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CuBr, with 2,2,6,6-tetramethylpiperidyl-1-oxy (TEMPO) has been successfully employed for the aerobic
oxidation of primary and secondary benzyl amines in aqueous acetonitrile. Such catalytic systems have
previously been used extensively in alcohol oxidation reactions. The same catalyst system was also used
for oxidative cross-couplings of benzylamines with anilines. The electronic and steric properties of the
aniline partner were found to be of crucial importance in determining reactivity or lack thereof. A
mechanism for these reactions is proposed based on the data obtained to date. In the absence of benzyl
amines, electron-rich anilines were found to undergo dehydrogenative coupling and yields of the resulting
azo products could be increased by replacing CuBr, with CuBr. No ligand (e.g. pyridine) is required for
either reaction to proceed and presumably water and acetonitrile solvate the copper-containing

intermediates.

Introduction

Imines are important intermediates which can be used as electro-
philic reagents in many transformations such as alkylations, con-
densations and cycloadditions including aza—Diels—Alder
reactions.' Imines also serve as versatile starting materials for the
synthesis and racemisation of chiral amines, which are important
intermediates in the preparation of biologically active com-
pounds.” The traditional protocol for the synthesis of imines
involves the condensation of an amine with a carbonyl com-
pound such as aldehyde or ketone but alternative routes are
desirable. For example, the syntheses of some imines through
the reaction of alcohols and amines have been reported during
the past decade.® Recently, direct oxidations of amines to imines
have attracted much attention. Nicolaou et al. developed stoi-
chiometric oxidations of secondary amines to imines using
2-iodoxybenzoic acid and excellent yields were obtained.*
Largeron et al. reported an environmentally friendly biomimetic
electrocatalytic method for the oxidation of primary aliphatic
amines to imines.” A few transition metal catalyzed oxidations
of amines with PhIO,’ K»S,05,” MnO,* and ‘BuOOH” have also
been reported. Significant progress has been made in the devel-
opment of mild and green methods for the synthesis of imines
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including metal-catalyzed dehydrogenation of amines,'® aerobic
oxidation of amines using cobalt,'"" copper,'* gold," palla-
dium,"* ruthenium' and vanadium'® complexes. Very recently,
Zhao et al. reported the selective aerobic photocatalytic oxi-
dation of amines to imines on TiO,.'” However, many of these
catalytic systems have limited substrate scope and are only active
for secondary amines.

As an efficient hydrogen extraction reagent, 2,2,6,6-tetra-
methylpiperidinyl-1-oxy (TEMPO) has been broadly used in cat-
alytic oxidation reactions of alcohols.'"® However, TEMPO has
been used to a much lesser extent in oxidation reactions of
amines. Semmelhack and Schmid reported TEMPO assisted
electrooxidation of amines to nitriles and carbonyl compounds in
1983,' and as far as we are aware this is the only example to
date. Herein, we report a simple CuBr,-TEMPO catalytic system
for aerobic oxidations of primary and secondary benzyl amines.
Also, we report CuBr-TEMPO catalyzed dehydrogenative coup-
ling of electron-rich anilines, which yield azo compounds.

Results and discussion

The oxidative self-coupling of benzylamine was chosen as a
model reaction to optimize the reaction conditions (Table 1).
Copper salt and TEMPO are crucial for the oxidation of benzyl-
amine (Table 1, entries 1 and 2). Different copper salts were
tested for catalytic oxidation activity. Copper(i1) bromide gave
the best activity with 86% conversion of benzylamine to N-ben-
zylidene-benzylamine in 8 h (Table 1, entry 3). Copper(i1) chlor-
ide and copper(n) acetate led to only 58% and 62% conversions,
respectively, under the same reaction conditions (Table 1, entries
4 and 5). These differences are possibly associated with a ligand
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Table 1 Copper-catalyzed oxidative self-coupling of benzylamine”

5 mol% catalyst
solvent,air, 25 °C

Entry  Catalyst Solvent mixture (v/v)  Conv.(%)”
1 CuBr, CH3;CN/H,0 (2/1) trace
2 TEMPO CH5CN/H,0 (2/1) n.r.
3 CuBr, + TEMPO CH;CN/H,0 (2/1) 86(100°)
4 CuCl, + TEMPO CH5CN/H,0 (2/1) 58
5 Cu(CH3CO0),'H,0 +  CH;CN/H,O (2/1) 62
TEMPO
6 FeCl; + TEMPO CH;CN/H,0 (2/1) n.r.
7 CuBr, + TEMPO CH;CN n.r.
8 CuBr + TEMPO CH;CN/H,0 (1/2) 53
9 CuBr, + TEMPO Toluene/H,0 (2/1) 8

“Reaction conditions: benzylamine (2 mmol), catalyst (0.05 mmol),
solvent (9 ml), air (1 atm), 8 h. b Selectivity in imine >98%, determined
by GC using dodecane as an internal standard. n.r. = no reaction. “ 12 h
reaction time.

dissociation step in the reaction mechanism, as the bromide
anion would be weakly coordinated to the copper centre com-
pared with chloride and acetate anions. This means that for the
CuBr, system it is easier for the substrate to enter the coordi-
nation sphere of the copper and become activated. Good conver-
sion was also achieved when copper(1) bromide was used. No
conversion was obtained when CuBr, was replaced with FeCl;.
Acetonitrile has been broadly used as a solvent in Cu(i)-cata-
lyzed oxidation reactions.”® 86% conversion was obtained in 8 h
with a 2:1 (v/v) acetonitrile/water solvent mixture (Table 1,
entry 3). No conversion was achieved in neat CH;CN due to the
formation of a green precipitate (Table 1, entry 7) that is presum-
ably a coordination polymer of copper. Conversion was
decreased when the amount of CH;CN was decreased in aceto-
nitrile/water solvent mixtures, probably because of a decrease in
the solubility of the organic substrate (Table 1, entry 8). Only
8% conversion was obtained when a biphasic solvent mixture
was used (Table 1, entry 9). This may be explained by unsatis-
factory mixing of the reactants, catalysts and co-catalysts. With
the optimized reaction conditions above in hand, we investigated
CuBr,-TEMPO catalyzed oxidations for a range of primary and
secondary benzylic amines (Table 2). The electronic properties
of substituents had no significant effect on the conversions and
selectivities. This differs from a previously reported CuCl-cata-
lyzed reaction where reaction selectivity was affected by substi-
tuents.'> All the benzylic amines studied whether containing
electron-withdrawing or -donating groups were smoothly oxi-
dized to the corresponding imines (Table 2, entries 1-8). This
also contrasts with a recently reported V,05-H,O, catalytic
system,”! where significantly different reaction conditions were
needed for the two classes of substrate, with benzyl amines
bearing electron donating groups being significantly less reactive
than those containing electron withdrawing groups. Also, when
using this Cu(n)/TEMPO catalytic system, the p-methoxy ben-
zylamine substrates achieved slightly faster reaction rates com-
pared with p-chloro benzylamine (Table 2, entries 4 and 8). 80%
GC-MS conversion was achieved in 8 h for the oxidation of p-

methoxy benzylamine, whereas 72% conversion was obtained
for the oxidation of p-chloro benzylamine in 8 h. This is possibly
due to a faster transamination for the phenylmethanimine inter-
mediate when a more basic (electron-donating) amine is used
(Fig. 1). Unfortunately, the CuBr,-TEMPO catalyst system was
inactive for the oxidation of (R)-1-phenylethanamine (Table 2,
entry 9). This could be explained by the steric demands of the
B-methyl group of the amine, which would hinder the formation
of the crucial species III in the proposed catalytic cycle (Fig. 1).
For such a substrate, it would be challenging for C,-H abstrac-
tion by the coordinated TEMPO to occur. However, some sec-
ondary amines could be converted to their corresponding imines
in good to excellent yields. However, the reaction conditions
were more demanding than for the self-condensation of benzylic
amines. In order to achieve high conversions, higher catalyst
loadings and reaction temperatures were essential (Table 2,
entries 10 and 11). If the catalyst loading was decreased to 5 mol
% for the oxidation of dibenzylamine, the conversion dramati-
cally dropped to 50% (see Electronic Supplementary Infor-
mationt). From this graph of catalyst loading and conversion
(Figure S17), the reaction appears to be first order in CuBr,-
TEMPO, but more studies are needed to confirm this and to
determine the relative reaction orders for both catalyst and co-
catalyst. Also, it should be noted that dibenzylamine could not
be transformed to the imine at room temperature. Kinetic studies
showed a first-order dependence for the reaction rate on the
dibenzylamine concentration at 45 °C (see Electronic Sup-
plementary Informationf). Under optimised conditions, N-ben-
zylidene-benzylamine could be isolated in 94% yield from
dibenzylamine (Table 2, entry 10), whereas only 66% yield is
obtained under neat reaction conditions using CuCl."** However,
the CuBr,-TEMPO catalytic system reported herein was not
effective for the self-coupling of non-activated aliphatic amines,
only a small amount of the resulting imine was detected
(Table 2, entry 12). No reactions were observed for some func-
tional amines studied such as 2-picolylamine (Table 2, entry 13).
This could be explained by strong coordination of N-donors to
the copper centre and a difficulty in dissociating these to yield a
vacant site at the metal centre for subsequent TEMPO coordi-
nation (Fig. 1, II — III).

Very recently, Patil and Adimurthy reported CuCl-catalyzed
aerobic oxidation of amines to imines under neat conditions with
0.5 mol% catalyst loading.'*® The simple CuCl catalyst system
could oxidize benzylic amines to imines efficiently and moder-
ately oxidize aliphatic and functional amines to the correspond-
ing imines. However, a higher reaction temperature was required
compared with the system reported here. Also, for the oxidation
of electron-donating benzyl amines, the selectivities for the
imine products were not notable. As shown in Table 2, entry 4,
only 78% selectivity was obtained due to the formation of p-
methoxy benzaldehyde as a by-product. No benzaldehyde by-
products were observed in our reactions. However, our catalytic
system uses TEMPO as a co-catalyst. This is a disadvantage, as
TEMPO is the most expensive component in our catalytic
system. It would be desirable if TEMPO could be efficiently
recycled and reused. Chung and Toy reported a recyclable PEG-
modified Cu/TEMPO catalyst for selective aerobic alcohol oxi-
dation.?? The development of a recyclable Cu/TEMPO catalyst
system or another reusable non-precious metal-based catalyst

This journal is © The Royal Society of Chemistry 2012
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Table 2 CuBr,-TEMPO catalyzed primary and secondary benzylic amines®
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“Reaction conditions, unless otherwise stated: benzylamine (4 mmol), catalyst (0.10 mmol), solvent (9 ml), air (1 atm), 25 °C, 12 h. b Isolated yield.
“GC conversion, 8 h. “Under conditions reported in ref. 12d; entry 4, 78% selectivity (92% combined yield of imine and aldehyde). ¢ 7.5 mol%

catalyst loading. /45 °C reaction temperature.

system for aerobic oxidation reactions of amines is under way in
our group.

Through the studies reported above, we propose a reaction
mechanism for the condensation of benzyl amines using Cu(i)/
TEMPO catalysts (Fig. 1). The mechanism is very similar to that
reported by Sheldon et al. for CuBr,(bipyridine)-TEMPO cata-
lyzed aerobic alcohol oxidation.”®® Initially, a Cu' species I
coordinates with the amine and the intermediate complex II is
formed. II coordinates with TEMPO to form species III, which
is crucial for the catalytic cycle. C—H abstraction from the amine

by the coordinated TEMPO molecule is the next step and the
radical intermediate IV is formed which is stabilized by hydro-
gen bonding to the second B-hydrogen atom and the oxygen
atom of TEMPO-H. Then TEMPO-H and intermediate imine,
RCH==NH, dissociate from the radical species IV by single
proton transfer. This results in the formation of a Cu(1) complex
V. The product is obtained by transamination of RCH,NH, and
the imine intermediate RCH=NH. The Cu(i1) complex I and
TEMPO are regenerated by the oxidation of Cu(1) complex V
and TEMPOH with oxygen and thus the catalytic cycle is
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Fig. 1 Proposed mechanism for CuBr,-TEMPO catalyzed oxidation of benzyl amines, postulated loss and coordination of L throughout the cycle

omitted from image for clarity.

completed. It should be noted that Patil and Adimurthy propose
two possible mechanisms for their related CuCl-catalyzed amine
oxidation reactions.'? Given the formation of benzaldehyde by-
products in some of their reactions and the lack of a more signifi-
cant difference in reactivity between amines bearing electron-
donating and -withdrawing groups, we propose that path 2 in
their mechanism dominates and that path 1 (reaction of the
methanimine intermediate with an amine) occurs to a lesser
extent. The methanimine intermediates in our proposed cycle,
Fig. 1, must be short-lived, as no benzaldehyde products were
observed despite the use of water as a co-solvent in our reactions.
Therefore, the two catalytic systems (CuCl ¢f. Cu(n)/TEMPO)
likely involve different catalytic cycles and most definitely
different rate determining steps. It should be noted that some bio-
mimetic approaches to amine oxidation (models for copper
amine oxidase enzymes) have also been reported,”** and may
share some mechanistic details with the system reported here.
However, further studies are needed to elucidate the mechanism
in more detail and with greater accuracy. Especially in light of
recent studies concerning alcohol oxidation using CuBr,/bipyri-
dine/TEMPO and mechanistic insights therein,>* we cannot
exclude a bimetallic catalytic mechanism at this stage.

To our delight, benzylamines also reacted with anilines to
form N-benzylidene-anilines with moderate to good conversions
under optimized reaction conditions (Table 3). Generally, the
oxidative coupling reactions proceeded smoothly with 7.5 mol%
catalyst loading at 45 °C under air. As previously reported by
Térok> and Garcia,'* it is likely that the homo-coupling pro-
ducts benzylidene-benzylamines were formed first and then
reacted with the anilines by transamination to form N-benzyli-
dene-anilines. The reaction rates for benzylamines bearing elec-
tron-donating groups with aniline were slightly faster in
comparison with electron-withdrawing variants (Table 3, entries
1-4). This is probably due to faster formation of the homo-

coupling benzylidene-benzylamine intermediates. In these reac-
tions, the electronic properties of the anilines used had a signifi-
cant effect on the catalytic activities (Table 3, entries 5-10). The
reaction rates for electron-rich anilines with benzylamines were
much faster than for others. For p-bromoaniline and p-nitroani-
line, only 38% and 16% conversions were achieved even at
75 °C after 24 h (Table 3, entries 9 and 10). This is likely due to
the reduced basicity of the anilines containing electron-with-
drawing moieties which makes the transamination step challen-
ging. In addition to such electronic effects, strong steric effects
were also seen and no conversion was observed when 2,6-
dimethylaniline was used as a partner in the reaction (Table 3,
entry 11). It should also be noted that for these cross-coupling
studies after prolonged reaction times, some benzaldehyde and
benzonitrile by-products were seen to form via GC-MS analysis.
This contrasts with the self-coupling of benzyl-amines reported
herein (Table 2) where no benzaldehyde products were observed.
In general, although isolated yields were not obtained in our
study, the selectivity towards the cross-coupled product appears
to be moderately better than reactions catalyzed using CuCl with
identical or similar substrates (Table 3, entries 1 and 5). A more
diverse study of substrate scope and determination of isolated
yields are needed in order to further understand this interesting
reaction.

Cross-dehydrogenative coupling is an efficient method for
C—C bond formations beyond functional group transform-
ations.?® It has also been recognized as an important method to
form N-N bonds. Notable examples have been developed for the
aerobic oxidative coupling of anilines to azo derivatives.>” Our
CuBr,-TEMPO catalytic system is also active for the oxidative
homo-coupling of anilines to diphenyldiazenes to some extent
but if CuBr; is replaced with CuBr the catalyst system becomes
more active. CuBr-TEMPO catalyzed aerobic oxidative dehydro-
genative coupling of some representative anilines (Table 4) was

This journal is © The Royal Society of Chemistry 2012
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Table 3 CuBr,-TEMPO catalyzed oxidative coupling of benzylamines with anilines®

HoN
NH,
Rq + R,

7.5 mol% CuBr,
7.5 mol% TEMPQ

solvent, air, 45 °C

Entry R, R, Time (h) Conv.(%)”
1 H H 12 48 (189
2 p-Me H 12 58

3 p-OMe H 12 64

4 0-Cl H 18 44

5 H 0-CH, 12 66 (p-CH; 14°)
6 o-Cl 0-CHj; 12 55

7 H p-OMe 12 73 (74°)

8 p-Me p-OMe 12 78

9 0-OMe p-Br 24 38¢

10 0-OMe p-NO, 24 167

11 H 2,6-CH; 24 nr.

“Reaction conditions, unless otherwise stated benzylamine (4 mmol), aniline (4 mmol), CuBr, (0.3 mmol), TEMPO (0.3 mmol), solvent (6 ml
CH;CN and 3 ml H,0), air (1 atm), 45 °C. ® Conversion determined by GC using dodecane as an internal standard. n.r. = no reaction. ¢ Yields of
unsymmetrical imine under conditions reported in ref. 12d: entry 1, 23% selectivity (78% combmed yield of symmetrical and unsymmetrical imines);

entry 5, 17% selectivity (82% combined yield of symmetrical and unsymrnetrlcal imines).

475 °C reaction temperature.

Table 4 CuBr-TEMPO catalyzed aerobic dehydrogenative coupling of
anilines”

]
-—R
NH, 7.5mol% CuBr N& N !
N 2 7.5 mol% TEMPO N N
i s I
I = solvent, air, 60 °C I =
Entry R Time (h) Yield”
1 H 24 86
2 0-CHj3 24 89
3 3,5-dimethyl 18 92
4 p-OCHj; 18 91¢
5 p-Br 48 87
6 p-NO, 48 n.r.’
7 O-C(CH3)3 48 n.r.¢
8 2,6-dimethyl 48 n.r.’

“Standard reaction conditions: anilines (4 mmol), aniline (4 mmol)
CuBr (0.15 mmol), TEMPO (0.15 mmol), solvent (9 ml CH3CN), air
(1 atm), 60 °C blsolated yield. n.r. = no reaction. “60% yield when
using CuBr,. 75 °C reaction temperature. ¢ 85 °C reaction temperature.

investigated. As shown in Table 4, some electron-donating ani-
lines could be smoothly oxidized to form the self-coupling azo
compounds (Table 4, entries 2—4). However, the homocoupling
of anilines with electron-withdrawing substituents proceeded to a
very limited extent (Table 4, entries 5 and 6). Furthermore, steri-
cally demanding substituents in the 2-position or di-substituted
2,6-anilines led to lower or no yield of the oxidative coupling
product (Table 4, entries 7 and 8). In the previous research by
Zhang and Jiao,”’ CuBr was used with 3 equiv. pyridine in
toluene using air or O, (1 atm) as the oxidant. In contrast to their
work, in this study high yields were observed for the dehydro-
genative coupling of p-methoxy aniline (66% cf. 91%). There-
fore, the mechanisms at play in the two systems are likely

different and a radical mechanism is likely to dominate in the
method described here. However, further mechanistic studies are
required to understand and further develop Cu-catalyzed dehy-
drogenative couplings of anilines.

Conclusions

A simple catalyst system for CuBr,-TEMPO catalyzed aerobic
oxidation of amines has been developed. Primary and secondary
benzylic amines can be oxidized to the corresponding imines in
excellent yields. A possible reaction mechanism has been pro-
posed. The same catalytic system is also efficient for oxidative
cross-coupling of benzylamines and anilines. Notably, CuBr-
TEMPO is an efficient catalyst system for aerobic oxidative
dehydrogenative couplings of electron-donating anilines to yield
azo compounds in good yields.

Experimental

General experimental information and product characterization
data are available in Electronic Supplementary Informationt.

General procedure for the preparation of imines

The oxidation reactions were carried out under air in a 25 ml
three-necked round-bottom flask equipped with a magnetic
stirrer. Typically, 4.0 mmol amine was dissolved in 6 ml aceto-
nitrile and 3 ml water. 0.10 mmol (22.3 mg) of CuBr, and
0.10 mmol (15.6 mg) TEMPO were then added leading to a blue
solution. The reaction mixture was stirred vigorously at room
temperature for 12 h. After reaction completion, the mixture was
extracted with diethyl ether. Then the organic layer was washed
with water and brine. The organic phase was dried with anhy-
drous magnesium sulfate and filtered through a short silica
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column. For benzyl amine as the substrate, after concentrating
the sample under vacuum, the product was obtained as a pale
yellow liquid, 340 mg (87%)

N-Benzylidene-benzylamine®'

"H NMR (500 MHz, CDCls, 25 °C): § = 8.41 (s, 1H), 7.84-7.81
(m, 2H), 7.64-7.43 (m, 3 H), 7.39-7.38 (m, 4 H), 7.35-7.27 (m,
1H), 4.86 ppm (s, 2 H); '*C NMR (CDCl;, 75 MHz): § =
161.88, 139.19, 136.05, 130.65 128.50, 128.29, 128.19,
65.59 ppm. MS (ED): m/z (%) 195 [M]* (25), 194 (26), 117 (14),
91 (100), 65 (16). Anal. Calc. for C4H3N: C, 86.12; H, 6.71;
N, 7.17. Found: C, 85.84; H, 6.77; N, 6.97.

General procedure for the preparation of benzylideneanilines

The oxidative coupling reactions were carried out under air in a
25 ml reaction tube using a Radleys Carousel ReactorTM
equipped with a magnetic stirrer. Typically, 2.0 mmol benzyl-
amine and aniline were dissolved in 6 ml acetonitrile and 3 ml
water. 0.15 mmol (33.4 mg) of CuBr; and 0.15 mmol (23.4 mg)
TEMPO were then added leading to a blue solution. The reaction
mixture was stirred vigorously at 45 °C for 12 h. After com-
pletion, the reaction mixture was extracted with diethyl ether.
Then the organic layer was washed with water and brine. The
conversion was determined by GC-MS based on aniline. Due to
lower conversions in these reactions, the products were not iso-
lated and yields were not determined.

General procedure for the preparation of diphenyldiazenes

The oxidative homo-coupling of anilines to diphenyldiazenes
were carried out under air in a 25 ml reaction tube using a
Radleys Carousel ReactorTM equipped with a magnetic stirrer.
As a typical example, 4-methoxybenzenamine (492 mg,
4 mmol) was dissolved in 9 ml acetonitrile, CuBr (21 mg,
0.15 mmol) and TEMPO (23.4 mg, 0.15 mmol) were then
added. The reaction mixture was stirred vigorously at 60 °C for
18 h. After completion, the reaction mixture was extracted with
diethyl ether. Then the organic layer was washed with water and
brine. The organic phase was dried with anhydrous magnesium
sulfate and filtered through a short silica column. After concen-
trating the sample under vacuum without further purification, it
gave 441 mg (91%) of a yellow solid.

(E)-1,2-Bis(4-methoxyphenyl)diazene”

"H NMR (CDCl;, 500 MHz): 6 = 7.88 (d, J = 9.0 Hz, 2H), 7.70
(d, J=9.0 Hz, 4H), 3.89 (s, 6H); '*C NMR (CDCls, 75 MHz): §
= 161.56, 147.07, 124.34, 114.16, 55.57 ppm; IR (neat): v =
3413, 1592, 1579, 1496, 1249, 841 cm™". MS (EI): m/z (%) 242
M]™ (75), 243 (10), 135 (31), 107 (100), 92 (32), 77 (50), 64
(13). HRMS (TOF MS EI+) m/z caled for C14H 4N, 242.1059,
found 242.1055. Anal. Calc. for C;4H4N,O0,: C, 69.41; H, 5.82;
N, 11.56. Found: C, 69.51; H, 5.55; N, 11.66
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