCl3, FeBr3, Fe2O3,
Fe2(SO4)3, Fe(NO3)3] (5 mol %) could catalyze the reac-
tion alone without any ligands, bases, or additives.16 Fe-
(NO3)3 was in comparison the best catalyst and 80 �C an
appropriate temperature for the reaction, giving an acce-
patble yield of target imine 2a (run 1).17 Additives were
then employed to improve the reaction efficiency.16 We
were pleased to find that the addition of TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxyl, 3 mol %) could greatly en-
hance the product yield to 85% (run 2) as in other catalytic
systems.8�11 In contrast, the reaction with 3 mol % of
TEMPO alone was rather ineffective under the same condi-
tions (run 3), indicating the key role of Fe in catalyzing the
reaction.17 Further condition screening by investigating the
effects of catalyst loadings, Fe catalyst and TEMPO combi-
nations, solvents, and temperatures16 revealed that xyleneand
dioxane are also suitable solvents, and using both 5mol%of
Fe(NO3)3 and TEMPO in toluene at 80 �C was optimal for
the reaction, giving almost full conversion of 1a and a good
isolated yield of 2a (run 4).

The optimized conditions (Table 1, run 4) were then
applied to various primary and secondary amines by using
the Fe(NO3)3/TEMPO catalyst system (Table 2). The
results showed that the method tolerates various func-
tional groups. It should be mentioned that nitriles and
amides, which might be generated as the byproducts in
other catalytic systems,5,7,9,11 were not detected at all in
the present reactions, revealing the high imine selectivity
and another advantage of using Fe(NO3)3/TEMPO as the
catalyst. Thus, both electron-rich (runs 1�6) and -deficient
(runs 7�13) benzylamines, including the sterically more

Table 1. Condition Optimization for Fe-Catalyzed Aerobic
Oxidation of Benzylamine to Imine under Aira,16

run [Fe] (mol %)b additive (mol %) 2a %c

1 Fe(NO3)3 (5) � 66

2 Fe(NO3)3 (5) TEMPO (3) 85

3 � TEMPO (3) 8

4 Fe(NO3)3 (5) TEMPO (5) 97 (82)

aThe mixture of 1a (2 mmol), Fe catalyst, and additives in toluene
(0.5mL)was heated under air in a 100mL tube at 80 �C for 24 h and then
monitored by TLC and/or GC-MS. bFe(NO3)3 3 9H2O was used and
abbreviated. cGC yields (isolated yields in parentheses) based on 1a.
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hindered ortho-substituted ones (runs 3, 6, 9, 11, 13),
reacted efficiently to give the target imines in good yields.
The halo-substituted imines 2h�n are potentially useful in
the synthesis, as theybear fluoroand chlorogroups and the
reactive CdNbond. In contrast to benzylamines, the reac-
tion of a heterobenzylamine 1o was not efficient (run 14),
and the product could not be isolated in pure form due to
easy hydrolysis during purification, even with the use
preneutralized silica gel.18 Similarly, aliphatic amines are
also not suitable substrates, and only trace products were
detected (runs 15�16).18

The Fe-catalyzed aerobic oxidation method was then
applied to secondary amines. It seemed the presentmethod
was not suitable for simple secondary amines such as
dibenzyl amine (1p), for only a low yield of the product
was obtained under harsher reaction conditions (run 17).
Contrarily, cyclic secondary amines such as indoline (1q)

and 1,2,3,4-tetrahydroisoquinoline (1r) could be readily
oxidized to indole (2q) and 3,4-dihydroisoquinoline (2r) in
moderate yields, respectively (runs 18, 19). In contrast, the
oxidation of 1,2,3,4-tetrahydroquinoline (1s) was more
difficult, giving aromatized quinoline (2s) in only a low
yield (run 20).
The similar method could also be applied to the reac-

tions of benzylamines and anilines to synthesize the cross
imines. Condition screening showed that 5mol%of either
Fe or TEMPO, or both 5mol%of Fe and TEMPO, and a
1/1 molar ratio of 1a and aniline only resulted in incom-
plete conversion of the substrates and formation of the
undesired byproduct 2a in large amounts.16 Then, by using
both 10mol%ofFe andTEMPOand slight excess amounts
of aniline (1.2 equiv), the full conversion of 1a, with high
selectivity (95%) and a good isolated yield (71%), to the
target imine 3awas achieved (Scheme1). Thismethod canbe
extended to different benzylamines and anilines. Thus, under
the same conditions, cross imines 3b�cwere also obtained in
high selectivities and good yields from the reactions of
corresponding benzylamines and anilines (Scheme 1).

Since alcohols are generally known as much greener
chemicals due to their wide scope, high availability, low
price, and low toxicity,19 we then turned to investigate the
Fe-catalyzed aerobic reactions of alcohols and amines
under air, which, if achieved, should be a comparatively
more advantageousmethod than the above cross reactions
of different amines. Therefore, the same catalyst was first
applied to the reaction of 1a and benzyl alcohol (4a) to
optimize the condition (Table 3). However, only a low
yield of the target imines 2a was detected along with large
amounts of unreacted 4a and the formation of benzalde-
hyde as the byproduct (run 1). Like most of the known
imination reactions of alcohols and amines,6,10 it was then
found that the base played a crucial role in the reaction. As
shown in Table 3, the reaction was initially tested at room
temperature with a catalytic amount of KOH added, but
only a low yield of 2awas detected (run 2). This result was
then gradually improved by heating the reaction at higher
temperatures or adding more KOH (runs 3�5). Thus,
nearly full conversion of 1a (97%) and a good isolated

Table 2. Fe-Catalyzed Aerobic Oxidation of Primary and
Secondary Amines to Imines under Aira

aThe mixture of 1 (2 mmol), Fe(NO3)3 3 9H2O (5 mol %), TEMPO
(5 mol %) in toluene (0.5 mL) was heated under air in a 100 mL tube at
80 �C for 24 h and then monitored by TLC and/or GC-MS. bGC yields
(isolated yields in parentheses) based on 1. cFe(NO3)3 3 9H2O (10 mol %),
TEMPO (10 mol %), 120 �C, 24 h.

Scheme 1. Fe-Catalyzed Aerobic Oxidation of Benzylamines
and Anilines to Cross Imines under Air16
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yield of 2a (78%) could be achieved at 80 �C by using
20 mol % of KOH as the base (run 5).
The optimized conditions were then applied to various

alcohols and amines to extend the scope of the method
(Table 4). Similar to1a, the reactionof 2-phenylethylamine
(5a) was also efficient under the same conditions and gave
amoderate yield of the target imine 6aa (run 1). In contrast,
the reactions of aliphatic amineswere not efficient, affording
only low yields of the products under similar conditions
(runs 2�4). We then focused on the reactions of anilines to
synthesize useful aromatic imines. However, possibly be-
cause the anilines are less basic and less nucleopilic, only a
36%yieldof3awasdetectedunder the conditions forbenzyl-
amine.16 Further condition screening showed that 30�
50 mol % of KOH, CsOH, and t-BuOK were the most
effective for the reaction (e.g., 91�96% GC yields of 3a),16

and a good isolated yield of 3a could be obtained (run 5).
Similarly, both electron-rich and -deficient benzylic alcohols,
including a stericallymore bulky ortho-substituted 4g (run 11)
and a heterobenzylic alcohol 4j (run 14), reacted efficiently
with 5e to afford the target imines inmoderate to good yields
(runs 6�14). The reactions of an aliphatic alcohol and a
secondary benzilic alcohol were also tested under the same
condtions, but they were not successful (runs 15, 16).
Besides, this method is applicable to various electron-rich
and -deficient anilines, including sterically more bulky
ortho-subsituted 5h (run 19) and 1-naphthylamine 5k

(run 27), giving moderate to good yields of the products
(runs 17�27). It seemed the electron-rich anilines were
better substrates, for they generally gave higher yields of
the products (runs 17�25) than the electron-deficient one
(run 26). The reaction of 1-naphthylamine 5k was less
efficient than the anilines under the same conditions, and
CsOH had to be used as the base instead of KOH (run 27).
In summary, by using the general Fe(NO3)3/TEMPO

catalyst system, we developed several Fe-catalyzed methods
for the preparation of useful imines by aerobic oxidation
reactionsofprimaryamines, secondaryamines,benzylamines
with anilines, and alcohols with amines. Since abundant,
cheap, and relatively more biofriendly iron can be readily
used as the catalyst and air as the economic and safe
oxidant, these aerobic methods may become green and
practical alternatives for the direct synthesis of imines from
amines and alcohols. Further extension of the Fe-catalyzed
aerobic oxidative method and mechanistic studies of the
reactions are underway.
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Table 3. Condition Optimization for Fe-Catalyzed Aerobic
Oxidation of Benzyl Alcohol and Benzylamine under Aira

run base (mol %) temp 2a %b

1c � 80 �C 45

2 KOH (10) rtd 29

3 KOH (10) 50 �C 53

4 KOH (10) 80 �C 70

5 KOH (20) 80 �C 97 (78)

aThe mixture of 1a (1 mmol), 4a (1.2 mmol), Fe(NO3)3 3 9H2O
(10 mol %), TEMPO (10 mol %), and the base in toluene (0.5 mL)
was heated under air in a 100 mL tube for 24 h and then monitored by
TLC and/or GC-MS. bGC yields (isolated yields in parentheses) based
on 1a. c∼10% PhCHO (based on 4a) was detected as the byproduct. A
large amount of 4a remained unreacted. dCa. ∼30 �C.

Table 4. Fe-Catalyzed Aerobic Oxidative Reactions of Alcohols
and Amines to Imines under Aira

run 4, 5 3 or 6: yield %b

1c 4a, PhCH2CH2NH2 (5a) 6aa: 84 (61)

2c,d 4a, n-C4H9NH2 (5b) 6ab: (32)

3c,d 4a, c-C6H12NH2 (5c) 6ac: (41)

4c,d 4a, t-C4H9NH2 (5d) 6ad: 19

5e 4a, PhNH2 (5e) 3a: 96 (75)

6e p-MeC6H4CH2OH (4b), 5e 6be: 91 (77)

7e m-MeOC6H4CH2OH (4c), 5e 3c: 94 (83)

8e p-FC6H4CH2OH (4d), 5e 6de: 83 (67)

9e p-ClC6H4CH2OH (4e), 5e 6ee: 89 (70)

10e m-ClC6H4CH2OH (4f), 5e 6fe: 92 (76)

11e o-ClC6H4CH2OH (4g), 5e 6ge: 98 (81)

12e p-BrC6H4CH2OH (4h), 5e 6he: 96 (82)

13e p-NO2C6H4CH2OH (4i), 5e 6ie: 80 (62)

14e 2-thiophenemethanol (4j), 5e 6je: 90 (78)

15e n-C6H13OH (4k), 5e �
16e PhCH(CH3)OH (4l), 5e �
17e 4a, p-MeC6H4NH2 (5f) 6af: 75 (58)

18e 4a, m-MeC6H4NH2 (5g) 6ag: 76 (61)

19e 4a, o-MeC6H4NH2 (5h) 6ah: 70 (63)

20e 4a, p-EtOC6H4NH2 (5i) 3b: 95 (82)

21e 4b, 5i 6bi: 99 (75)

22e 4e, 5i 6ei: 91(78)

23e 4g, 5i 6gi: 95 (85)

24e 4h, 5i 6hi: 81 (64)

25e 4j, 5i 6ji: 71 (57)

26e 4a, p-ClC6H4NH2 (5j) 6aj: 70 (56)

27e,f 4a, 1-naphthylamine (5k) 6ak: 59 (43)

aUnless otherwise noted, the mixture of 4 (1.2 mmol), 5 (1 mmol),
Fe(NO3)3 3 9H2O (10mol%), TEMPO (10mol%), andKOH in toluene
(0.5 mL) was heated under air in a 100 mL tube at 80 �C and then
monitored by TLC and/or GC-MS. bGC yields (isolated yields in
parentheses) based on 5. c 20 mol%KOH, 24 h. d 1 mmol 4 and 2 mmol
5 were used; yields were based on 4. e 50 mol % KOH, 36 h. fCsOH
(50 mol %) used instead of KOH.
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